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Abstract.

The stratospheric aerosol layer plays an important role in the radiative balance of earth primarily through scattering of
solar radiation. The magnitude of this effect depends critically on the size distribution of the aerosols. The aerosol layer is in
large part fed by volcanic eruptions strong enough to inject gaseous sulfur species into the stratosphere. The evolution of the
stratospheric aerosol size after volcanic eruptions is currently one of the biggest uncertainties in stratospheric aerosol science.
We retrieved aerosol particle size information from satellite solar occultation measurements from the Stratospheric Aerosol
and Gas Experiment III mounted on the International Space Station (SAGE III/ISS) using a robust spectral method. We show
that, surprisingly, some volcanic eruptions can lead to a decrease in average aerosol size, like the 2018 Ambae and the 2021
La Soufriere eruptions. In 2019 an intriguing contrast is observed, where the Raikoke eruption (48°N, 153°E) in 2019 led to
the more expected stratospheric aerosol size increase, while the Ulawun eruptions (5°S, 151°E), which followed shortly after,
again resulted in a reduction of the median radius and absolute mede-distribution width values in the lowermost stratosphere.
In addition, the Raikoke and Ulawun eruptions were simulated with the aerosol climate mode]l MAECHAMS-HAM. In these
model runs, the evolution of the extinction coefficient as well as of the effective radius could be reproduced well for the first 3
months of volcanic activity. However, the long lifetime of the very small aerosol sizes of many months observed in the satellite

retrieval data could not be reproduced.

1 Introduction

The variability of stratospheric sulfate aerosol is still not well understood and the question of whether they increase in size after
large SO- injections, e.g. by volcanic eruptions reaching the stratosphere, is one of the most important research questions of
recent years (Robock, 2015). The size of stratospheric aerosol is a crucial factor for their effect on the lifetime of the aerosols
and atmospheric chemistry (Deshler, 2008; Kremser et al., 2016), e.g. on ozone levels, as well as for their effect on the radiative
balance of earth and therefore their net cooling effect on Earth’s surface (Lacis et al., 1992). The expectation of how the size
distribution of stratospheric aerosol changes after volcanic injections of sulfurous gases into the stratosphere is still largely
based on studies on the Mt. Pinatubo eruption in 1991, which led to a significant increase in the size of stratospheric sulfate

aerosols (Bingen et al., 2004; Deshler et al., 2003; Deshler, 2008). It was the largest volcanic eruption observed with satellite
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instruments to date and had a strong impact on the stratospheric aerosol distribution. Because of this, the observations of this
eruption are widely used to evaluate aerosol microphysical models (Timmreck, 2001; Aquila et al., 2012; Niemeier et al., 2009;
Sukhodolov et al., 2018; Quaglia et al., 2023).

On the other hand, many much smaller volcanic events have been observed by space-based instruments over the past 40
years. Those smaller eruptions may have different effects on the stratospheric aerosol size. In this work, as a part of the
research project Vollmpact (von Savigny et al., 2020a), we investigate the evolution of the stratospheric aerosol size after
the eruptions of four volcanoes within the mission time of the Stratospheric Aerosol and Gas Experiment III mounted on the
International Space Station (SAGE III/ISS), namely Ambae (15°S, 168°E), Raikoke (48°N, 153°E), Ulawun (5°S, 151°E) and
La Soufriere (13°N, 61°W).

Using the remote sensing data set of the SAGE III instrument mounted on the International Space Station (SAGE III/ISS) we
retrieved the size distribution parameters of monomodal tegnermatlog-normal size distributions with a robust multi wavelength
method. We show that while the Raikoke eruption had an increasing effect on the average aerosol size, the Ambae, Ulawun and
La Soufriere eruptions led to an unexpected and considerable decrease. We also simulated the Raikoke and Ulawun eruptions
using the aerosol climate model MAECHAMS-HAM (short ECHAM) (Stier et al., 2005; Niemeier et al., 2009), in order
to investigate whether it can be used to identify and understand the main dynamical and microphysical factors controlling the
aerosol size evolution caused by the eruptions. This is also relevant for the modelling community, since previous model studies,
usually concentrated on the long term development of the particle size (Sukhodolov et al., 2018) instead of on the first few
months of its evolution.

In Sect. 2 the instrumental and modelling data sets used and the methods employed are described. In Sect. 3 an overview
over the three periods of volcanic activity that are being investigated is given, followed by the presentation of the spatial and
temporal evolution of the retrieved aerosol size distribution parameters for those periods (Sect. 4), which is discussed in Sect.
5. Finally, in Sect. 6 model simulations of aerosol extinction and size for the Raikoke and Ulawun eruptive period are presented
and compared to the SAGE III/ISS retrieval data.

2 Instruments and Methodology
2.1 SAGE HI/ISS instrument

The SAGE III/ISS instrument is the latest successor of the previous SAM II, SAGE I, SAGE II, and SAGE III Meteor-3M
satellite experiments and aims at the investigation of the stratosphere and upper troposphere. Its mission started in June 2017
with its measurements still ongoing at the time of writing. Onboard the ISS, which has an orbital inclination of 51.6 ° and orbits
Earth in about 92 minutes, the instrument is performing lunar and solar occultation measurements. Only the latter are used in
this work. Due to the platform’s orbit SAGE III/ISS observes roughly 15 sunrise and 15 sunset events in 24 hours. Sunrise
and sunset measurements are taken at different latitudes and these latitudes oscillate roughly between 70 °N and 70 °S with a

period of around 2 months (Cisewski et al., 2014).
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Through the measurement of the solar radiation attenuated by atmospheric constituents the SAGE III/ISS data set provides
information on gases like ozone and water vapour as well as on aerosols. Aerosol extinction coefficients are provided at 9
spectral channels between 384 nm and 1544 nm on a 0.5 km grid from the Earth’s surface up to 45 km altitude. The spectral
resolution of the first 8 channels between 384 nm and 1020nm, which are all covered by a CCD array is 1 —2 nm. The 1544 nm
channel is detected by an indium gallium arsenide (InGaAs) infrared photodiode and has a band-width of about 30 nm. In this
work, version 5.21 of the SAGE III/ISS level 2 data is used (NASA, 2023).

Advantages of using aerosol extinction data from the SAGE III/ISS satellite solar occultation measurements are firstly that
there is no need to make assumptions on the particle size distribution to retrieve the extinction coefficients in the first place.
Secondly, the sun provides a strong signal, benefitting the signal to noise ratio of the data product. Data is provided with a high
vertical resolution. Additionally, since the measurements of every sunset or sunrise event are calibrated with corresponding
direct solar irradiance measurements between 100 km and 300 km, the data set is relatively unaffected by changes in the
instrument over time. On the other hand the spatial and temporal coverage is low compared to, e.g. satellite limb measurements.
This is because in one day only around 30 profiles are obtained and only a narrow latitude range is covered. Still, compared
to ground based measurements, an almost global coverage is possible within one to two months. Therefore, an analysis of the
spatial and temporal evolution of quantities derived from the SAGE III/ISS measurements is feasible (see Sect. 3 and 4) (SAGE
III/ISS Users Guide, 2022).

2.2 Particle size retrieval method

The method that was used for the retrieval of the stratospheric aerosol particle size from the SAGE III/ISS data set has been
described in detail in Wrana et al. (2021). Therefore, the size distribution parameter retrieval method employed will only be
described briefly here.

A monomodal tegnermal-log-normal shape of the size distribution for stratospheric aerosols is assumed, which is expressed

mathematically as follows:

N N, 2 e
O N ),
dr Vor-r-lno 2ln?o

with Ny being the total number density, 7,,.q the median radius and o the mode-distribution width of the particle size distri-

n(r) (1)

bution. These parameters needed to be retrieved.

The aerosols are assumed to be composed of a solution of 75% H3S0,4 and 25% H>O. Furthermore, stratospheric aerosols
are assumed to be spherical in shape, thus Mie theory can be applied. The possible values of the parameters to be retrieved are

assumed to lie between 1 and 1000 nm for the median radius and 1.05 and 2.0 for the mede-distribution width.

Before their use in the retrieval process, the extinction coefficients provided in the SAGE III/ISS data set were smoothed

over altitude using a 1-2-1 smoothing scheme, aligning the version 5.21 data set with the previous 5.1 version, where a sim-
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ilar smoothing of the data was inherent. Extinction ratios at three wavelengths (449 nmte—756 nm and 1544 nmte—:756 nm)
are used to retrieve the median radius and the mede-width-distribution width o. Using a Mie Code (Mie scattering routines,
2018) these extinction ratios were calculated for all combinations of a median radius value between 1 and 1000 nm in 1 nm

increments and a mode-distribution width value between 1.05 and 2.0 in steps of 0.1. The real parts of the refractive indices at

wavelengths

used were calculated from Palmer and Williams (1975) using Lorentz-Lorenz-corrections;-as—., These corrections have been
described by Steele and Hamill (1981) svere-applied-to-themrand were necessary to obtain refractive indices at typical lower

stratospheric temperatures. With-these-Mie-caleulations-akind-of-two-dimensional-The results of the Mie calculations are then
used as a lookup-tablewith-knews-, since a given combination of median radius and mede-width-valuesfor-a-given-combination
of-extinctionratiosis-caleulatedo can be related to a specific combination of the calculated extinction ratios at 449 nm:756 nm

and 1544 nm:756 nm. Forming extinction ratios at the same wavelengths from the SAGE III/ISS extinction coefficient data

the use hat-were-neeessa o mer-and-Williams and

set, both size distribution parameters can then be retrieved by means of interpolation using the lookup-table. More details are

provided in Wrana et al. (2021).

The effective radius which is used for the comparison to the model simulations in Sect. 6 is calculated from median radius

and mede-distribution width with the following relation:

5
Teff = Tmed " exp(i ~ln2(a)) 2)

Also, an accuracy parameter a as defined by Wrana et al. (2021), which is calculated from the distance between the curves
of the lookup table and the error bars of the extinction ratios calculated from the SAGE III/ISS extinction coefficients, is used

to exclude noisy data in the retrieved quantities shown in this work.

2.3 ECHAM model

The simulation of the Raikoke and Ulawun volcanic eruptions (see Sect. 6) were performed using MAECHAMS-HAM.
ECHAMS (Giorgetta et al., 2006), a general circulation model, was used in its middle atmosphere (MA) version, with a
horizontal resolution of about 1.8°. It has a spectral truncation at wave number 63 (T63), with 95 vertical layers up to 0.01 hPa
(about 80 km). To achieve realistic wind and transport conditions a nudging of the large wave numbers of the model to ERAS

reanalysis data was performed (Hersbach et al., 2018).

The aerosol microphysical model HAM (Stier et al., 2005) is interactively coupled to ECHAM. HAM includes the simula-
tion of the oxidation of sulfur and sulfate aerosol formation, including nucleation, accumulation, condensation, and coagulation
processes. Above the tropopause, a simple stratospheric sulfur chemistry was applied-considered (Timmreck, 2001; Hommel

et al., 2011) using prescribed exidantfields-chemical species of OH, NOz, and Os. In the simulations, the sulfate aerosols
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are radiatively active for both short wave and long wave radiation and coupled to the radiation scheme of ECHAM. The model
setup and the setup of the mede-distribution width is described in Niemeier et al. (2009) and Niemeier and Timmreck (2015),
respectively. The parametrization of nucleation processes has been updated according to Méitténen et al. (2018), which slightly

increased particle nucleation in the model.

2.4 TROPOMI instrument

For the comparison of model to observations data in Sect. 6 the emitted SOy masses of the 2019 Raikoke and Ulawun eruptions
were estimated from measurements of the TROPOMI instrument onboard of the Sentinel-5 Precursor satellite. The data product
used in this study assumes the SO, profile as a 1 km thick box filled with SO» and centered at 15 km altitude. We defined a
grid with a latitude/longitude resolution of 0.1° times 0.1° from 30°N to 30°S and 110°E to 100°W. For the June and August
2019 eruptions of Ulawun, only SO, total vertical column data with a solar zenith angle less than 70° (Theys et al., 2022) and
with values less than 1000 %021 were used. The vertical columns were multiplied by the SO, molar mass in order to obtain an
SO, mass loading in units of Y. Different thresholds of either 0 -%; or 0.05 -Z; were applied to distinguish the volcanic signal
from the background. The data was averaged for each grid segment and the SO5 mass in units of grams was determined for
each segment. Since some orbits spatially overlap, 14 consecutive orbits were bundled into a batch that covered approximately
24 h and averaged for each grid segment of the batch. The SO5 mass in all grid segments of a batch were summed up to finally
receive the total SO2 mass per batch. Depending on the threshold, the SOs mass for the June 2019 eruption was estimated as
0.12-0.16 Tg and for the August eruption as 0.18-0.2 Tg. The SO5 mass emitted by the Raikoke eruption in June 2019 was

calculated using no threshold with no restriction on the solar zenith angle, but with the requirement that the quality value needs

to be larger than 0.5. This is described in more detail in Muser et al. (2020) and resulted in an SO mass estimate of 1.37 T'g.

3 SAGE II/ISS timeline

In this section an overview of the volcanic eruptions investigated in this work is given. Three main periods of volcanic activity
will be looked at: The Ambae eruptions of 2018, the Raikoke and Ulawun eruptions of 2019 and the La Soufriere eruption of
2021. In Table 1 summarizes information on the most important eruptions and eruptive phases in that time frame, important
insofar as the eruptions were explosive enough to inject SO4 directly into the stratosphere.

Figure 1 gives an overview of the evolution of the extinction coefficient at 449 nm from the SAGE III/ISS data in the tropics
to give a sense of the temporal order of the volcanic eruptions investigated in this work. Daily zonal averages between 30 °S
and 30 °N are shown for the time between 2018 and early 2022. Darker colors indicate higher values. The panel above shows
which latitude the measurements of the averaged profiles beneath correspond to, due to the latitudinal shift of the SAGE III/ISS
measurements. Red dashed lines indicate the dates of volcanic eruptions, whose signatures can be seen as darker colors in the
contour plot. Since the latitudes of the SAGE III/ISS occultation measurements change from day to day, there are gaps in the

sampling of any particular latitude band such as the tropics in this case, which explains the time gaps in the color plots.
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‘ Latitude ‘ Longitude Date SO2 emission estimate

Ambae 1 15°S 168°E March — April 2018 0.1Tg
Ambae 2 July 2018 04Tg
Raikoke 48°N 153°E June, 21°/22"¢ 2019 1.37Tg
Ulawun 1 5°S 151°E June, 2672019 0.14Tg
Ulawun 2 August, 377 2019 03Tg
LaSoufriere | 13°N | 61°W | April, 9" 22" 2021 0.4Tg

Table 1. Information related to the most important volcanic eruptions and eruptive phases leading to direct injections of SO> into the lower
stratosphere in the time period discussed in this work and covered by the SAGE III/ISS instrument, i.e. 2018 — 2021. Sources: (Muser et al.,
2020; Kloss et al., 2020, 2021; Joseph et al., 2022; Bruckert et al., 2023)
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Figure 1. Bottom panel: Daily zonal means of the extinction coefficient at 449 nm between 30°S and 30°N. Top panel: Geolocations of the
SAGE III/ISS solar occultation measurements used. Dashed vertical lines indicate volcanic eruptions that happened during the depicted time

frame and reached the stratosphere.

We observe that aerosol extinction coefficient at 449 nm is around 10~*km ™" in the main aerosol layer from the start of
the mission until the April 2018 eruption of Ambae. As would be expected, extinction increases in the lower stratosphere after
each individual volcanic eruption. As described by Vernier et al. (2011), the new aerosol in the lower tropical stratosphere rises
slowly to higher altitudes in a manner that mimics the water vapor "tape recorder”.

Similarly to Fig. 1, Fig. 2 shows the extinction coefficient at 449 nm but for latitudes between 35°N and 70°N. Due to the
lower tropopause height here, which also results in the stratospheric aerosol layer residing at lower alitudes, a different altitude

window is shown. Notice also the difference in color scale value range. Here, the signature of the Raikoke eruption, which was
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Figure 2. As Fig. 1 but for the northern hemisphere between 35°N and 70°N. Notice the different altitude and color scale ranges.

the strongest of the eruptions discussed in this work, dominates. It has to be noted, that in this region, as well as in Fig. 1, the
signatures by the Raikoke and Ulawun eruptions cannot be clearly separated from each other. Although the perturbations are
much lower it can be seen, that the aerosol plumes of the Ambae and La Soufriére eruptions also reach the higher northern
latitudes. After the Ambae eruptions this takes several months, which is most likely because the Ambae volcano is located in the
southern hemisphere (15°S), but may also have to do with the stronger second eruption happening in July, when transport out
of the tropics into the northern hemisphere is blocked by the subtropical transport barriers (Shuckburgh et al., 2001; Niemeier
and Schmidt, 2017). The lower bound of the individual daily averaged profiles within a month as well as the extinction signals

visibly correlate with latitude, which is again due to the tropopause height strongly varying with latitude in this latitude range.

4 SAGE II/ISS monthly zonal means

In this section, the temporal and spatial evolution of different quantities related to the stratospheric aerosol size distribution
during the three major phases of volcanic activity that are visible in Figs. 1 and 2 is discussed. Figure 4 relates to the months
around the Ambae eruptions in 2018, Fig. 5 to the Raikoke and Ulawun eruptions in 2019 and Fig. 6 to the La Soufriere eruption
in 2021. Within each of these figures a row corresponds to a certain month. Note that only a selection of months is shown,
which are chosen to give a good overview of the evolution of the particle size distribution from before the start of the eruption/s
(top row) to the waning of the observed signals. Besides saving space this is also done because some of the months not shown
here contain large data gaps for broad latitude bands due to the orbit of the ISS. Each column depicts a different parameter.
Those are, from left to right, the median radius, the absolute mede-distribution width (see below), the number density and
the extinction coefficient at 449 nm. The mode-distribution width o and the effective radius are shown in the Appendix, since

both quantities are not essential for the understanding of the observed effects. Each individual plot within Figs. 4 to 6 contains
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monthly zonal means for 5° latitude bins. The red line indicates the tropopause height as provided in the SAGE III/ISS data
set. All plots of the same parameter are shown with the same value range to enable an easy overview of its temporal evolution.
Median radius and absolute mede-distribution width are plotted linarly, while number density and extinction coefficient are
plotted logarithmically, due to the wide value range of the latter two parameters. To make this difference more apparent, two
different color schemes are used, but in both of them lighter colors correspond to higher values. Only data points above the
tropopause are shown. The latitudinal locations of the volcanoes relevant for the particular volcanic period are marked with
triangles on the bottom of each plot.

It should be noted, that within each plot, profiles of different latitude bins correspond to different days within the month
depicted. This is because of the latitudinal shift of the SAGE III/ISS sunrise and sunset measurements, which in turn is a result
of the solar occultation geometry combined with the orbit parameters of the ISS.

The absolute mode-distribution width w (second column in Figs. 4 to 6) is the standard deviation of the monomodal log-
normal distribution in linear space, as introduced by Malinina et al. (2018). It is calculated from the median radius and mede

width-distribution width ¢ in the following way:

w0 =/12 g exp(In?(0)) - (cxp(In?()) — 1) 3

The absolute mede-distribution width w is shown here instead of the-mode-width-o because it is easier to interpret and because
it provides direct information on the shape of the size distribution. In contrast, o can not be interpreted independently from the
median radius in linear radius space and is, therefore, much less useful to understand how broad the particle size distribution
actually is. This is illustrated in Fig. 3, where three exemplary monomodal log-normal size distributions with the same number
density, but varying combinations of median radius and distribution width ¢ are shown. In addition, the corresponding values
of the absolute distribution width w are given in the figure legend. As can be seen here, w is strongly related to the radius range
covered by the PSD, while ¢ is not when the median radius is changed.
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Figure 3. Three exemplary monomodal log-normal size distributions with different combinations of median radius and distribution width o.

Additionally, the absolute distribution width w is given. This figure illustrates that w is more closely related to the width of the PSD in linear

radius space, i.e. the radius range covered by the distribution, than o.

4.1 Ambae eruptions of 2017/2018

In Fig. 4, the effects of the Ambae eruptions on the stratospheric aerosol layer can be seen.

In the first row of plots the closest to background conditions before the two main eruptive phases in April and July 2018
are shown, namely monthly averages for March. Nevertheless, the number density and the extinction coefficient are already
enhanced. For the northern hemisphere this can be attributed primarily to the Canadian wildfires of 2017, which was the burning
season with the largest area burnt in British Columbia since beginning of the recording (Ansmann et al., 2018). However, there
is also a signal in the southern hemisphere with enhanced number densities and extinction coefficients and low median radius
values. This signal first showed up in the southern hemisphere in October 2017 already-(not shown). This is more of a mystery
but could be a consequence of several smaller tropical volcanic eruptions in late 2017, which, to our knowledge, did not
directly inject SO, above the tropopause. These include the Tinakula (10.4°S) eruption on October 21% whose ash and gas

plume reached up to 10.7 km altitude (Laiolo et al., 2018), the Agung (10.4°S) eruption on November 21"

with an ash plume
reaching 9.1 km (Global Volcanism Program, 2023) as well as Ambae’s (15°S) first two, less explosive eruptive phases, which

lasted from September 2274 to October 6! 2017 and from October 215 to December 7¢* 2017 (Moussalam et al., 2019). Since
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these are all tropical volcanoes, it is conceivable, that some of the sulfur precursor gases emitted could have been transported
into the lower stratosphere across the tropical tropopause layer (TTL) (Kremser et al., 2016).

The second row of plots in Fig. 4 depicts the month of June. Here, the effects of the third eruptive phase can be seen, which
lasted from mid-March to mid-April 2018. This third eruptive phase was explosive enough to inject SO- directly into the
lower stratosphere, with the largest injection period occurring on April, 6. In the third row, which shows monthly means for
September 2018, the impacts of the fourth and most active eruptive period of Ambae in July are visible. In July the largest
amount of SO, was emitted, with 0.35-0.4 Tg SOs. (Global Volcanism Program, 2023)

The extinction coefficient and the number density both show a distinct enhanced layer in the lowermost stratosphere above
the tropopause that stands out from the much lower values at higher altitudes, where the signals of the Canadian wildfires and
the unknown perturbation in the southern hemisphere in 2017 still relax more towards background conditions. This enhanced
layer can be seen in June after the third eruptive phase but it becomes much stronger after the July eruptions. As described
before, both hemispheres are affected by the eruptions (Malinina et al., 2021).

The most notable and surprising signal, though, is the strong decrease in median radius and absolute mode-distribution width
in that same enhanced layer above the tropopause, mostly below 20 km altitude. This means, that the particle size distribution
(PSD) shifts towards smaller aerosol radii, while also becoming more narrow. Therefore the Ambae eruptions seems to have
led to a domination of a large number of smaller aerosol droplets in the lowermost stratosphere. It is also remarkable that the
PSD stays in this configuration of on average very small aerosol particles for many months, as in January the signal is still very
clear, although already diminished. These findings will be discussed more in depth in Sect. 5. Over time, an interesting layering
emerges in the tropics that is visible best in January 2019 (lowermost row), where a layer of larger median radius and absolute

mode-distribution width values resides at roughly 21 km altitude with very small average aerosol sizes above and below.
4.2 Raikoke and Ulawun eruptions 2019

In Fig. 5 the PSD parameter evolution for the eruptions of Raikoke and Ulawun in the summer of 2019 are depicted. In the
first row, an average over the time between June 1%? to 20" is shown, i.e. before the Raikoke and Ulawun eruptions on June
22" and June 26", respectively. This is the closest to background conditions before this phase of volcanic activity. At this
point, the effects of the Ambae eruptions in the year before have diminished strongly, although the extinction coefficient is still
slightly enhanced throughout the main Junge layer.

In August, after the June eruptions of Raikoke and Ulawun and after the second Ulawun eruption on August 3", an increase
in the extinction coefficient over both the northern and southern hemisphere occurred, as expected. The signal is much stronger
in the northern hemisphere, since the Raikoke eruption emitted more SO, (around 1.37 Tg) than both Ulawun eruptions to-
gether (around 0.44 Tg combined).

However, regarding the PSD parameters a unique pattern emerges, where Ulawun and Raikoke had opposite effects. Over
the broad Raikoke area and in the lowermost stratosphere below roughly 15 km the median radius, absolute mede-distribution
width and number density increase from June to August. In contrast, in the southern hemisphere median radius and absolute

mode-distribution width values show a strong decrease. This goes along with an especially strong increase in number density

10
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Figure 4. Median radius (leftmost column), absolute mede-distribution width w (second column), number density (third column) and extinc-

tion coefficient at 449 nm (rightmost column) for characteristic months before and after the Ambae eruptions in 2018. The location of the

volcano is marked with a triangle and letter on the bottom of each plot and tropopause height is indicated by a red line.
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in the southern hemisphere. This means that the southern hemisphere is dominated by a high number of very small aerosol
particles below roughly 20 km, which notably stay small until the end of the year, similar to the effects of the Ambae erup-
tions in the previous year. The average aerosol size stays small at least until November 2019. In January 2020 the signal is
overwritten-covered by emissions stemming from the Australian wildfires of 2019/2020, which where-were unprecedented in
the destruction caused and in the area affected by high-severity fire (Collins et al., 2021). The PSD parameters affected by these
wildfires in the last row of plots are not reliable though, since the assumptions on the shape of the size distribution as well as
on the refractive indices of the aerosols made in the retrieval of this work may not be realistic for these conditions.

Although the Raikoke eruption emitted around 15 Tg of ash (Osborne et al., 2022), it was only detectable in the atmosphere
for a few days and roughly 90 % of it was removed from the atmosphere within 48 hours (Prata et al., 2022). Therefore, it is
unlikely to play a big role in the retrieval data presented in Fig. 5. Nevertheless, the signals visible in the northern hemisphere
may not be attributable to the Raikoke eruption alone, since there also have been two different severe wildfire events on the
northern hemisphere in 2019 that were strong enough to reach the stratosphere (Voronova et la., 2020; Osborne et al., 2022). It
is still not clear if and to what extent there was interaction between smoke and the sulfate aerosol plume originating from the

Raikoke eruption. Therefore it is-net-eout-of-the-question-whethersmoke-may-cannot be excluded that smoke might have played

arole in the aerosol size increase retrieved in the volcanic period displayed in the northern hemisphere.
4.3 La Soufriere eruption 2021

In Fig. 6, the period of volcanic activity before and after the La Soufriére eruptions between April 9" — 227 2021 is depicted.

The first explosive eruptions happened on April 9" throughout the day with the ash plume reaching up to 8 km. Explosive
activity on April 10" and 11*" led to ash plumes rising up to 16 km in altitude. In the following days more volcanic activity was
observed, although plume heights did not exceed 12 km anymore (Yue et al., 2022; Bruckert et al., 2023). Based on TROPOMI
measurements, La Soufriere emitted roughly 0.4 Tg of SOs.

The patterns in the PSD parameters as well as in the extinction coefficient that emerge are very similar to those observed for
the period of the Ambae eruptions in 2018 (Fig. 4). The aerosol cloud spreads over both hemispheres, visible in an increase in
number density and extinction coefficient in the lowermost stratosphere slowly affecting higher altitudes over time. Notably,
there again is a strong decrease in median radii and absolute mede-distribution widths after the La Soufriere eruptions in both
hemispheres in the same altitude region. Both parameters stay very low due to the eruptions at least until January 2022. A slow
rising of the enhanced aerosol layer in the tropics from around 20 km altitude in June 2021 up to around 23 km in November
2021 can be observed in all PSD parameters. On January 15" the Hunga Tonga - Hunga Ha’apai eruption happened, which
was very unusual in many ways and introduced perturbations into the stratosphere which are not shown or discussed here

(Legras et al., 2022).
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Figure 5. Analogous to Fig. 4 but for the months around the Raikoke and Ulawun eruptions.
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Figure 6. Analogous to Fig. 4 but for the months around the La Soufriere eruption.
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5 Discussion of the SAGE III/ISS retrieval results

This satellite observation of the size reduction in the aftermath of the Ambae, Ulawun and La Soufriére eruptions is unprece-
dented. While there is some evidence in previously published literature that some volcanic eruptions may-lead to changes in
extinction ratios at two wavelengths (Rieger et al., 2014; Thomason et al., 2021), this cannot easily be interpreted as an increase
or decrease of aerosol size, as will be shown below. Indeed, this kind of analysis using two wavelengths can be helpful to detect
differences in the effect of volcanic eruptions on the aerosol size in the first place, but the amount of concrete information
on the particle size distribution itself is inherently limited, since with only two pieces of independent spectral information the
mode-width-distribution width ¢ is usually fixed at an assumed value in order to retrieve the median radius. This is a large
source of error, since the retrieval carried out in this work using the SAGE III/ISS data set strongly suggests that the mode
distribution width of a monomodal tegnermallog-normal size distribution of stratospheric aerosol varies depending-on-in time
and space. As Malinina et al. (2019) pointed out, there are a lot of different possible combinations of median radius and mede
distribution width values that would lead to the same extinction ratio at two wavelengths.

This is illustrated in Fig. 7a, where 9 different calculated monomodal log-normal size distributions are shown, that are

all consistent with the same extinetion—ratio—at-twe—wavelengths; namely—aratio—exemplary extinction ratio of 2.0 for the

wavelengths 449 nm/-;756 nm which in this case functions as hypothetical measurement data. Since only two wavelengths
are used, the distribution width has to be assumed. Each of these-the depicted PSDs is based on the retrieval of the median

radius assuming a different mede-distribution width between 1.2 and 2.0 in steps of 0.1 using the extinction ratio of 2.0 with
a standard two wavelength retrieval method. After the retrieval of the median radius the number density was calculated. The
PSD plotted in blue is the result for the maximum assumed mede-distribution width of 2.0, which resulted in a median radius
of 55 nm (corresponding to an effective radius of 183 nm), the red curve corresponds to the smallest assumed o of 1.2 with a

retrieved median radius of 253 nm (effective radius = 275 nm). These-could-all-be-valid-selutions-were-the-stratospherie-aerosol
size-to-beretrievedfrom-measurements-at-All depicted PSDs, including the red and blue curves, represent possible solutions if

the aerosol size retrieval was performed using only two wavelengths:+-e-. These solutions are very different and we would not
know which one is closest to the truth, therefore we could not conclude in which way the size distribution of the stratospheric
aerosol changes after volcanic eruptions, when using only two wavelengths. To emphasize this, note that the median radius
values in this example almost span the range of the median radius variability observed in the SAGE III/ISS retrieval data of
this work. Panel (b) shows the same PSDs as panel (a), but each distribution is scaled to the same number density to help
visual distinction of the different curves. In panel (bc) of Fig. 7, the curves of the lookup-table that was used to retrieve the
median radii of the PSDs in panel (a) are depicted. For each curve extinction ratios at the wavelengths 449 nmand-:756 nm
were calculated using Mie theory for a range of median radius values. Each curve corresponds to a single o value between 1.2
and 2.0. A different median radius value will be retrieved depending on the assumption of the mede-distribution width, i.e. no
unique solution exists, as illustrated by the triangles marking the position of the examplary extinction ratio of 2.0. In contrast,
using the second lookup-table shown in panel (ed) (similar to what was used in this work), the mede-distribution width ¢ can

be retrieved along with the median radius, since here, two extinction ratios using three wavelengths are used. These curves
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are calculated in the same way as the ones of panel (b), except that a third wavelength, in this case 1544 nm is included. If
such a lookup-table is used, the triangles, although still marking the extinction ratio at 449and-nm:756 nm of 2.0, do not mark
equally valid solutions for the particle size retrieval. Instead, due to the second extinction ratio, the modedistribution width can
be retrieved along with the median radius and does not have to be assumed anymore. This way, a unique solution emerges for
both parameters and the ambiguity illustrated by the large differences between the size distributions of panel (a) is eliminated.

This is where the observational data set presented in this work can contribute to our understanding of how the stratospheric
aerosol size changes after volcanic eruptions. Since the retrieval method is based on three wavelengths (Wrana et al., 2021),
much more information on the actual shape of the size distribution is gained, still under the assumption of a monomodal

log-normal PSD.

While the small sample size of volcanic eruptions investigated in this work makes it difficult to draw generalized conclusions,

the volcanic eruptions of Ambae in 2018, Ulawun in 2019 and La Soufriere in 2021, which produced the strong reduction in
average stratospheric aerosol size, share some similarities. They emitted similar amounts of SO, i.e. close to 0.4 Tg. In
contrast, Raikoke, whose eruption in 2019 did not lead to an observed size decrease but instead to an increase, emitted around
1.37 Tg SOs. In addition, the former three volcanoes are all tropical, whereas Raikoke is situated in mid-northern latitudes,
at around 48°N. This could be important insofar as, depending on season, there are temperature differences in the lowermost
stratosphere between low and mid latitudes. Temperature is an important factor in nucleation and condensation rates, which
are integral lifetime processes of stratospheric aerosol and play an important role in their size evolution (Kremser et al., 2016).
Nucleation strongly increases with decreasing temperatures (Vehkaméki et al., 2002; Korhonen et al. , 2003) which can shift
the sulfate aerosol size distribution towards smaller sizes (Pirjola et al., 1999).

The assumption that the true size distribution of stratospheric aerosols can be described well by a monomodal legnermal
log-normal size distribution is at the core of the observational data presented here. This assumption is made frequently for
satellite retrieval data sets, firstly because it is a reasonable assumption for many cases, but also because it is often necessary to
limit the number of unknown variables of the PSD in order to still be able to solve for them using the limited amount of inde-
pendent information contained within a measurement. Indeed, in some cases the truth is probably closer to a bimodal legnoermal
log-normal distribution (Deshler et al., 2003). However, the false assumption of a monomodal log-normal size distribution in
a bimodal log-normal case would lead to an overestimation of the particle size in a satellite occultation measurement data set
like the SAGE III/ISS data used in this work (von Savigny et al., 2020b). This is because the second mode, although containing
far fewer aerosols, would contain larger aerosol particles which, in the size regime typical for stratospheric aerosol, are much
more efficient scatterers and would dominate the spectral signal picked up by the instrument. In turn, a retrieval based on the
assumption of a monomodal log-normal size distribution would produce a PSD shifted towards larger radii. Therefore, the
signal of a size distribution shifted towards very small radii, that is observed in the volcanic periods discussed in this study, can

not be the result of a wrong assumption on the size distribution shape.
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Figure 7. Panel (a) shows nine different exemplary-monomodal log-normal size distributions with-different-values—of-the-mede-width-o
betweent2-(red-curve)-and-2.0-(blue-curverin-steps-of- O---AH-PSDs-depicted-that are eonsistent-with-all valid solutions for an exemplary

extinction ratio of 2 at the wavelengths 449 nm/756 nm. PanetThe individual curves with different median radii and number densities result

when only 2 wavelengths

are used. For visual clarity panel (b) shows the same PSDs as panel (a), but with their number densities scaled to the same value. Panel (¢
shows the lookup-table used to retrieve the median radii of the PSDs in panet-panels (a) and (b), using 2 wavelengths, with which the true size

from a different assumption on the distribution width o (in steps of 0.1 between 1.2 and 2.0), which is necessal

distribution can not be identified. Triangles indicate the different non-unique solutions. Panel (ed) shows a lookup-table using 3 wavelengths

and 2 extinction ratios, for which unique solutions exist, since each triangle corresponds to a different value of the second extinction ratio.

17



350

355

360

365

6 Comparison: Model vs Observations

In order to learn whether current models, in this case the ECHAM model, can help us to identify and understand the main
dynamical and microphysical factors controlling the aerosol size evolution after volcanic eruptions, specifically the observed
particle size reduction, model simulations of the time period before and after the Raikoke and Ulawun eruptions in 2019 were
carried out. This period of volcanic activity was chosen, because here an average aerosol size reduction is found in the southern
hemisphere and tropics (over Ulawun) alongside an average aerosol size increase in the northern hemisphere (over Raikoke)
at the same time. This makes it a useful case to test whether the model can reproduce the differences in aerosol size evolution

after these eruptions in order for it to be used to gain a better understanding of the related processes.
6.1 Simulation of Raikoke and Ulawun 2019

In the simulations, SOz masses that are vertically resolved in three altitude levels are injected into the lower stratosphere
at the locations of the Raikoke and Ulawun volcano at the time of each of the eruptions. Consequently, the evolution of the
particle size distribution of the forming sulfate aerosols is calculated. Multiple model runs were performed with varying input
parameters. The relevant parameters used for the best model run, which is used in this work, are shown in Table 2. The SO4
mass injected into the stratosphere for the second eruption of Ulawun is taken from Kloss et al. (2021) and parameters for the
other two eruptions come from our own SO, mass estimation using the TROPOMI data set. Like in the SAGE III/ISS retrieval
the stratospheric aerosols are assumed to be composed of sulfuric acid and water only. In order to start the Raikoke and Ulawun
simulations with background conditions comparable to the observations the simulation is started from a 10 year simulation on
January 1°¢ of 2018. By doing that, the Ambae eruptions are included in the run. If the Ambae eruptions were not included,
the simulated atmosphere would end up too "clean" in June 2019, before the Raikoke and Ulawun eruptions, and therefore not

be comparable to observations.

Raikoke Ulawun
Latitude 48°N 5°S
Longitude 153°E 151°E
Date of eruption 22.06.2019 26.06.2019 03.08.2019
Injected SO2 mass 1.37Tg 0.14Tg 03Tg
Injection Pressure 140hPa 100 hPa 90 hPa
Level

Table 2. Relevant parameters of the Raikoke and Ulawun eruptions as used in the ECHAM simulations.

In the model simulations ash is included, but there is no interaction with the sulfate aerosols, i.e. no mixed ash-sulfate-
aerosols are calculated. Regarding the aerosol particle size, ECHAM uses a modal model. Four log-normal distributions are

implementedconsidered, which are called, sorted from smaller to larger radii: the nucleation mode, Aitken mode, accumulation
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mode and coarse mode. Each of these modes has a fixed mede-distribution width o and a median radius that can change
within certain value ranges. The number densities within the individual modes change as well, as a result of the calculated

microphysical processes like the nucleation, condensation and coagulation rates.
6.2 Extinction

Here, the extinction coefficient at 550 nm is compared between the observational SAGE III/ISS data and the ECHAM sim-
ulations. In the SAGE III/ISS solar occultation level 2 data set the extinction coefficient is not provided at 550 nm directly.
To adress this, a third order polynomial was fitted to the extinction spectra using the 6 most reliable wavelength channels of
the data set, i.e. 449, 521, 756, 869, 1021 and 1544 nm, to retrieve extinction coefficients at 550 nm that can then be used for
comparison.

In Fig. 8, zonal averages of the extinction coefficient at 550 nm are depicted for the time before the volcanic eruptions (left
column), i.e. between 1% and 20'" of June 2019, and for August of 2019 (right column). The panels in the upper row show
the data that was calculated from the SAGE III/ISS measurements, while the panels in the lower row depict results from the
ECHAM simulations. As explained in Sect. 2, the spatial and temporal sampling of SAGE III/ISS is limited. Therefore, to
aquire an actually comparable temporal and spatial coverage between the observational and model data set, we applied the
sampling of the SAGE III/ISS measurements to the model output. In other words, only profiles from the ECHAM simulations
for locations and times were included, where SAGE III/ISS measurements happened on the same day within 1 degree of
longitude and 2.5 degrees of latitude. As in Sect. 4 this means, that data in different latitude bins corresponds to different
days within the month depicted. The tropopause height shown was provided in the SAGE III/ISS 1vl 2 data set, taken from
the MERRA-2 reanalysis data. The blue line marks a 1 km interval above this calculated tropopause height, above which it is
unlikely that the measurements are affected by clouds or include tropospheric air in general.

The background conditions in prevolcanic June 2019 are reproduced very well by the ECHAM simulations, both in mag-
nitude of the values and in the spatial patterns emerging, aside from an enhanced extinction between 40°N and 60°N below
14 km in the SAGE III/ISS data. This perturbation may be smoke from the two larger wildfires that reached the lowermost
stratosphere, which is not included in the model. For August 2019, in general the ECHAM simulations could reproduce the
observations as well, although in the SAGE III/ISS data the perturbations of the extinction coefficient partly reach higher al-
titudes in the northern latitude. Both model and observations show a strong increase of the extinction, with a much stronger

effect over the latitudes near Raikoke.
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Figure 8. Zonal means of the aerosol extinction coefficient at 550 nm for June 1°¢ to 20" (left) and August 2019 (right) from the SAGE

III/ISS data set (upper plots) and from the ECHAM simulations using the spatial and temporal sampling of SAGE III/ISS (lower plots).

Triangles on the bottom of each plot indicate the volcanoe’s locations. Tropopause height is illustrated by a red line, with the blue line

indicating an uncertainty interval of 1 km above tropopause height.

6.3 Effective Radius

The effective radius is the area-weighted mean radius of the size distribution (Grainger, 2017). It is a useful quantity since

with it a particle size distribution can be expressed using only one parameter. Furthermore, it can be used to compare PSDs

of different shape. This is necessary in this case, since our SAGE III/ISS retrieval data set includes monomodal log-normal

size distribution, while in the ECHAM model output, the PSD is expressed in terms of four individual log-normal modes. The

effective radius 7.y from the ECHAM simulations, representing these 4 modes, is calculated in the following way:

. Jr3n(r)dr _Vmg
I my [r2n(r)dr  Amy
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where mg is the third moment --and my is the second moment ;-}~is-the-the-volume-and-A-is-the-surface-area-of the particle

size distribution.
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Figure 9. Zonal means of the effective radius retrieved from SAGE III/ISS (upper row) and calculated with the ECHAM model using the
spatial and temporal sampling of SAGE III/ISS (lower row) for June 1°* to 20" (leftmost column) and August 2019 (middle column). The
rightmost column shows the temporal anomaly of the effective radius, i.e. the difference between the first two plots in each row. Triangles
on the bottom of each plot indicate the volcanoe’s locations. Tropopause height is illustrated by a red line, with the blue line indicating an

uncertainty interval of 1 km above tropopause height.

The effective radii retrieved from the SAGE II/ISS observations in Figs. 9a and 9b, show an increase over the Raikoke
area from June to August 2019 in the lowermost stratosphere roughly between 40 and 60°N. Most notably, there is a large
reduction in the effective radius values over the Ulawun area (around 5°N to 35°S) over the same time span, analogous to the
reduction in median radius and absolute mode-distribution width that was discussed before in Sect.5. This reduction of average
particle size persists at least until November 2019 (see Appendix). In panel (c), the effective radius temporal anomaly, i.e.
the difference between panels (b) and (a), is depicted, which makes it clear where the effective radius increased and where it

decreased from June to August. Over the Raikoke area an increase of the effective radius by up to 87 nm is found and in the
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tropics and southern subtropics there is a decrease by up to 123 nm. It has to be noted that part of the Raikoke plume has been
missed because of the limited spatial coverage of the SAGE III/ISS measurements, since a substantial part of the plume was
transported further north than 60°N (Kloss et al., 2021).

The lower row of panels in Fig. 9 is analogous to the upper row, but showing the ECHAM simulations for the same time
frames. For the background conditions (panel (d)) effective radii in the lowermost kilometer above the tropopause are much
lower than in the SAGE III/ISS retrieval data. Apart from this effective radii are close to the observations. In August, the
qualitative pattern of high values in the lowermost stratosphere over Raikoke and low values over the broad Ulawun region
is reproduced by the model. Also in panel (f), which again shows the temporal anomaly, the absolute increases and decreases
in the regions affected by the volcanic eruptions mostly match the observations well. The effective radius increase over the
Raikoke area in the lowermost stratosphere is stronger in the model, which is because of the low effective radii in this region
in the model’s background. The smaller effective radii in panel (e) and the region of decrease in panel (f) reach further into the
northern hemisphere than in the observations.

Starting in September 2019, model and observations start to diverge: Effective radii stay very low over the tropics and
southern subtropics in the SAGE III/ISS retrieval data until december of 2019, before the Australian wildfires destroy-cover
the signal in January 2020. In contrast, the model calculates strong particle growth in the months after August, with effective
radii increasing far beyond the background at higher altitudes. This suggests, that the MAECHAMS-HAM model can be used
to learn about the stratospheric aerosol evolution and its underlying mechanisms in the short-term after volcanic eruptions;but
notnecessarily-forlonger periods. In the longer-term however, the comparison reveals differences which may point towards the
micro-physical evolution in the model. Identifying the cause of this discrepancy between model and observations is difficult.
Possible causes could in principal be an overestimation of coagulation by the model, lack of interactive OH chemistry in the
model, deviations in dynamics, e.g. due to smaller vertical advection in ECHAM compared to other models (Niemeier et al.,
2020), or biases in the observational data set or the retrieval algorithm. To investigate this, comparisons with different models

need to be conducted.

7 Conclusions

Using a multi-wavelength extinction ratio approach we retrieved particle size distribution parameters of stratospheric aerosol
from the SAGE III/ISS satellite solar occultation data set. As a result of the assumption of a monomodal log-normal size
distribution, we retrieved the median radius, mede-distribution width and total number density and for understandability and
comparison purposes the absolute mede-distribution width and effective radius as well.

We looked at the temporal evolution of these parameters in three different periods of volcanic activity in the SAGE III/ISS
data set, the first one being associated with the eruptions of Ambae in 2018, the second one with the Raikoke and Ulawun
eruptions in 2019 and the third one with the La Soufriere eruption of 2021. Surprisingly, we found that the average aerosol size
decreased for all of the mentioned eruptions, except for the Raikoke eruption. This is very different from e.g. the Mt. Pinatubo

eruption of 1991, which is probably the volcanic eruption on which the most research was done in total, where aerosol size
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increased (Deshler et al., 2003). For the Ambae, Ulawun and La Soufriere eruptions instead, the median radius, absolute mede
distribution width and effective radius decreased strongly, i.e. the PSD became narrower and shifted towards smaller radii. We
also showed, that for this finding, the use of a three-wavelength-extinction approach to retrieving stratospheric aerosol size as
opposed to a standard 2-wavelength-extinction approach was crucial. This way, the mode-distribution width did not have to
be assumed and the strong ambiguity inherent to 2-wavelength retrievals is removed. Notably, this strong reduction of average
aerosol size also lasted for months in each case and even over a year in La Soufriere’s case, when the perturbed aerosol layer
could evolve more or less undisturbed.

In order to better understand the importance of different microphysical and dynamical processes at play in the size decrease
as well as in the long lifetime of the very small average aerosol sizes, atmospheric models will be a necessary and important tool
of investigation. Because of this we performed simulations of the Raikoke and Ulawun volcanic activity period in 2019 with
the aerosol climate mode]l MAECHAMS5-HAM. To compare the monomodal log-normal size distributions of our SAGE III/ISS
retrieval data with the 4-mode log-normal PSD of the ECHAM model the effective radius was used. The model was able to well
reproduce the spatial and temporal patterns that were observed in the SAGE III/ISS data in the extinction coefficient at 550 nm
and the effective radius from June to August 2019, i.e. the decrease in average stratospheric aerosol size over Ulawun and the
increase over Raikoke. In this study we found it to be essential to include preceding large injections of sulfur-containing gases
into the stratosphere, in this case the eruptions of the Ambae volcano in 2018, since without it the simulated atmosphere would
be too clean in the background conditions before Raikoke and Ulawun compared to observations. Despite this encouraging
agreement with the SAGE III/ISS retrieval data in the first two months, there is a growing discrepancy between model and
observations in the months thereafter. In other words, the model could not reproduce the long lifetime of the small aerosol size
and instead the effective radii strongly increased in the simulations after the initial PSD parameter reduction over Ulawun.

Further research is needed, especially on the conditions necessary for a stratospheric aerosol average size decrease after
volcanic eruptions to occur as opposed to a size increase. This may be an important pathway to improve the capability of
climate models to reproduce observed effects of volcanism on climate and reduce uncertainty of prejeetionssimulations, when
including volcanic eruptions. For this we will need more intercomparison between observational data and model simulations

in terms of stratospheric aerosol size.

Appendix A: Other quantities related to aerosol size

Here, we provide two additional quantities related to the stratospheric aerosol size distributions retrieved from the SAGE
III/ISS data set for the three main volcanic periods covered in Figs. 4 to 6. The two quantities are the effective radius, which is

explained in Sect. 6.3 and the mede-distribution width o or geometric standard deviation, which is part of Eq. 1.
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Figure Al. Analogous to Fig. 4, but showing the effective radius and the mede-distribution width o for the characteristic months before and

after the Ambae eruptions in 2018.
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Figure A2. Analogous to Fig. A1, but for the characteristic months before and after the Raikoke and Ulawun eruptions in 2019.
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Figure A3. Analogous to Fig. A1, but for the characteristic months before and after the La Soufriere eruption in 2021.



Data availability. The data published in this manuscript can be obtained upon request to the first author. The SAGE III/ISS data was obtained
from the NASA Earthdata Atmospheric Science Data Center (https://eosweb.larc.nasa.gov)

Author contributions. UN performed the simulations using the MAECHAMS5-HAM model. FW performed the retrievals from the SAGE
III/ISS data set and processed the ECHAM model data for comparison with the observational data. The findings were discussed by FW, CvS
480 and UN. LWT provided insights into the SAGE III/ISS instrument and issues related to its measurements. SW estimated SO2 masses emitted

during volcanic eruptions using the TROPOMI data set. All authors discussed, edited and proofread the manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This work was funded by the Deutsche Forschungsgemeinschaft (DFG, project VolIARC (no. 398006378) of the DFG
research unit Vollmpact (FOR 2820)). We also acknowledge support by the University of Greifswald and thank the Earth Observation Data
485 Group at the University of Oxford for providing the IDL Mie routines used in this study.

27


https://eosweb.larc.nasa.gov

490

495

500

505

510

515

520

References

Ansmann, A., Baars, H., Chudnovsky, A., Mattis, I., Veselovskii, 1., Haarig, M., Seifert, P., Engelmann, R., Wandinger, U.: Extreme levels of
Canadian wildfire smoke in the stratosphere over central Europe on 21-22 August 2017, Atmos. Chem. Phys., 18, 11831 — 11845, 2018

Aquila, V., Oman, L. D., Stolarski, R. S., Colarco, P. R., and Newman, P. A. (2012), Dispersion of the volcanic sulfate cloud from a Mount
Pinatubo-like eruption, J. Geophys. Res., 117, D06216, doi: 10.1029/2011JD016968, 2012.

Bingen, C., Fussen, D., Vanhellemont, F.: A global climatology of stratospheric aerosol size distribution parameters derived from SAGE II
data over the period 1984 — 2000: 2. Reference data, J. Geophys. Res., 109(D6), Article Number: D06202, 2004.

Bruckert, J., Hoshyaripourl,G. A., Hirsch, L.,Horvath, A., Kahn, R., Ko6lling, T., Muser, L. O., Timmreck, C., Vogel, H., Wallis, S., Vogel,
B., Dispersion and aging of volcanic aerosols after the La Soufriere eruption in April 2021, J. Geophys. Res. Atm., accepted, 2023.

Cisewski, M., Zawodny, J., Gasbarre, J., Eckman, R., Topiwala, N., Rodriguez-Alvarez, O., Cheek, D., Hall, S.: The Stratospheric Aerosol
and Gas Experiment (SAGE III) on the International Space Station (ISS) Mission, in: Sensors, Systems, and Next-Generation Satellites
XVIII, 9241, Article Number: 924107, 2014.

Collins, L., Bradstock, R. A., Clarke, H., Clarke, M. F., Nolan, R. H., Penman, T. D.: The 2019/2020 mega-fires exposed Australian ecosys-
tems to an unprecedented extent of high-severity fire, Environmental Research Letters, 16(4), Art. Num. 044029, doi:10.1088/1748-
9326/abeb9e, 2021.

Deshler, T., Hervig, M. E., Hofmann, D. J., Rosen, J. M., Liley, J. B.: Thirty years of in situ stratospheric aerosol size distribution measure-
ments from Laramie, Wyoming (41°N), using balloon-borne instruments, J. Geophys. Res., 108(D5), Article Number 4167, 2003.

Deshler, T.: A review of global stratospheric aerosol: Measurements, importance, life cycle, and local stratospheric aerosol, Atmos. Res.,
90(2-4), 223 — 232, 2008.

Giorgetta, M. A., Manzini, E., Roeckner, E., Esch, M., and Bengtsson, L.: Climatology and forcing of the quasi—biennial oscillation in the
MAECHAMS model, J. Climate, 19, 3882 — 3901, 2006.

Global Volcanism Program, 2023. [Database] Volcanoes of the World (v. 5.0.3; 1 Mar 2023). Distributed by Smithsonian Institution, compiled
by Venzke, E. https://doi.org/10.5479/si. GVP.VOTW5-2022.5.0

Grainger, R. G.: Some Useful Formulae for Aerosol Size Distributions and Optical Properties, 2017, accessed August 8th, 2022 at:
http://eodg.atm.ox.ac.uk/user/grainger/research/aerosols.pdf .

Hommel, R., Timmreck, C., Graf, H. F.: The global middleatmosphere aerosol model MAECHAMS-SAM2: comparison with satellite and
in-situ observations, Geosci. Model Dev., 4, 809 — 834, doi:10.5194/gmd-4-809-2011, 2011.

Joseph, E. P., Camejo-Harry, M., Christopher, T., Contreras-Arratia, R., Edwards, S., Graham, O., Johnson, M., Juman, A., Latchman, J. L.,
Lynch, L., Miller, V. L., Papadopoulos, I, Pascal, K., Robertson, R., Ryan, G. A., Stinton, A., Grandin, R., Hamling, I, Jo, M-J, Barclay,
J., Cole, P, Davies, B.V., Sparks, R. S. J.: Responding to eruptive transitions during the 2020-2021 eruption of La Soufriere volcano, St.
Vincent, Nat. Comm., 13(1), doi:10.1038/s41467-022-31901-4, 2022.

Kloss, C., Sellitto, P., Legras, B., Vernier, J.-P., Jégou, F., Ratnam, M. V., Kumar, B. S., Madhavan, B. L., Berthet, G.: Impact of the 2018
Ambae Eruption on the Global Stratospheric Aerosol Layer and Climate, J. Geophys. Res., 125(14), Article Number €2020JD032410,
2020.

Kloss, C., Berthet, G., Sellitto, P., Ploeger, F., Taha, G., Tidiga, M., Eremenko, M., Bossolasco, A., Jégou, F., Renard, J.-B., Legras, B.:
Stratospheric aerosol layer perturbation caused by the 2019 Raikoke and Ulawun eruptions and their radiative forcing, Atmos. Chem.

Phys., 21, 535 — 560, doi:10.5194/acp-21-535-2021, 2021.

28



525

530

535

540

545

550

5565

560

Korhonen, H., Lehtinen, K. E. J., Pirjola, L., Napari, 1., Vehkamiki, H.: Simulation of atmospheric nucleation mode: Acomparison of
nucleation models and sizedistribution representations, J. Geophys. Res., 108, D15, 4471, doi:10.1029/2002JD003305, 2003.

Kremser, S., Thomason, L. W., von Hobe, M., Hermann, M., Deshler, T., Timmreck, C., Toohey, M., Stenke, A., Schwarz, J. P., Weigel, R.,
Fueglistaler, S., Prata, F. J., Vernier, J.-P., Schlager, H., Barnes, J. E., Antufia-Marrero, J.-C., Fairlie, D., Palm, M., Mahieu, E., Notholt,
J., Rex, M., Bingen, C., Vanhellemont, F., Bourassa, A., Plane, J. M. C., Klocke, D., Carn, S. A., Clarisse, L., Trickl, T., Neely, R., James,
A. D, Rieger, L., Wilson, J. C., Meland, B.: Stratospheric aerosol—Observations, processes, and impact on climate, Rev. Geophys., 54,
278 — 335, doi:10.1002/2015RG000511., 2006.

Lacis, A., Hansen, J., Sato, M.: Climate forcing by stratospheric aerosols, Geophys. Res. Lett., 19(15), 1607 — 1610, 1992.

Laiolo, M., Massimetti, F., Cigolini, C., Ripepe, M., Coppola, D.: Long-term eruptive trends from space-based thermal and SO2 emissions:
a comparative analysis of Stromboli, Batu Tara and Tinakula volcanoes, B. Volcanol., 80, Article Number 68, doi: 10.1007/s00445-018-
1242-0, 2018.

Legras, B., Duchamp, C., Sellitto, P., Podglajen, A., Carboni, E., Siddans, R., Grooss, J.-U., Khaykin, S., Ploeger, F.: The evolution and
dynamics of the Hunga Tonga—Hunga Ha’apai sulfate aerosol plume in the stratosphere, Atmos. Chem. Phys., 22(22), 14957 — 14970,
doi: 10.5194/acp-22-14957-2022, 2022.

Maiténen, A., Merikanto, J., Henschel, H., Duplissy, J., Makkonen, R., Ortega, I. K., Vehkamaki, H.: New Parameterizations for Neutral and
Ion-Induced Sulfuric Acid-Water Particle Formation in Nucleation and Kinetic Regimes, J. Geophys. Res.: Atmos., 123(2), 1269 — 1296,
doi: 10.1002/2017JD027429, 2018.

Malinina, E., Rozanov, A., Rozanov, V., Liebing, P., Bovensmann, H., Burrows, J. P.: Aerosol particle size distribution in the stratosphere
retrieved from SCIAMACHY limb measurements, Atmos. Meas. Tech., 11(4), 2085 — 2100, 2018.

Malinina, E., Rozanov, A., Rieger, L., Bourassa, A., Bovensmann, H., Burrows, J. P., Degenstein, D.: Stratospheric aerosol characteristics
from space-borne observations: extinction coefficient and Angstr(’jm exponent, Atmos. Meas. Tech., 12, 3485 — 3502, doi:10.5194/amt-
12-3485-2019, 2019.

Malinina, E., Rozanov, A., Niemeier, U., Wallis, S., Arosio, C., Wrana, F., Timmreck, C., von Savigny, C., Burrows, J. P.: Changes in
stratospheric aerosol extinction coefficient after the 2018 Ambae eruption as seen by OMPS-LP and MAECHAMS5-HAM, Atmos. Chem.
Phys., 21, 14871 — 14891, doi:10.5194/acp-21-14871-2021, 2021.

Mie scattering routines: Oxford University - Department of Physics - Earth Observation Data Group: Mie Scattering Routines, Accessed

August 20, 2018 at: http://eodg.atm.ox.ac.uk/MIE/index.html .

Moussalam, Y., Rose-Koga, E. F., Koga, K. T., Medard, E., Bani, P., Devidal, J.-L., Tari, D.: Fast ascent rate during the 2017-2018 Plinian
eruption of Ambae (Aoba) volcano: a petrological investigation, Contrib. Mineral. Petrol., 174(11), doi:10.1007/s00410-019-1625-z, 2019.

Muser, L. O., Hoshyaripour, G. A., Bruckert, J., Horvath, A., Malinina, E., Wallis, S., Prata, F. J., Rozanov, A., von Savigny, C., Vogel, H.,

Vogel, B.: Particle aging and aerosol-radiation interaction affect volcanic plume dispersion: evidence from the Raikoke 2019 eruption,
Atmos. Chem. Phys., 20(23), 15015 — 15036, doi:10.5194/acp-20-15015-2020, 2020.

Niemeier, U., Timmreck, C., Graf, H. F.,, Kinne, S., Rast, S., Self, S.: Initial fate of fine ash and sulfur from large volcanic eruptions, Atmos.
Chem. Phys., 9(22), 9043 — 9057, doi:10.5194/acp-9-9043-2009, 2009

Niemeier, U. and Timmreck, C.: What is the limit of climate engineering by stratospheric injection of SO2?, Atmos. Chem. Phys., 15,
9129-9141, https://doi.org/10.5194/acp-15-9129-2015, 2015.

Niemeier, U., Schmidt, H.: Changing transport processes in the stratosphere by radiative heating of sulfate aerosols, Atmos. Chem. Phys.,

17(24), 14871 — 14886, doi:10.5194/acp-17-14871-2017, 2017.

29



565

570

575

580

585

590

595

Niemeier, U., Richter, J. H., Tilmes, S.: Differing responses of the quasi-biennial oscillation to artificial SO2 injections in two global models,
Atmos. Chem. Phys., 20(14), 8975 — 8987, doi: 10.5194/acp-20-8975-2020, 2020.
Osborne, M. J., de Leeuw, J., Witham, C., Schmidt, A., Beckett, F., Kristiansen, N., Buxmann, J., Saint, C., Welton, E. J., Fochesatto, J.,

Gomes, A. R., Bundke, U., Petzold, A., Marenco, F., Haywood, J.: The 2019 Raikoke volcanic eruption — Part 2: Particle-phase dispersion
and concurrent wildfire smoke emissions, Atmos. Chem. Phys., 22, 2975 — 2997, doi: 10.5194/acp-22-2975-2022, 2022.

Palmer, K. F., Williams, D.: Optical Constants of Sulfuric Acid; Application to the Clouds of Venus?, Appl. Opt., 14(1), 1975.

Pirjola, L., Kulmala, M., Wilck, M., Bischoff, A., Stratmann, F., Otto, E.: Formation of sulphuric acid aerosols and cloud condensation nuclei:
An expression for significant nucleation and model comparison, J. Aerosol Sci., Vol. 30, No. 8, pp. 1079 — 1094, doi:10.1016/S0021-
8502(98)00776-9, 1999.

Prata, A. T., Grainger, R. G., Taylor, 1. A., Povey, A. C., Proud, S. R., Poulsen, C. A.: Uncertainty-bounded estimates of ash cloud properties
using the ORAC algorithm: application to the 2019 Raikoke eruption, Atmos. Meas. Tech., 15, 5985 — 6010, doi:10.5194/amt-15-5985-
2022, 2022

Quaglia, I., Timmreck, C., Niemeier, U., Visioni, D., Pitari, G., Brodowsky, C., Briihl, C., Dhomse, S. S., Franke, H., Laakso, A., Mann,
G. W., Rozanov, E., and Sukhodolov, T.: Interactive stratospheric aerosol models’ response to different amounts and altitudes of SO2
injection during the 1991 Pinatubo eruption, Atmos. Chem. Phys., 23, 921 — 948, doi: 10.5194/acp-23-921-2023, 2023.

Rieger, L. A., Bourassa, A. E., Degenstein, D. A.: Stratospheric aerosol particle size information in Odin-OSIRIS limb scatter spectra, Atmos.
Meas. Tech., 7(2), 507 — 522, doi:10.5194/amt-7-507-2014, 2014.

Robock, A.: Important research questions on volcanic eruptions and climate, Past Global Changes Magazine, 23(2), 68, 2015.

SAGE III Science Team (2021), SAGE III Level 2 Data, Hampton, VA, USA: NASA Atmospheric Science Data Center (ASDC), Accessed
February 28, 2022 at doi: 10.5067/ISS/SAGEIII/SOLAR_BINARY_1.2-V5.2 .

SAGE II/ISS Data Products User’s Guide: https://asdc.larc.nasa.gov/documents/sageiii-iss/guide/DPUG-G3B-v5.21.pdf, last access: 29
March 2023.

Shuckburgh, E., Norton, W., Iwi, A., Haynes, P.: Influence of the quasi-biennial oscillation on isentropic transport and mixing in the tropics
and subtropics, J. Geophys. Res.: Atm., 106(D13), 14327 — 14337, doi: 10.1029/2000JD900664, 2001.

Steele, H. M., Hamill, P.: Effects of temperature and humidity on the growth and optical properties of sulphuric acid-water droplets in the
stratosphere, J. Aeros. Sc., 12(6), 517 — 528, doi:10.1016/0021-8502(81)90054-9, 1981.

Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J., Ganzeveld, L., Tegen, 1., Werner, M., Balkanski, Y., Schulz, M., Boucher,
O., Minikin, A., Petzold, A.: The aerosol-climate model ECHAMS-HAM, Atmos. Chem. Phys., 5, 1125 — 1156, doi: 10.5194/acp-5-1125-
2005, 2005.

Sukhodolov, T., Sheng, J.-X., Feinberg, A., Luo, B.-P,, Peter, T., Revell, L., Stenke, A., Weisenstein, D. K., and Rozanov, E.: Stratospheric
aerosol evolution after Pinatubo simulated with a coupled size-resolved aerosol-chemistry—climate model, SOCOL-AERvV1.0, Geosci.
Model Dev., 11(7), 2633 — 2647, doi: 10.5194/gmd-11-2633-2018, 2018.

Theys, N., Romahn, F., Wagner, T. (2022): S5P Mission Performance Centre Sulphur Dioxide Readme (s5P-MPC-BIRA-PRF-SO2,
V02.04.01 ed.), available at https://sentinel.esa.int/documents/247904/3541451/Sentinel-5P-Sulphur-Dioxide-Readme.pdf

30



600

605

610

615

Thomason, L. W., Kovilakam, M., Schmidt, A., von Savigny, C., Knepp, T., Rieger, L.: Evidence for the predictability of changes in the
stratospheric aerosol size following volcanic eruptions of diverse magnitudes using space-based instruments, Atmos. Chem. Phys., 21(2),
1143 — 1158, doi: 10.5194/acp-21-1143-2021, 2021.

Timmreck, C.: Three—dimensional simulation of stratospheric background aerosol: First results of a multiannual general circulation model
simulation, J. Geophys. Res., 106, 28313 — 28332, 2001.

Vehkamiki, H., Kulmala, M., Napari, 1., Lehtinen, K. E. J., Timmreck, C., Noppel, M., Laaksonen, A.: An improved parameteriza-
tion for sulfuric acid—water nucleation rates for tropospheric and stratospheric conditions, J. Geophys. Res., Vol. 107, D22, 4622,
doi:10.1029/2002JD002184, 2002.

Vernier, J. -P.,, Thomason, L. W., Pommereau, J. -P., Bourassa, A., Pelon, J., Garnier, A., Hauchecorne, A., Blanot, L., Trepte, C., Degenstein,
D., Vargas, F.: Major influence of tropical volcanic eruptions on the stratospheric aerosol layer during the last decade, Geophys. Res. Lett.,
38, Art. Num. L12807, doi: 10.1029/2011GL047563, 2011.

von Savigny, C. et al.: The Research Unit Vollmpact: Revisiting the volcanic impact on atmosphere and climate - preparations for the next
big volcanic eruption, Meteor. Zeitschr., 29(1), 3 — 18, 2020a.

von Savigny, C., Hoffmann, C. G.: Issues related to the retrieval of stratospheric-aerosol particle size information based on optical measure-
ments, Atmos. Meas. Tech., 13(4), 1909 — 1920, doi: 10.5194/amt-13-1909-2020, 2020b.

Voronova, O.S., Zima, A.L., Kladov, V.L., Cherepanova, E.V.: Anomalous Wildfires in Siberia in Summer 2019, Izv. Atmos. Ocean. Phys.,
56(9), 1042 — 1052, doi: 10.1134/S000143382009025X, 2020.

Wrana, F., von Savigny, C., Zalach, J., Thomason, L. W.: Retrieval of stratospheric aerosol size distribution parameters using satellite solar
occultation measurements at three wavelengths, Atmos. Meas. Tech., 14, 2345 — 2357, doi: 10.5194/amt-14-2345-2021, 2021.

Yue, J., Miller, S. D., Straka, W. C., Noh, Y. J., Chou, M. Y., Kahn, R., Flower, V.: La Soufriere Volcanic Eruptions Launched Gravity Waves
Into Space, Geophys. Res. Lett., 49(8), Art. Num. e2022GL097952, doi: 10.1029/2022GL097952, 2022.

31



