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Key Points:

 Intense concentration of liquid sulfate aerosol is present in the stratospheric Raikoke
volcanic cloud in its nascent phase.

« Lidar and in situ radiosonde-balloon data confirm anticyclonic circulation within
Raikoke’s distinctive compact SO2 /sulfate clouds.

+ Infrared absorption within the sulfate/SO5 compact clouds indicates localized warm-
ing leading to diabatically-driven self-lofting.
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Abstract

We present an analysis of the stratospheric cloud from the June 2019 Raikoke volcanic
eruption. The cloud is observationally characterized herein as consisting primarily of SO5
and sulfuric acid droplets, and marked by multiple distinctive, quasi-circular cloud fea-
tures ~300-400 km in diameter. Previous reports showed that one of these entities was
traceable for three months. Anticyclonic circulation was also previously reported. We
present multiple lines of evidence to characterize these cloud sub-elements by their spa-
tial confinement, morphology, and sulfate-dominated aerosol aspect, which was evident
from plume onset. In addition, we show that they were ably identifiable in geostation-
ary satellite “cirrus channel” reflectance imagery and had an enduring signal of window
infrared absorption, detectable for at least one month. The term we apply to this phe-
nomenon is “sulfate/SOs anticyclonic contained circulation,” abbreviated SSACC. An-
ticyclonic circulation is first detectable on 24 June, 2 days post eruption. Two SSACCs
persist beyond June. One is traceable until mid-August over Canada. The other SSACC
was discernible until 5 October after having completed three global circumnavigations.
The internal SSACC circulation aspect is gleaned from geostationary-based visible-image
animations and confirmed in situ via a novel application of high-resolution radiosonde
wind direction and balloon-position data. We also examine diabatic lofting of both SSACCs
in relation to their individual geographic and constituent morphologies. Thermal infrared
observations show that SSACC aerosols produce brightness temperature depressions of
~2.6 K, opening a new line of investigation into the source of heating that contributes

to diabatic rise.

Plain Language Summary

We present a satellite-based analysis of the stratospheric cloud from the 2019 Raikoke
volcano eruption. The volcanic cloud consisted primarily of sulfur-containing gases and
particulates marked by two previously reported near-circular cloud features. One of these
clouds had been followed for three months and exhibited a surprising anticyclonic cir-
culation. We present lines of evidence to characterize both compact clouds by their di-
ameter, multi-month lifespan, and composition. These predominantly liquid sulfate clouds
show up as early as three days post eruption. The satellite data presented herein indi-
cate that comingling of SO, and sulfate particles is a characteristic nearly from incep-
tion. These clouds absorbed terrestrial infrared radiation. The term we apply to this phe-
nomenon is “sulfate/SO2 anticyclonic contained circulation,” or “SSACC.” Two SSACCS
are followed from 24-25 June (2-3 days post eruption). The circulation aspect is confirmed
by combining visible satellite images, ground-based lidar, and radiosonde wind and balloon-
position data. We also examine self-lofting of both SSACCs; they rise considerably be-
yond Raikoke’s injection height. The holistic view of all satellite-based observations shows
that SSACC composition was active in the terrestrial part of the spectrum, signifying
the likelihood of infrared radiation contributing to observed self-lofting.

1 Introduction

Raikoke volcano (48.292°N, 153.25°E), located in the Kuril Island chain (Crafford
& Venzke, 2019), erupted explosively into the stratosphere on 21-22 June 2019. This strato-
spheric eruption plume has garnered intense scrutiny, owing to its considerable SOs-mass
source term (de Leeuw et al., 2021) and eventual sulfuric-acid-cloud spread and persis-
tence (Boone et al., 2022). The evolution of the Raikoke volcanic cloud within the week
post eruption has been established (Kloss et al., 2021; Osborne et al., 2022).

The Raikoke eruption generated peculiar plume elements that were the subject of,
or recognized in, several reports. In short, they appear on maps as horizontally quasi-
circular SO2/aerosol features that stood out from the overall Raikoke cloud in terms of
persistence and localized sulfurous concentration. Apparent diabatic rise in the strato-
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sphere well beyond injection height was also a characteristic. Chouza et al. (2020) iden-
tified one such element in late September over Hawaii and traced it back to the north-
ern Pacific Ocean in mid-July. Gorkavyi et al. (2021) (hereafter G21) also focused on this
feature and named it a “coherent circular cloud.” They also identified a second, fleet-

ing occurrence south of Alaska in late June. The persistent cloud element was sufficiently

dominant that it was revealed obliquely by Cameron et al. (2021) and referred to as Raikoke’s

“secondary plume” by Knepp et al. (2022). This peculiar Raikoke residual and a second
persistent quasi-circular cloud element, both termed “compact SOs cloud” by Cai et al.
(2022) (hereafter “C22”), were traced from 10 July to August.

Both C22 and G21 put a focus on the transport and shape maintenance of the com-
pact Raikoke cloud element that drifted to subtropical latitudes before circling the globe.
They used trajectory models in this attempt. C22 found that no trajectory model set-
tings led to a successful maintenance of the compact cloud element’s size or shape be-
yond ~3 days of initial conditions. G21 offered two hypotheses for the persistence of the
compact cloud structure: simple transport in a shear-free environment (called the “dead
fish”) and containment in a gyre (called the “great red spot”). Their analysis led to the
“dead fish” determination.

The circulation aspect of the G21 and C22 compact cloud was directly addressed
by Khaykin et al. (2022) (hereafter “K22”), who showed by means of satellite-based Doppler
lidar that these entities embodied anticyclonic winds, thereby consistent with G21’s “great
red spot” construct.

K22, C22, and G21 all acknowledged the diabatic ascent of one of these compact
cloud elements. According to K22, such a circulating and diabatically rising volcanic cloud
had not been identified in any previous stratospheric volcanic event. K22 attributed the
rise to internal heating by radiative absorption by residual ash. They also associated this
phenomenon with another recently discovered stratospheric particulate spheroidal cir-
culation composed of wildfire smoke (Allen et al., 2020; Kablick et al., 2020; Khaykin
et al., 2020; Lestrelin et al., 2021; Allen et al., 2024). The smoke-clouds’ diabatic rise was
attributed to heating due to absorbing aerosol interaction with incoming solar radiation.
The absorbing aerosol diagnostic, satellite-based ultraviolet aerosol index, was shown to
be a clear marker that persisted for weeks (Allen et al., 2020, 2024; Khaykin et al., 2020).
This naturally raises the question as to whether these apparently similar physical phe-
nomena, generated by different sources and comprising wholly different constituents, are
niche peculiarities or rather a scientifically important aspect of stratospheric-cloud com-
position, dynamics, and radiative impact. To address the questions, more observations
and analysis are needed. Herein we introduce several lines of observational evidence to
characterize the Raikoke compact volcanic cloud elements and offer new arguments for
the agent of diabatic rise. The end result of the SO5 to particle conversion process is sul-
phuric acid although in the troposphere further reactions can give rise to salts such as
ammonium or sodium sulfate. Here and elsewhere, “sulfate” is adopted as all particle
forms contain the SOF~ anion and we introduce the term Sulfate/SOs Anticyclonic Con-
tained Circulation (SSACC).

Although diabatically rising discrete volcanic clouds have not been observed prior
to Raikoke, diabatic stratospheric thermal and dynamical perturbations have been iden-
tified in the aftermath of the major volcanic eruptions of El Chichdn in 1982 (Labitzke
et al., 1983) and Mt. Pinatubo in 1991 (Labitzke & McCormick, 1992). The stratospheric
warming in these two sulfuric acid clouds was attributed primarily to longwave terres-
trial infrared radiation by the clouds’ sulfuric acid aerosols. Such was the impact of the
Pinatubo aerosols on thermal infrared (IR) absorption that satellite broadband IR-based
sea-surface temperature retrievals were negatively biased for approximately one year post-
eruption (Reynolds, 1993). Hence it is conceivable that dense concentration of Raikoke
sulfates would have a similar IR absorption feature. This is one aspect of the compact
Raikoke SSACCs we explore herein.



122 Our analysis is based on an ensemble satellite-data approach to follow the partic-

123 ulate and gaseous SO5 evolution of the overall Raikoke cloud with a focus on the two

124 circular compact cloud entities identified by C22 and K22. We also employ high-resolution
125 radiosonde atmospheric and GPS-position data. A considerable emphasis is placed on

126 geostationary-satellite visible and IR data in the form of animations, which are included
127 Supporting Information.

128 2 Data

120 2.1 TASI

130 In this study, two SO retrievals have been applied to data from the Infrared At-
131 mospheric Sounding Interferometer (TASI), an instrument onboard the MetOp platforms
13 (for information see Blumstein et al. (2004); Clerbaux et al. (2009)), and data from all
133 three instruments have been used when available (note that the number of instruments
134 available varies over the time period studied). An advantage of the TASI instrument is
135 that each instrument obtains near-global coverage twice a day, so offering increased tem-

136 poral coverage compared to UV instruments. This allows for better tracking of the SSACCs.
137 A linear retrieval, described in Walker et al. (2011, 2012), was used to identify pixels which

138 have elevated amounts of SO5. This product was used to locate the SO5 from the Raikoke
139 eruption. Using maps of the linear retrieval results, boundaries of the two SSACCs were
140 manually drawn and recorded.

14 An iterative SO retrieval was applied to pixels flagged by the linear retrieval. This
142 method iteratively fits the top-of-atmosphere spectrum by varying the state vector un-

143 til a good match is found with the measured spectrum. The state vector includes the SO9
144 column amount in Dobson Units (DU), the height in pressure (the result is later con-

15 verted to kilometers), the cloud thickness (1o thickness strongly constrained to 30 hPa)
146 and the effective radiating temperature. The retrieval also produces comprehensive er-

147 ror estimates for each parameter. These errors are computed using an error covariance

148 matrix which represents spectral variability between the measured and simulated spec-

149 tra, thereby incorporating errors associated with the instrument noise, the presence of

150 cloud, forward model errors, errors in the meteorological data and spectroscopy errors.

151 Full details of the retrieval can be found in Carboni et al. (2012, 2016). Over time, as

152 the amount of SOy decreases, there is less sensitivity to the height of SO4 leading to the
153 result tending to the a priori. This is especially the case in the dry stratosphere. Sub-

154 sequently in this study, four heights a priori are used to represent different parts of the

155 Raikoke SO4 cloud: 1. Standard Configuration/Full plume (21 June-1 July); the retrieval
156 was run using its standard height a priori (400£500 hPa) as in Carboni et al. (2012, 2016,

157 2019), and the values reported in Table 1 and Figure 1 and 3 are based on this version,
158 2. Full plume (1 July-28 August); the height a priori (183+300 hPa) is based on the me-
159 dian for pixels with heights in the stratosphere obtained with the standard retrieval setup

160 for the period 21-24 June 2019, 3. North SSACC (1 July-28 August); a height a priori

161 of 66.5 hPa is based on the average Cloud-Aerosol Lidar with Orthogonal Polarization

162 (CALIOP) cloud top heights using an 0.01 extinction threshold for this SSACC, and is

163 highly constrained to agree with the average CALIOP cloud top height, 4. South SSACC
164 (1 July-28 August); the cloud top heights (0.01 extinction threshold) from CALIOP cloud
165 show that the height of this SSACC increases over time. A linear fit has been applied

166 to these heights and this has then been used to set the a priori height for each day with

167 a very small uncertainty so that the height retrieval is constrained to agree with the CALIOP
168 value.

169 These a priori values have also been used as the first guess. In each case, the SO,

170 column amount a priori and first guess have been set to 0.5 + 100 DU and the effective

i) radiating temperature a priori and first guess have been set based on the European Cen-

12 tre for Medium-Range Weather Forecasts (ECMWF) data with an a priori uncertainty
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of 20 K. A quality control, as described in Carboni et al. (2012, 2016), is applied to the
results. An example of where the quality control may remove pixels is in cases where there
are significant quantities of ash which would lead to a poor match between the modeled
and measured spectra. For example, Carboni et al. (2012) shows that the SOy retrieval
is affected when in the presence of ash with an optical depth of 1. An optical depth of
2 is then shown to cause a 50% underestimation of the column amount, while an opti-
cal depth of 5 would completely mask the SO5 signal (Carboni et al., 2012). In the case
of Raikoke, it is notable in the first week after eruption that the core of the cloud (Fig-
ure 1 and 3) is masked out due to the result not passing the quality control, which may
be related to the presence of ash, elevated levels of sulfate or other factors which might
lead to a poor correspondence between the simulated and measured spectra.

The data for each day have been divided into ascending (~9:30 PM local time at
the equator) and descending (~9:30 AM local solar time at the equator) orbits. A dis-
continuity can occur where the date changes. To minimize the impact of this disconti-
nuity, the descending results have been offset from the ascending by 12 hours. Subse-
quently, while the ascending results are a composite of ascending orbits from 00:00 to
23:59 on each day, the descending results are a composite of descending orbits from 12:00
of the day stated to 12:00 of the following day. Descending results are referred to by their
start date. The data are gridded to a regular 0.125° by 0.125° grid, following which the
column amounts and their errors are converted to a mass. Following the creation of a
mass grid, the masses can be summed to compute a total mass for each time step. The
total mass errors are also computed in this way.

2.2 OMPS

The Ozone Mapping and Profiler Suite (OMPS) Nadir Mapper (OMPS-NM) aboard
the NOAA-20 (N20) satellite is the source for the ultra violet aerosol index (UVAI) data.
The UVAI used here is the heritage product determined as a byproduct of the ozone re-
trieval algorithm and utilizes the 331-360 nm wavelength pair; for details of the algorith-
mic retrieval see Herman et al. (1997). Daily level 2 UVAI data have a resolution of 12.5
km across-track by 17 km along-track at satellite nadir; at the orbital image-swath edge
the along-track resolution increases to 45 km, while the along-track remains at 17 km.
The nominal local overpass time for the North Pacific International Dateline region we
explore spans the range from 13:40 to 13:55. In this longitudinal zone, the measurement
UTC is generally near 00 UTC. The local date of each daytime image analyzed herein
may span two UTC days. Hence, imagery will be accompanied by the local date and the
specific UTC range of the data therein.

2.3 CALIOP

We identified Raikoke cloud features of interest by manual association of CALIOP
data with TAST SOs enhancements attributed to SSACCs or other notable cloud elements.
The results are accounted for in Supporting Information Analysis S1. To characterize
cloud height, aerosol optical depth (AOD), and particle type, we present data from the
CALIOP instrument (Winker et al., 2009). The products used herein are Level 1b cal-
ibrated 532 nm total attenuated backscatter coefficient (f532) and the perpendicular backscat-
ter coefficient (Bs32,1) used to derive the volume depolarization ratio (§). Single-profile
AOD is computed in accordance with CALIOP documentation by determining a per-
profile lidar noise profile, calculating particle-only extinction from the total signal us-
ing a molecular threshold (Vaughan et al., 2005), and then vertically integrating all par-
ticle extinction coefficients within the identified vertical cloud boundaries. Bs32 is reported
on a constant altitude grid, and cloud potential temperature (0) is determined using MERRA-
2 (Modern-Era Retrospective analysis for Research and Applications, Version 2) tem-
perature and pressure data contained in the Level 1b data files. Two types of AOD cal-
culations are used in later sections: a mean AOD (AODy,ean) and a maximum-possible
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AOD (AODyax). AODpean is the horizontal average of individual AOD profiles along

the identified aerosol layers, and AOD,.x is the vertical integration of a composite ex-
tinction profile, consisting of the maximum extinction value at each altitude along the
aerosol layer. In other words, at each fixed-altitude CALIOP range bin across the scene,
the maximum extinction is recorded and assembled into a single composite profile, and
then integrated. This technique allows us to avoid the single-shot full attenuation CALIOP
AOD limit ~ 0.3 that may bias the AOD low for extreme amounts. However, we note

that the results derived from the AOD,, .« value should be considered qualitative as no
validation of it has been made. Comparisons between AOD ean and AOD,,.« profiles

are shown for all CALIOP observations in Supporting Information Analysis S1.

We use the conventional definition of § = 532 1 /(8532 — Bs32,1) in this study,
which provides a quantitative indicator of aerosol sphericity. We derive a statistical anal-
ysis of § from the Raikoke observations by relying on the particle-only signal mentioned
above. Our procedure is the following: 1. subset the Level 1b data files by visual deter-
mination of Raikoke plume location, 2. calculate single-pixel J, 3. select § pixels that are
within —2.0 to 4+2.0 (—200% to +200% ) to remove single pixel noise spikes from statis-
tics, and 4. use a coincident particle-only 3 threshold of 1.0x10~* (km sr)~!. We re-
port both the mean and median ¢ values for each plume observation.

2.4 MPLNET

The NASA Micro Pulse Lidar Network (MPLNET) (Welton et al., 2001) is a global,
federated network of continuously operating lidars collocated with the NASA AERONET (Hol-
ben et al., 1998). MPLNET data are collected continuously at a 1 minute data rate, and
75 meter vertical resolution from the surface to 30 km above mean sea level. MPLNET
calibrations and signal processing are described by Campbell et al. (2002); Welton & Camp-
bell (2002); and Welton et al. (2018). The MPLNET Level 1 Normalized Relative Backscat-
ter (NRB) signal product is detailed online (https://mplnet.gsfc.nasa.gov/product
_info), and includes the range, lidar signal, and the volume depolarization ratio. MPLNET
Level 1 signals from the Fairbanks site on 6-7 July 2019 are presented here.

2.5 GOES and radiosondes

Cloud-image snapshots and animations from geostationary visible and near-IR re-
flectance, and window IR brightness temperature are used to characterize SSACC pres-
ence and cloud circulation. National Oceanic and Atmospheric Administration (NOAA)
Geostationary Operational Environmental Satellite (GOES) Advanced Baseline Imager
(ABI) West and East instruments are used. We use level 2 data at native 10-minute res-
olution. Maps and animations are generated using NOAA’s Weather and Climate Toolkit
(https://www.ncdc.noaa.gov/wct/).

We exploit high vertical resolution radiosonde data (Love & Geller, 2013) consist-
ing of temperature, pressure, wind direction, and global-position-system (GPS) location
recorded at 1-s intervals. This leads to an effective vertical resolution of ~5 m (Geller
et al., 2017). Such high vertical resolution data have been effectively used to examine
fine-scale turbulence structures in the troposphere and stratosphere (Ko et al., 2019).
We avail ourselves of the wind-direction and GPS coordinates for radiosondes launched
at Fairbanks, Alaska, USA on 7 July 2019.

3 Results
3.1 Ash evolution in the nascent Raikoke Plume

On 22 June (local time), the first full day after Raikoke-eruption onset, the volcanic
cloud had a relatively confined footprint with combination of SOs and ash concentra-
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tion (Kloss et al., 2021), which immediately afterward separated into ash-dominated and
SO3-dominant segments (Figure 1). The ash mass was reduced by 90% according to in-
frared image-based retrievals by ~25 June (Prata et al., 2022). This evolution is con-
sistent with the UVAI, which recorded a strong positive signal on 22 June, a much weaker
signal on 23 June, and loss of signal after 24 June (Figure 1). The positive side of the
UVALI (Torres et al., 2020) is strongly and positively correlated with absorbing aerosol
optical depth and altitude, such that stratospheric clouds comprising absorbing aerosols
(ash, dust, smoke) are traceable for days to weeks after onset (Allen et al., 2020; Fromm
et al., 2010; Torres et al., 2020). Hence the diminishment of this positive UVAI signal
within three days of the eruption is a qualitative indicator that stratospheric volcanic

ash became a minor constituent in the SOs-dominated portion of the stratospheric Raikoke
cloud established by the above-mentioned reports. However, it must be recognized that
trace amounts of ash are likely to have been blended within the SO3-dominated Raikoke
cloud in its early evolution. We elaborate on this in our presentation of additional data
items to characterize the gaseous and particulate nature of the evolving Raikoke cloud.

3.2 Raikoke SO, overview

The entire Raikoke SO cloud two weeks post eruption is shown in Figure 2, us-
ing the TASI linear retrieval output. The SOy concentration on 6 July illustrates both
the general spread of detectable sulfur enhancements as well as all local maxima. (An
animation of the full set of TASI ascending and descending observations is contained in
Supporting Information.) By this date the Raikoke cloud had expanded to stretch con-
tinentally from East Asia, across North America to Europe, and from midlatitudes to
the high Arctic. Multiple local SO5 maxima, in the form of stretched filaments and com-
pact cells, are embedded within this broad SO entity. The cells are the focus of our study.
In Sections 3.3 and 3.4 we introduce complementary particulate and gaseous satellite-
imager-based map views of the Raikoke cloud in the critical post-eruption period.

3.3 Tracking nascent Raikoke SO, and sulfate aerosol

Figure 3 contains mapped OMPS scattering aerosol index and descending TAST SO»-
concentration images from the iterative retrieval for every second day, 23 June-3 July.
(A full set of daily maps out to 6 July is provided in Supporting Information Figure S1).
The UV scattering aerosol index is a critical, previously unreported aspect of the Raikoke
cloud’s synoptic and mesoscale sulfate-aerosol evolution. The datum is the negative coun-
terpart of the UVAIL Torres et al. (2020) succinctly summarize the UVAI spectrum’s in-
terpretation: “UVAI yields positive values in the presence of absorbing particles, near-
zero for clouds, and small negative values for non-absorbing aerosols.” Hereafter, we will
refer to positive UVAI as the “absorbing aerosol index” and negative UVAI as the “scat-
tering aerosol index.” Penning de Vries et al. (2009) presented a general, formal intro-
duction to the scattering aerosol index. To first order, enhanced scattering aerosol in-
dex (i.e., departure from zero in absolute value) signals enhanced concentration of scat-
tering aerosols such as volcanic sulfates. This datum has been shown to reliably iden-
tify the presence of nascent UTLS sulfate clouds from the eruptions of Nabro (Eritrea)
in 2011 and Hekla (Iceland) in 2000 (Fromm et al., 2013; Penning de Vries et al., 2014;
Rose et al., 2003). Only negative UVAI pixels are mapped in Figure 3. The displayed
pixels exhibit a magnitude exceeding three standard deviations from zero, calculated from
a set of scattering aerosol index measurements within this domain on 21 June, the day
prior to the eruption. Hence, they all represent a notable enhancement. The maps are
color scaled relative to the post Raikoke scattering aerosol index maximum, observed on
23 June. It was noted in Section 3.1 that on 22 June the entire Raikoke cloud at OMPS
time embodied a positive (i.e. absorbing) UVAI consistent with a single, compact cloud
dominated by ash. By 23 June the ash had primarily separated geographically and di-
minished greatly (See Figure 2 of Kloss et al., 2021) when the scattering aerosol index
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first became manifest within the SO5-dominated cloud element. On each day thereafter,
well into July, the scattering aerosol index signal remained robust. The cloud on 23 June
consists of a single, coherent structure. It deforms on subsequent days into a field of dis-
tinct, concentrated local maxima and connected streamers of subtler enhancement. On

a qualitative level, the scattering aerosol index evolution displayed in Figure 3 reveals

a nascent UTLS sulfate presence, akin to volcanic clouds such as that generated by Mt.
Pinatubo (Guo et al., 2004), coinciding with SO cloud features.

It is obvious that essentially all SO, features coincide with scattering aerosol in-
dex enhancements, noting minor differences attributable to the ~3 h measurement-time
offset between the two platforms. Hence it is apparent that UTLS sulfate aerosols were
co-present in the SOq-bearing Raikoke cloud from 23 June onward. Corroborating this,
we present Figure 4, mapped 9.6 um sulfate AOD on 3 July, to compare with Figure 3
k,l. This product, from the Rutherford Appleton Laboratory Infrared/Microwave Sounder
retrieval system (Legras et al., 2022, and references therein), is predominantly influenced
by TASI data. The maximum sulfate AOD, marked by the red open diamond, is 0.13.

In Figures 4 and 3 k,1 we see that the two SSACCs and the connected streamers all ex-
hibit quantifiable sulfate AOD matching the qualitative UV scattering aerosol index fea-
tures, both of which align with TASI SO5 enhancements. The high correlation between
the SO5 and scattering aerosol index signals implies that the gas retrievals are a reliable
proxy for aerosol presence as we demonstrate in Section 3.6.1. Detectable SOy persists
well beyond the scattering aerosol index lifetime while carrying the inference of Raikoke
sulfates for the expanded period analyzed herein. In the following sections we will in-
voke GOES and CALIOP data for representing Raikoke aerosol in horizontal and ver-
tical dimensions.

The qualitative sulfate signal represented by the UV scattering aerosol index does
not rule out the presence of residual ash. It will be shown in Section 3.4 that additional
data items such as CALIOP backscatter curtains both confirm the presence of abundant
Raikoke aerosols from the earliest hours after eruption, but also contain signals sugges-
tive of solid particles in the cloud segments coincident with OMPS scattering aerosol in-
dex enhancements through 1 July. For this reason, selected Figure 3 panels contain or-
bit markers of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
utilized in the analysis described next.

3.4 Quantifying nascent Raikoke stratospheric aerosol and SO,

Quantifiable stratospheric aerosol observations in the days following the Raikoke
eruption are presented. The earliest CALIOP intercept of the cloud was on a daytime
22 June overpass while the eruption was ongoing. The lidar sampled the downwind (i.e.,
leading) edge of the cloud, corroborated by the orbital footprint on the descending TASI
SO5 and OMPS absorbing UVAI mapped imagery (Figure 1). Owing to its small hor-
izontal extent and the noisiness of the daytime conditions, characterization of the aerosol
signal is difficult. It is reported here simply for the record. The CALIOP feature’s top
altitude (z) and 0 are ~12 km and 350 K, respectively. Muser et al. (2020) (hereafter
“M20”) reported on another measurement of the daytime 22 June volcanic cloud by the
OMPS-Limb Profiler quite close to its geographic center, assigning 17 km to the cloud’s
top. These two satellite observations were essentially simultaneous.

CALIOP’s second encounter with the Raikoke cloud occurred on a nighttime pass
on 22 June (Osborne et al., 2022), when z was ~16.6 km, and 0 was 424 K. This is con-
sistent with the maximum extent of estimated Raikoke injection height based on geo-
stationary satellite imagery (Horvéath et al., 2021). Hence, on the day of the eruption,
these three encounters provide useful-albeit incomplete-brackets on the range of observed
stratospheric Raikoke cloud heights.
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We continue the analysis with a detailed rendering of daytime Raikoke stratospheric
aerosol encounters corresponding to selected descending TASI SO, and OMPS scatter-
ing aerosol index imagery in Figures 3. Figure 5 contains CALIOP curtains of 532 and
0 for 23, 25, 29 June, and 1 July. In addition, we calculate AOD, layer-top z and 6, as
well as layer-mean z, 0, d,,can, and dpmedian. AOD is calculated as discussed in Section 2.3
(Fromm et al., 2014). These values apply to the position within the feature of interest
embodying the peak AOD, unless stipulated otherwise. Table 1 contains these values,
along with neighboring SO, column and scattering aerosol index quantities. Consider-
ing the time difference between the IASI, OMPS and CALIOP overpasses and the like-
lihood that CALIOP did not sample a unified local SOy and aerosol maximum, the lo-
cal TAST SO5 maxima and OMPS scattering aerosol index minima orthogonally closest
to the CALIPSO orbit segment are marked in Figure 3 and reported in Table 1. We note
here that § values from CALIOP Level 1b data can be larger than expected because of
the noisiness of the daytime observations. For comparison, the nearest (in time) night-
time CALIOP observations of the same plume sub-elements shows d,,,cqn values of 0.22
(23 June), 0.29 (25 June), 0.18 (29 June), and 0.11 (30 June). A larger discussion on these
CALIOP ¢ statistics is provided in Section 4.5.

On 23 June (Figure 5a,b), CALIOP sampled the Raikoke cloud through the core
of the OMPS scattering aerosol index and IASI SO; cloud (Figure 3a and b, respectively).
The layer is approximately 1 km thick. On 25 June, CALIOP sampled near the core of
one of several localized SOs/scattering aerosol index bodies (Figure 5¢,d, 3c,d). Two Raikoke
features dominate, a higher, optically thicker layer toward the south, centered near 56°N,
and a lower structure extending to ~61°N. On 29 June (Figures 5e,f, 3g,h) CALIOP sam-
pled a strong core of SO2 and scattering aerosol index near 58°N. On 1 July (Figures 5g,h, 3i,j),
CALIOP sampled near the core of one of two nearby SO, /scattering aerosol index bod-
ies, near 54°N, 146°E. A relatively small but equally high aerosol feature to the north,
and a lower, optically thinner and broader layer also occupy this curtain over areas of
weaker IAST SOq enhancement (Figure 3j).

The four CALIOP samples in Figure 5 within locally intense Raikoke SO4/scattering
aerosol index bodies provide several important insights into the young volcanic cloud.
They illustrate a strong aerosol concentration, dating to the immediate post-eruption
condition. The peak AOD of these layers (Table 1) suggests a large and continuous par-
ticulate co-presence with TAST SOy abundance. There is also a general correspondence
between variations in IASI SOy concentration and along-track CALIOP AOD, with the
caveat that the measurement times are not coincident. The AOD along the cloud tran-
sects also correlates positively with the qualitative OMPS scattering aerosol index sig-
nal, providing corroboration that each feature’s scattering aerosol index pattern fairly
displays a direct relation between scattering aerosol and SO5 abundance. Table 1 and
Figure 5 indicate, albeit imperfectly owing to this selective analysis, that the Raikoke
cloud through 1 July was within the altitude range of injection heights (Horvath et al.,
2021).

The combination of TASI SO;, OMPS UVAI, and CALIOP backscatter data pre-
sented above reveals that on no occasion since eruption was there an absence of volcanic
aerosol amidst the gaseous sulfur cloud. From ash dominance on the first two days to
sulfate prevalence thereafter, every TASI SO, signal was associated with volcanic par-
ticles. This coincidence of aerosol and SO, abundance will be corroborated in following
sections with the incorporation of passive visible-image satellite data.

3.4.1 6 July Compact SSACC

Since approximately 1 July, the general Raikoke cloud was marked by two discrete
compact sub-elements, according to Figures 3, K22, and C22. These two entities are the
focus of the following sections, but here we perform a 3-dimensional exploration of an
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individual compact Raikoke SSACC situated in nearly ideal view conditions. On 6 July
the tandem of compact clouds was northwest of and over Alaska. The focal feature was
over open water in almost totally cloud-free conditions. Figure 6a is a Terra MODIS true-
color image of this gray, circular “cloud.” Appendages on the north and south sides lead
west (over a cloudy scene) and east (over northern Alaska), respectively. Figure 6b shows
level 2 MODIS 550 nm AOD. It must be noted that the operational Dark Target MODIS
aerosol retrievals (Remer et al., 2020) failed for this MODIS granule because the algo-
rithm flagged a large core portion as cloud. An ad hoc AOD retrieval was forced on this
granule by turning off the flags that were set. Hence, the absolute values of the AOD

do not represent valid Terra MODIS retrievals. However, considering the homogeneously
clear background, the geographic AOD pattern is considered to represent the visible cloud.
As such, we see the expected radial increase of AOD from perimeter to core. TASI SO4
and OMPS scattering aerosol index imagery for this scene are in Figure 6¢ and d, respec-
tively. Measurement times of these various platforms are not identical (see the figure cap-
tion) but are small enough to allow comparisons. The UV, visible, and IR observations
together confirm the volcanic nature of the circular cloud.

Vertical information about the SSACC is illustrated by the stratospheric CALIOP
532 nm fs32 curtain in Figure 7a. The CALIOP transect nearly represents the entire cir-
cular SSACC (See Figure 6d), revealing the height, thickness and smooth topography
of the aerosol layer. The CALIOP curtain extending to the Earth surface confirms the
total absence of tropospheric cloud along the transect. CALIOP 532 nm AOD peaks at
~0.35 in the along-track direction (Figure 7b). The AOD calculation is limited primar-
ily by the assumption of lidar ratio, given the simplicity of the atmospheric aerosol/cloud
profile within the SSACC along CALIPSO’s path. We give bounds on this by calculat-
ing AOD with an assumed lidar ratio £10 from the chosen 60 sr. The resultant mean
AOD is 0.2140.04 for this SSACC on 6 July.

Our experimental Terra MODIS 550 nm AOD peaks ~0.7. The MODIS and CALIOP
AOD (Figures 6b and 7b, respectively) are in reasonable agreement with respect to cross-
cloud variation. Hence the nadir-image AOD map can be considered representative of
the SSACC’s overall particle concentration, considering its co-registration with the TASI
SO, and OMPS scattering aerosol index cloud. The OMPS scattering aerosol index ap-
pears to be a valid, albeit qualitative, proxy for particle concentration. Sulfate dominance
as opposed to ash is also evident in that ash dominance at this altitude would elicit an
unmistakably strong positive UVAI (Torres et al., 2020). CALIOP depolarization ratio
is shown in Figure 7c with §,,c0n = 0.16 and dmedgian = 0.11. Figure S2 in Support-
ing Information shows a closer look at the depolarization ratio from Figures 5 and 7, and
includes histograms of the pixels used in the statistics.

The 6 July case and the earlier snapshots of the Raikoke SSACCs reveal a general
physical association among UV scattering index, visible AOD (MODIS, GOES, CALIOP)
and IASI SO5 concentration. It can be argued that the gaseous SO3 signals of the young
Raikoke cloud, both in general and specific to the SSACCs, are related to volcanic aerosol
presence from inception.

Having established these combined volcanic gaseous and particulate markers, we
now exploit them—and additional observations—in pursuit of our primary exploration of
Raikoke’s SSACCs.

3.5 IASI SSACC traceability

To unify and clarify SSACC terminology hereafter, we use “North SSACC” for the
feature C22 called the “North America SOy cloud” and K22 called the “vorticized vol-
canic plume (VVP) II.” “South SSACC” is the term for C22’s “Asian Continent SOz cloud”
and K22’s “VVP 1.” The lower panel of Supporting Information Movie S1 shows the ‘ef-
fective’ SO2 column amounts from the IASI linear retrieval for 1 July - 12 September
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2019. This is termed ‘effective’ to reflect a number of assumptions made by the retrieval.
Note that the colorbar range varies throughout the studied period. The first panel of the
animation shows the paths that the two SSACCs travel as identified from the linear re-
trieval data.

In early July the two SSACCs are observed traveling across Eastern Russia and the
Northern Pacific towards Alaska. Around the 7 July, the two SSACCs begin to take dif-
ferent paths. The North SSACC is initially transported southwards off the west coast
of Canada and the United States, then around the 21 July this SSACC is transported
northwards towards Canada. The North SSACC’s journey is tracked across Canada up
until 15 August. It may be possible to follow the SSACC for longer than this, but it be-
came difficult to confidently define the boundaries of the SSACC past this date. In con-
trast, around 7 July, the South SSACC is transported back towards Kamchatka, follow-
ing which it then moves southward and advects around the globe at ~ 30° N. This SSACC
is shown to twice be transported around the globe between 20 and 30° N. The last con-
fident detection of the SSACC in the TASI data is on 12 September 2019 (see Support-
ing Information Figure S3) but again it may be visible in the data beyond but the bound-
aries could not be confidently drawn.

The iterative SO9 retrieval has been applied to quantify the column amount of SO4
in each pixel. From this product the total mass of SOy for the full cloud and in each SSACC
is determined for each time step between 1 July and the 15 August 2019 for the North
SSACC and the 28 August 2019 for the South SSACC (Figure 8). This total mass is com-
puted by summing gridded mass values for the region 20 to 90° N and —180 to 180° E.
This means that any clouds from other eruptions occurring during this period and in this
geographic range will contribute to the total masses reported. An exception is made in
the first few days of the analysis (1-7 July) where the total mass is calculated for 30-90°
N to reduce the effect of a large plume from Ulawun volcano in Papua New Guinea (Kloss
et al., 2021). We cut off the time series at 28 August, as an eruption at Sheveluch in Kam-
chatka, produces a plume which would effect the total masses reported. A few outliers
were removed from the time series. Some examples of where this was done include (1)
dates where the SSACCs crossed 180 °E as this led to incomplete boundaries, (2) a few
cases where the retrieval failed for the South SSACC and (3) a few cases where there was
an error due to date changes in the South SSACC results.

The total mass of SO2 across the full cloud (incorporating both of the SSACCs)
is shown in Figure 8a, b. The starting total SO mass is 0.68+0.1 Tg which is shown
to fall steadily over the two months studied, with an e-folding time of 12.8 days, which
puts it in line with e-folding estimates for other high latitude stratospheric eruptions of
similar magnitudes (Carn et al., 2016).

The total masses of the two SSACCs are shown in Figure 8c, d. The errors reported
here incorporate those associated with the retrieval output but do not reflect the uncer-
tainty resulting from the hand drawn SSACC boundaries. This subjective method might
be the cause of some of the fluctuations which can be seen in the time series. Initially
the total mass of the South SSACC (0.06+0.001 Tg on 1 July Ascending orbits) is lower
than that of the North SSACC (0.094£0.001 Tg). The total mass of the North SSACC
drops off more rapidly, with an e-folding time of 7.8 days compared to 9.0 days for the
South SSACC. When the total mass of SO with area is considered (Figure 8e, f), the
highest concentrations of SO is shown to be in the two SSACCs, which matches the maps
shown in Supporting Information Movie S1.

3.6 Anticyclonic Sulfate Circulations

Next, we present several lines of observational evidence revealing that these Sulfate/SOo
enclosures not only persisted in Raikoke’s overall cloud for months, they exhibited an-
ticyclonic circulation within two days of the eruption, and also manifested window in-
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frared (IR) absorption, indicative of a causal mechanism for the observed heating and
diabatic lofting reported previously and reinforced herein.

3.6.1 GOES Viewpoint, Early Post-eruption

It was established in Section 3.2 and 3.3 that soon after the eruption the Raikoke
plume generated discrete, compact elements embodying coincident gaseous SOy and par-
ticulates. CALIOP data provided independent confirmation of aerosol presence conform-
ing to these cloud elements. GOES visible-reflectance imagery is now used to further char-
acterize these Sulfate/SOs entities. Illumination of the features is optimized from GOES-
17’s standpoint by taking advantage of enhanced forward scattering that occurs late in
the day (low solar zenith angle) where satellite view angles are off nadir (for GOES-17,
137.2°W) toward the Sun. The SSACC target is ideally situated when it is west of satel-
lite nadir and illuminated by the setting sun.

Figure 9 contains one such view over the Pacific Ocean generally north of the Aleu-
tian Island chain on 25 June, 08:30 UTC. This late-afternoon shot is approximately 7-
9 h after the OMPS scattering aerosol index and TASI SO5 images in Figures 3d. In ad-
dition to the two primary SSACCs (marked with “+” for clarity), Figure 9 reveals ad-
ditional volcanic cloud features corresponding to other local Sulfate/SOs maxima and
streamers. Animation of the GOES imagery in Supporting Information (Movie S2, S3)
allows a discernment of these various features as they evolve after the TASI/OMPS views.
We note that this and other GOES visible animations are provided in pairs; 0.64 um “red”
channel and 1.37 wum “cirrus” channel. The cirrus band’s advantage is that it effectively
masks low clouds (Gao & Kaufman, 1995) that often dominate the scene. Notably, Gao
& Kaufman (1995) also presciently recognized the cirrus channel’s niche value for strato-
spheric aerosol detection. The red channel’s advantage is a horizontal resolution four times
that of the cirrus channel (0.5 km compared to 2 km for the cirrus channel) (Schmit et
al., 2017). Within the animation, briefly before sunset, is the suggestion of anticyclonic
motion around the SSACC centroids.

A second example of GOES visible imagery is provided in Figure 10 for the situ-
ation on 3 July. According to the OMPS scattering aerosol index and IAST SO, images
in Figure 3, the Raikoke plume over the North Pacific has transformed into broadly dis-
tributed, relatively weak signals punctuated by two compact maxima east of Kamchatka,
each with trailing filaments. Like the GOES images on 25 June (Figure 9), the 3 July
GOES visible images are 7-9 h later with respect to IASI/OMPS. Even so, the stark vis-
ible rendering of the two compact features’ geometry and surface-top texture confirms
the co-presence of volcanic aerosol and gas. Note also the visual manifestation of par-
ticulate tails connected to each compact feature, also evident in the OMPS scattering
aerosol index and SOs images (Figure 3). The animation sequence of GOES images lead-
ing to sunset 3 July (Supporting Information Movie S4, S5) provides strong qualitative
indication that each SSACC is rotating anticyclonically. It bears noting that the synoptic-
scale movement of these sulfate/SOs cores is entirely cyclonic from eruption to 3 July
(Figure 3). Hence, if entity-scale anticyclonic circulation can be proved, it becomes ev-
ident that the rotation within these discrete cloud elements was generated and sustained
within a steering environment of opposite circulation.

GOES visible imagery as presented above was examined twice daily, from 24 June
to 13 July, except for times when the compact cloud elements were beyond GOES-17’s
limb or otherwise obscured. Centroid latitude/longitude locations were tabulated (Sup-
porting Information) and displayed in Figure 11. This can be viewed in the context of
Figure 16 of C22, who tracked and named two compact SO5 clouds starting on 8 July.
We see that the movement of the red color-coded South SSACC in Figure 11, the one
situated to the south at initiation date, maps to C22’s Asian Continent cloud whereas
the blue path North SSACC matches their North America cloud. Figure 11 effectively
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extends the long lifetime of these compact clouds back to the Raikoke cloud’s nascent
stage, when K22 first discerned them. It is seen that each feature transited cyclonically
in the steering flow from onset to ~3 July. They then both moved in tandem north to
Arctic latitudes and were steered anticyclonically over Alaska before taking divergent
paths forward. As intimated above, and demonstrated next, both Sulfate/SO2 cloud el-
ements manifested an enduring internal anticyclonic rotation, hence the SSACC termi-
nology.

3.6.2 In Situ Confirmation of Circulation

The GOES visible imagery presented above (and additional examples provided in
Supporting Information) elicited hints of contained circulation, albeit brief and subjec-
tive. Next, we combine GOES imagery with two additional probes of one of the com-
pact Raikoke SSACCs to secure the determination of anticyclonic motions.

According to Figure 11 herein and Figure 16 of C22, both SSACCs moved over Alaska

between 6 and 9 July. Fortuitously, C22’s North America cloud blew over the NASA MPLNET (Wel-

ton et al., 2001) and radiosonde site at Fairbanks, Alaska (PAFA) between 6 and 7 July
at a time when simultaneous, coincident profile measurements were made.

Figure 12 contains a GOES cirrus-channel visible image at 00:00 UTC 7 July. Fair-
banks MPLNET and radiosonde-launch site are marked. At this time, one of the com-
pact clouds is generally situated east of Fairbanks, its western fringe overhead of the site.
At this time, the second compact cloud is out of view northwest of Alaska (Figure 6).
Animation of this scene, from 20:00 UTC 6 July to 07:00 UTC 7 July is presented in Sup-
porting Information (Movie S6). The animation once again provides visible suggestive-
ness of anticyclonic rotation, especially in this particularly low-sun-angle condition.

The MPLNET height-time curtain from 12:00 UTC 6 to 7 July is displayed in Fig-
ure 13. The SSACC moves into the lidar beam at ~18:00 UTC and departs ~13 h later;
it is intermittently obscured by lower clouds (vertically-oriented gaps in lidar signal through-
out the displayed altitude range). The Raikoke aerosol layer is roughly 900 m thick, from
15.9-16.8 km (0=414-428K) at 00:00 UTC 7 July. Peak backscatter is at approximately
16.4 km, and the mean depolarization ratio within the Raikoke feature is 11.6%=+9%.
The cold-point tropopause, according to the Fairbanks radiosonde is at 12.4 km, 3 km
below the layer center. It is noteworthy that the lidar was sampling a relatively weak
portion of the SSACC; GOES imagery (Figure 12) suggests that the cloud-core backscat-
ter (i.e., AOD) would be significantly larger.

The Fairbanks radiosonde launch, nominally at 00:00 UTC 7 July, was when the
MPLNET signal of the Raikoke compact cloud was near its maximum. The balloon as-
cended through the western fringe (Figure 12). The next radiosonde launch at 12:00 UTC
7 July occurred after the cloud vacated the lidar beam. These two radiosonde measure-
ments are shown in Figure 14. Wind-direction profiles for the SSACC and post-SSACC
samples in Figure 14a are focused on 14-18 km to resolve important details. Included
in Figure 14a is the lidar NRB profile at 00:00 UTC 7 July, revealing the altitude range
and central peak of the Raikoke aerosols. Figure 14b is a map of radiosonde-balloon GPS
position for the 00 and 12 UTC flights. For reference, the 00 UTC balloon position at
its curvature is approximately 44 km from the Fairbanks MPLNET.

Wind direction was similar at 00 and 12 UTC 7 July below (northwesterly) and
above (north to northeasterly), indicative of an unchanging synoptic-scale flow regime.
However, at the time of the SSACC encounter, the wind direction diverged from that
state at ~16.2 km as the balloon ascended through the bottom half of the aerosol layer.
Balloon movement was such that instantaneous wind direction cycled clockwise back to
northwesterly near the layer top, ~16.8 km. Above the sulfate layer the wind direction
once again fell within the bounds of the post-SSACC conditions. The mapped GPS po-
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sitions in Figure 14b illustrate that the 00 UTC balloon’s horizontal trajectory was clearly
altered as it ascended through the SSACC in the span of four minutes. The excursion
would be consistent with expectations for an encounter with localized anticyclonic flow
within a body positioned to the north and east of the balloon. The balloon’s initial south-
eastward trajectory, driven by the large-scale steering flow, was evidently altered by a
localized wind change within this layer. Considering its position with respect to the SSACC
centroid (Figure 12), without this wind anomaly the balloon would not have deviated

so drastically from its course being maintained by the steering flow. The apparent dis-
continuity in the wind direction in Figure 14 makes this clear. It must be noted here that
the extremely fine, 1-s vertical radiosonde reporting translates to a resolution on the or-
der of 5 m. The fortuitous coincidence of the GOES visible animation, lidar remote sens-
ing, and in situ high-resolution radiosonde sampling offers a unique and unequivocal con-
firmation of anticyclonic circulation within both horizontal and vertical bounds of the
SSACC.

A second example of a radiosonde SSACC encounter is given in Figure 15. On 10
July at 00:00 UTC South SSACC was positioned over southwestern Alaska, transiting
roughly westward (Figure 11). At that time, the radiosonde launched from Bethel (Sta-
tion ID “PABE”) ascended through the western half of South SSACC. GOES visible-
image animation (not shown) reveals that South SSACC was totally upwind of PABE
12 hours earlier and downwind 12 hours later. Figure 15a illustrates the SSACC-encounter
wind-direction profile (00:00 10 July) as well as the two immediately preceding and fol-
lowing the encounter. Unlike the 7 July example, there are no contemporaneous lidar
observations of the SSACC. In that absence, we estimate SSACC height range based on
observations closest in time (See Supporting Information). Figure 15a shows that be-
low and above the expected SSACC range the three wind profiles are largely overlap-
ping and mainly easterly. Within the estimated SSACC range, the 00:00 UTC wind pro-
file diverges considerably toward a southeasterly component. Figure 15b gives a map view
of the 00:00 UTC situation. The inset reveals the radiosonde site and balloon position
with respect to South SSACC. The zoomed-in view shows the details of the balloon’s
path below, inside, and above the SSACC. It is evident that the balloon’s westward tra-
jectory is perturbed to the north inside the SSACC. As with the 7 July SSACC encounter
illustrated in Figure 14, this example reveals the effects of a localized anticyclonic forc-
ing, hence a second instance of in situ proof thereof.

3.6.3 GOES Viewpoint: Month-old South SSACC

GOES-image support for the South SSACC extends at least through August 2019.
Two examples are given, the first on 21 July. G21, C22, and K22 all focus on or about
this date, over the North Pacific east southeast of the volcano near longitude 168°E. These
reports and our Figure 11 show that the SSACC traces back to the nascent time frame
and is about to embark on its journey to and fate within subtropical latitudes. K22 show
Doppler lidar evidence of circulation on 21 July. Whereas these prior publications doc-
umented the horizontal image of the SSACC in terms of satellite SO2 concentration, we
emphasize the aerosol component in Figure 16. GOES “red” channel visible imagery of
the SSACC at 03:00 UTC 21 July (Figure 16a) manifests a scene over the Pacific Ocean
dominated by stratocumulus cloud and isolated patches of open water. The two interior
circular marks are situated within the SSACC; the four outer ones are beyond the SSACC’s
visible perimeter, as brought out by the cirrus-channel visible image in Figure 16b. This
preferential wavelength obscures the dominant cloud deck due to its low height. This is
corroborated in Figure 16¢, the accompanying “clean” window BT image, within which
there is no hint of high/cold cloud in the vicinity of the SSACC. Animations are con-
tained in Supporting Information (Movie S7). The IR BT depression within the SSACC
will be discussed in Section 3.7. Like the previous examples from the early post-eruption
days, the cirrus-channel image reveals a quasi-circular, contained cloud while both an-
imations suggest an anticyclonic circulation. Given the establishment of the SSACC phe-

14



679

680

681

682

683

684

685

686

687

688

689

690

692

693

694

695

696

697

698

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

723

724

725

726

nomenon by way of the Fairbanks MPL and radiosonde data in early July, it is reason-
able to infer continuous SSACC behavior. Additional support for the SSACC behavior
of this compact cloud will be introduced in Section 3.8.

The second example invokes GOES-16 (GOES East) imagery 48 days post erup-
tion on 9 August, when South SSACC was over the subtropical Atlantic Ocean west of
Morocco (C22; K22). Figure 17 contains a still image at 07:10 UTC of the South SSACC
soon after sunrise (optimal lighting for GOES East). The SSACC appears not only as
the now familiar compact, quasi-circular structure, but also includes a demonstrable “tail”
of trailing sulfate back over Mediterranean Africa. The tail, evident in many SSACC rep-
resentations in G21, C22, K22, and herein, is likely to be associated with sulfate mate-
rial shed from each SSACC. Once again, the animation (Supporting Information Movie
S8) gives the hint of slow anticyclonic motion within the SSACC accompanied by gen-
eral westward advection of it and the appended filament.

3.7 SSACC Thermal IR absorption

At certain intervals in the evolution of the two SSACCs, broadband IR imagery
manifests perturbed window-IR brightness temperature within them. Here we highlight
one such example, the South SSACC shown in Figure 16a and discussed in Section 3.6.3.
Between 20 and 21 July, the visible SSACC was drifting slowly over the Pacific Ocean
southeast of the Kuril Islands. Cloud conditions in the vicinity of South SSACC dur-
ing the 36-h interval 12:00 UTC 20 July to 23:50 UTC 21 July were such that it was pre-
dominantly over a background of stratocumulus cloud or open water. This interpreta-
tion is bolstered by the window-channel 10.3 um BT image from GOES West in Figure 16¢
at the same time as Figure 16a,b. We use a color bar and BT range that accentuates a
BT anomaly in geographical concert with South SSACC. Figure 16¢ reveals a localized
BT depression within the visible SSACC relative to the surrounding space. South SSACC
minimum BT (269.37 K) is, on average, 3.46 K less than that of the three extra-SSACC,
stratocumulus-covered pixels in Figure 16a. (The pixel south of the SSACC over mostly
open water is 2.07K warmer than the average stratocumulus BT.) The persistence of this
BT depression is illustrated in an animation of the above-mentioned 36-h period, pro-
vided in Supporting Information Movie S7. The animation manifests a subtle yet rec-
ognizable signal of anticyclonic rotation. Even with the degraded horizontal resolution
of the GOES IR channel vis a vis the “red” visible channel (nominally 2.0 km vs. 0.5
km), the window IR data have the advantage of continuous feature viewing.

The window IR analysis affords a new insight, longwave absorption within the SSACC.

The absorption is apparent during this favorable interval, but it was also evident at ear-
lier moments within both SSACCs’ lifetimes. An example during the period of 2-3 July
(See also Figures 3k,l and 9) is contained in Supporting Information Movie S9. At that
time both SSACCs were in close proximity and both exhibited IR absorption consistent
with the 20-21 July encounter. Thus, the IR-absorption property of the SSACC appears
to have endured throughout the month post-eruption. The most relevant implication may
be that the SSACC embodies longwave absorption traceable to favorable particle size
distribution and concentration. An enduring and substantial imprint of stratospheric vol-
canic sulfates on terrestrial IR absorption has been noted in the cases of the El Chichén
(1982) and Mt. Pinatubo (1991) sulfate clouds (Reynolds, 1993; Walton, 1985) such that
satellite-imager-based operational sea-surface temperature retrievals were negatively bi-
ased under the volcanic sulfate shroud. The longwave absorption of terrestrial radiation
by the SSACC may then be a driver of the observed diabatic rise of the SSACCs reported
by K22 and G21, and further explored next.
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3.8 Diabatic Rise of the Raikoke SSACCs

The temporal height increase of the Raikoke SSACCs is assessed by combining TASI
SO5 concentration retrievals with intersecting CALIOP SSACC observations.

3.8.1 CALIOP SSACC-height evolution

As mentioned above, CALIOP orbits intersecting closest-neighbor ascending and
descending TASI SSACC features were used to characterize the coincident aerosol-layer
altitude, and AOD. When South SSACC was no longer detectable in the IASI SO, data,
we manually followed its progress daily by identifying the most downwind orbit contain-
ing aerosol enhancement in its applicable altitude range (The cloud had sheared by this
time such that it was evident in multiple contiguous CALIOP orbit segments). The re-
sults are plotted in Figure 18. Figure 18a illustrates SSACC AOD. Aerosol layer height /0
are plotted in Figure 18b, c, respectively. Granular detail of the set of CALIOP cloud
and SSACC samples summarized in Figure 18 are contained in Supporting Information,
Figure S4.

Several evolutionary aspects of both SSACCs are illuminating. During the period
of North and South SSACC coexistence, their AOD is qualitatively equivalent (Figure 18a),
generally consistent with the evolution of SSACC SOy mass density (Figure 8e, f). Also,
the AOD typically exceeds the AOD of other CALIOP intercepts of the Raikoke aerosol
cloud in the earliest days (see the black symbols in Figure 18a). I.e. SSACC particle con-
centration is large relative to extra-SSACC Raikoke cloud elements. Hence, both the aerosol
and SO4 quotient of the SSACCs stand out from the overall Raikoke cloud throughout
their lifetime.

Both SSACCs rise above the injection-height peak (~16.8 km) on or about 13 July.
After that point, all altitude increases can be unequivocally attributed to diabatic forc-
ing. North SSACC increases in altitude quasi-continuously over the north Pacific and
high-latitude North American continent, reaching a peak of 20 km (~482 K) on 21 July.
Subsequently, North SSACC’s altitude flattens between 18-19 km (455-475K). Prior to
21 July, during North SSACC’s ascent, it was over Pacific oceanic background. There-
after it was exclusively detected above the North American continent (See Movie S1).
South SSACC’s inexorable rise begins around 6-7 July when it is at Arctic latitude north-
west of Alaska (See Figure 6). It rises without interruption until mid-September, when
it levels off at 26 km (640K), as also revealed by K22.

South SSACC'’s rise-rate is calculated for selected sub-periods as illustrated in Fig-
ure 18b. The period of most rapid ascent (360m/d) ensues on ~23 July when the SSACC
is over midlatitude Pacific Ocean background (See Figure 16 and the TASI animation in
Supporting Information, Movie S1.) This particular rise-rate calculation period extends
to 4 August when the SSACC is over the Middle East (K22). However, the SSACC is
over the western Pacific through 29 July. Hence this interval comprises roughly equal
SSACC presence upwind of and over the Asian Monsoon zone (K22). It is thus difficult
to attribute the locally extreme diabatic rise to any single background condition. Given
the evidence of thermal IR absorption within the SSACC (Figure 16), we posit that this
factor, evident on other days prior to the SSACCs passage over the Asian Monsoon zone,
is the most likely and enduring forcing of SSACC heating and diabatic rise. North SSACC’s
diabatic rise terminated while its AOD and altitude were on par with South SSACC’s
(Figure 18). South SSACC’s altitude continued to increase as it advected south and then
westward, circling the Earth. Its leveling off appears to be associated with a diminution
of AOD in its waning phase. Precise determination of the forces factoring into the di-
abatic lofting and eventual termination thereof is beyond the scope of this work but an
important topic for further exploration.
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4 Discussion
4.1 Evidence for Persistent Ash Dominance

M20 argue that ash-induced lofting generated in their model simulation is consis-
tent with observations. For that they examined OMPS-LP profiles at 02:27 UTC 22 June
in the vicinity of the umbrella cloud (illustrated in their Figure 3b) during the active erup-
tion. Kloss et al. (2021) show this OMPS profile in their Figure Al. The preponderance
of the Raikoke cloud layer is between the extinction maximum at 13.5 km and the top-
most extinction enhancement at 16.5 km. Horvath et al. (2021) detailed the eruption-
height chronology and found pulses as high as 16.5 km. Hence the OMPS cloud obser-
vation reported by M20 and Kloss et al. (2021) is within the range reported by Horvéth
et al. (2021). According to the latter study’s eruption-pulse chronology, derived from 10-
minute geostationary image data, the first injection clearly breaching the tropopause oc-
curred at 01:20 UTC 22 June. Hence, this serendipitous OMPS sampling followed within
1-2 hours of the first stratospheric impulse. It seems less plausible for there to have been
a rapid 3 km vertical transport of the Raikoke cloud (M20) than a direct injection to the
heights revealed by OMPS-LP.

In addition to the above-mentioned OMPS-LP stratospheric aerosol layer, CALIOP
detected a Raikoke feature well above the tropopause during a night-time encounter at
16:00 UTC 22 June, illustrated in Supporting Information, Analysis S1. This feature was
located at 16.7 km, near 49°N, 156°E. The steering wind accounts reasonably for a di-
rect connection between the active eruption and this layer. Evidence of this is contained
in Supporting Information Figure S5 showing Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) forward trajectories (Stein et al., 2015) initialized at Raikoke
at the time of the Horvéth et al. (2021) 16.5 km injection pulse. This and the previously
discussed line of evidence reveal the likely immediate injection of some volcanic mate-
rial to heights exceeding 16 km.

M20 also promote simulated, ash-driven Raikoke-cloud heights between 20 and 22
km 4 days post eruption. They did not present any validating or contradictory obser-
vations. We are not aware of any other publications with validating observations. The
Vernier et al. (2024) analysis of CALIOP daily Raikoke cloud height two weeks post erup-
tion (their Figure 6), in agreement with our CALIOP analysis, is a strong indicator of
a nearly nonvarying cloud top ~16-17 km, well below M20’s theorized upward transport.
Hence, regardless of the composition of the Raikoke aerosol cloud, there appear to be
no unequivocal observations in support of M20’s ash-driven effect.

Wells et al. (2023) simulated Raikoke ash in a nudged climate-model simulation us-
ing mineral dust as a proxy and specifying an external mixture with sulfate droplets. The
better agreement with aerosol observations between ash+SO9 and SOq-only forcing per-
sisted throughout summer 2019, implying long-lasting residual “ash” on a hemispheric
scale (e.g. their Figure 9). However, Boone et al. (2022), whose primary aim was to iden-
tify Raikoke aerosol composition throughout 2019 and 2020 using aerosol IR spectroscopy,
found no signal of ash in ACE-FTS aerosol spectra. Rather, Boone et al. found only sul-
fate signals in the IR spectra throughout the entire “blanket” of Raikoke stratospheric
aerosol sampled by ACE-FTS. This was the case for several ACE-FTS Raikoke-layer ob-
servations in the first half of July for which we requested confirmation. For reference,
two examples of such volcanic aerosol layers are found in the following ACE occultations:
4 July, 47°N, 126°W and 11 July, 65°N, 53°W. Their finding puts into question Wells
et al. (2023) suggestion of a long-lasting residual external mixture of ash and sulfate. Even
an internal ash/sulfate blend may be called into question considering the likelihood that
this would impart IR spectra also comprising a blend of absorption features.

In summary, neither M20, Wells et al. (2023), K22, nor any other publication of
which we are aware present suitably robust observational evidence for appreciable ash
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in the evolving Raikoke aerosol cloud as opposed to the sulfate-dominated interpreta-
tion we put forward.

4.2 Potential Relevance of Ash/sulfate Mixture

Even if the Raikoke SSACCs were sulfate-dominated, might a mixture involving
ash be a factor in SSACC behavior? It is clear from the presentation in Section 3.1-3.3
that positive UVALI signals of Raikoke ash diminish entirely by 25 June, being immedi-
ately replaced by scattering aerosol index enhancements that persist for at least two weeks.
Moreover, we report independent sulfate AOD features on 3 July (Figure 4), well after
ash signals vanished. But as discussed above, previous publications expressed or implied
a long-term ash influence on the overall Raikoke cloud or even specifically with respect
to South SSACC (K22). It was shown by K22 that indications of non-spherical parti-
cles in the Raikoke cloud lingered but diminished within a month post eruption. Our pre-
sentation of depolarization ratio in Table 1, Figures 5, 7, 13, and Supporting Informa-
tion Figures S2 and S7 reveals values consistent with ash dominance the first week post
eruption in CALIOP’s daytime examples (41% > dmean > 28%), notably co-present
with OMPS SAI signals. After that, daytime § central tendency drops by roughly half.
In nighttime CALIOP samples, central tendency ¢ values were generally < 10%. Mean
values declined and eventually met the median (§ < 5%). Volcanic ash generally im-
parts a 532 nm particulate and volume depolarization ratio exceeding ~25% (e.g. Prata
et al., 2017) while pure liquid sulfate is non-depolarizing. Prata et al. (2017), following
O’Neill et al. (2012), used a depolarization ratio threshold of 20% to distinguish between
“ash-rich” and “sulfate-rich” volcanic clouds. With respect to this criterion, the Raikoke
aerosols were sulfate-dominated within days of the eruption and increasingly so as the
SSACCs aged. This raises the question as to whether trace amounts of ash in the SSACC
merit consideration for interpreting SSACC heating/lofting, addressed next.

The UVAI response to purely absorbing aerosol such as ash, dust, and smoke has
received much more attention and modeling (e.g. Torres et al., 2020; de Graaf et al., 2005)
than UVALI for purely scattering particles, like hydrometeors and liquid sulfates (de Graaf
et al., 2005; Penning de Vries et al., 2009, 2014). However, de Graaf et al. (2005) lay out
a firm theoretical basis for the opposite sign of the UVAI for purely scattering aerosols
and cloud particles. Moreover, Penning de Vries et al. (2014), who applied their so-called
SCattering Index (SCI; synonymous with negative UVAI) to the Nabro volcanic cloud
in 2011, stated, “UVAI are very sensitive to absorbing particles, particularly if they are
elevated, hence even a relatively small amount of ash would cause UVAI to increase to
near zero, or even positive values.” Figure 1 in Penning de Vries et al. (2009) adequately
illustrates this conclusion, even for aerosol layers much lower than Raikoke’s. The ques-
tion then arises as to particulate mixtures, internal or external, of ash plus liquid sul-
fate and how they might influence UV scattering aerosol index.

To our knowledge, theoretical analysis of such conditions (e.g. sulfate-coated ash)
has not been published. We can conclude from published literature on the absorbing aerosol
index (positive Al values) that even trace amounts of absorbing aerosol at stratospheric
altitudes impart a positive AIl. This has been demonstrated in the cases of wildfire smoke
and volcanic ash, wherein the clouds are traceable with positive Al for weeks. It was dra-
matically evident in the case of the Australia New Year pyroCb smoke cloud associated
with compact anticyclonic circulations (Kablick et al., 2020; Khaykin et al., 2020) and
Australia’s Black Saturday (Allen et al., 2024). An excellent UTLS ash case demonstrat-
ing enduring positive UVAI is that of the Puyehue-Cordon Caulle ash cloud of 2011 (Carn
& Krotkov, 2016).

Absorbing (i.e. positive) UVAI depends on 3 primary cloud qualities: altitude, aerosol
optical depth, and single scatter albedo. Hence, the UVAI of a UTLS cloud clearly ex-
hibiting strong optical depth is highly sensitive to its bulk single scatter albedo. This
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is even the case for absorbing-aerosol-polluted ice clouds. Two noteworthy examples in-
volve smoke/ice mixtures (e.g. Fromm et al., 2005) and the so-called dust-infused baro-
clinic storm (DIBS) cirrus shield, which contains a blend of cirrus ice and desert dust

at the cloud top (Fromm et al., 2016). Such is the contribution of the absorbing-aerosol
component that these icy cloud shields occasionally yield a positive UVAI rather than
near zero UVALI for pure ice (de Graaf et al., 2005). It follows that a concentrated strato-
spheric aerosol layer exhibiting negative UVAI must have an effective single-scatter albedo
near unity, regardless of the composition or details of the internal mixture within the par-
ticles such as sulfate-coated ash or any other absorbing particle type. Near-unity single-
scatter albedo implies either the near absence of absorbing aerosol or an effective mask-
ing of the absorbing aerosol’s sensitivity to incoming shortwave radiation. In either case
the presence of a dense, stratospheric volcanic cloud with negative UVAI represents ei-
ther the absence or inconsequential abundance of and absorption by ash. It is arguable
also that after the scattering aerosol index signal vanishes, the ash fraction continues to
decline (K22). Hence there is little support for an appreciable role of ash in SSACC com-
position and radiative performance. The foundational literature enables us to conclude

with confidence that the sulfate-coated ash condition either does not manifest in the Raikoke

cloud or that it is irrelevant if it does.

4.3 SSACC SO; as Proxy for Sulfate Concentration

The peak CALIOP AOD of the SSACC on 6 July studied in Section 3.4.1 (Figure 7)
is within the range of the four samples reported in Table 1 for the younger Raikoke en-
counters. To the extent that these various CALIOP encounters with Raikoke SSACCs
measure the focal features, it appears that the sulfate concentration is roughly non-varying
out to two weeks post eruption. During this timeframe, the SSACC’s integrated SOy mass
declines appreciably and predictably, as detailed in Section 3.5. This curious situation
be explained as a balance between leakage of primary sulfuric acid droplets from the SSACC
(as inferred from filaments seen in the illustrated GOES and OMPS imagery) and sec-
ondary formation via gas-to-particle conversion. These observations may motivate deeper
study into this and alternate explanations. So whereas individual snapshots of Raikoke
SO, and aerosol concentration manifest a positive correlation within the volcanic cloud,
the temporal correspondence between them is indicative of the expected gas-particle con-
version. The OMPS scattering aerosol index diminishes somewhat between the values
in Table 1 and 6 July (minimum: —2.6), but is still considerably enhanced. Further work
is needed to understand all the factors determining the UV scattering aerosol index in
an evolving stratospheric volcanic cloud.

4.4 Differential Diabatic Rise Between North and South SSACC

The diabatic rise of South SSACC has been thoroughly documented by Chouza et
al. (2020), G21, C22, and K22. As reported herein, North SSACC’s diabatic rise was ap-
preciable but considerably less than that of South SSACC even though its AOD was on
par with South SSACC for much of its life (Figure 18). A plausible distinction between
North and South SSACC that could be a factor in the diabatic rise disparity is that North
SSACC remained at middle and high latitudes throughout its existence, whereas South
SSACC spent more than two months at subtropical latitudes where clear-sky surface tem-
peratures are climatologically relatively great. This temperature differential would nat-
urally provide greater thermal forcing on South SSACC, and thus naturally more ab-
sorption/heating potential. It is beyond the scope of this admittedly long paper to ex-
amine this satisfactorily but can be tested in follow-on work.
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4.5 SSACC Depolarization Ratio Chronology

Utilizing all available CALIOP intercepts of the North and South SSACCs, it is
apparent that there are steadily declining § values. Again, we note the difference in SNR
between nighttime and daytime CALIOP data that, if not considered, can skew the in-
terpretation of § values. In Supporting Information Figure S7, we show a chronology of
mean and median § values for Raikoke SSACC intercepts. Shown in the figure are the
median (open circle), mean (closed circle) and the standard deviation about the mean
(whiskers) for all observations (Figure S7a), daytime only (b), and nighttime only ob-
servations (c). The latter of which are almost all in Prata et al. (2017)’s category of “sul-
fate rich.” We also draw attention to K22’s Figure S6 and its ramifications for ash in-
fluence. Note that K22’s Figure S6 shows that South SSACC’s ash backscatter fraction
at no point exceeds 50%; by their definition the SSACC is sulfate-dominated through-
out that period and indisputably later on. Sulfate dominance exceeds 85% within one
month of South SSACC’s life. We note that CALIOP 4 does not conform to a normal
distribution, and the median (open circles) is a better statistic than the mean (closed
circles) when making comparisons. Cf. the histograms in Figure S2.

The underpinning of K22’s analysis is the work of Vernier et al. (2016), who im-
plicitly treated ash as imparting a non-varying and strong depolarization consistent with
its expected asphericity. I.e. they did not entertain any nuance of a sulfate/ash mixture
that takes on a spherical condition. Absent that nuance, K22’s results are totally con-
sistent with our analysis.

4.6 Utility of GOES Imagery

The GOES images add value in three ways: 1. maps of volcanic aerosol augment
our paper’s—and previous publications’—reliance on SOy maps to track Raikoke-cloud
evolution, 2. advantageous view conditions and temporal resolution as compared to polar-
orbiter visible images, and 3. to show indications of contained circulation in animations.
Visual circulation-detection cues are tenuous because angular velocities are small, espe-
cially soon after SSACC genesis. That said, we hold that marks of anticyclonic motion
are subtly discernible in each visible and IR animation. We note that another clue, the
filaments attached to the SSACCs, is a telltale indicator of leakage from a compact vor-
tex. For example, see K22’s Figure 1a and our Figure 9.

5 Conclusions

The Raikoke-generated stratospheric volcanic cloud manifested the curious occur-
rence of compact, persistent aerosol/SOs cloud elements, one of which rose diabatically
roughly 10 km above injection altitude, according to a group of publications cited herein.
A new revelation, that of internal anticyclonic circulation, was also previously reported
(K22). K22 postulated that the diabatic ascent of their “vorticized volcanic plume” was
due to internal heating resulting from absorption of incoming solar and reflected visi-
ble radiation by residual ash. Our study examined this cloud phenomenon, which we de-
scribed as a sulfate/SOg2 anticyclonic contained circulation (SSACC) by introducing sev-
eral lines of observational evidence characterizing the particulate composition and life
cycle of two SSACCs.

TASI SO;-concentration data were used to characterize the gaseous component of
the Raikoke sulfur burden. The aerosol component of the SSACCs was documented with
a combination of passive and active remote sensing, including OMPS-NM UV absorb-
ing and scattering aerosol index, GOES imagery, MODIS visible reflectance and AOD,
and CALIOP backscatter and depolarization data. It was found that SO5 enhancements
were accompanied by aerosols on every measurement occasion from the eruption onward.
The OMPS UV data indicated an ash-dominated cloud top initially, followed within two
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days post eruption by decay and replacement by scattering aerosol dominance. CALIOP
depolarization ratio data qualitatively reflected the decay of ash presence, a minor resid-
ual of which was inferred by the MPLNET depolarization data of one of the SSACCs
on 7 July over Alaska.

K22’s finding of contained anticyclonic circulation within the SSACC was reinforced
in two aspects of our analysis. First, several instances of GOES visible-reflectance an-
imations of the SSACCs in favorable lighting conditions painted a picture of the omnipres-
ence of circulating cloud-top material, starting as early as 24 June. Secondly, a novel com-
bination of GOES visible imagery, MPLNET profiling, and stratospheric high-vertical-
resolution radiosonde wind-direction and balloon-position data gave in situ proof of anoma-
lous circulation precisely aligned with the vertical extent of the Raikoke SSACC. Radiosonde
temperature data are of course also available for this profile, however reporting on that
was beyond our intention and scope.

GOES window IR BT data, in combination with visible imagery, revealed a last-
ing association of terrestrial IR absorption within each SSACC. The implication we drew
is that the retention of sulfate aerosols within the SSACCs presented an absorption cross
section sufficient to intercept relatively warm terrestrial radiation and thereby modify
the local SSACC footprint. However, it remains to be determined what compositional
and microphysical properties could impart the thermal IR absorption reported herein.

To that end, we have begun experiments with radiative transfer model simulations. Sim-
ulations and results of these experiments will be presented in a separate paper. Prelim-
inary indications are that the model can produce brightness temperature anomalies within
a month-old SSACC by computing the upwelling radiance at the top of the atmosphere
(TOA; 100 km in the model) as viewed by GOES West (GOES 17) Channel 13 (10.3 pum)
for the atmospheric conditions described in Section 3.6.3.

We contend that the observed diabatic lofting of both SSACCs was a consequence
of this longwave heating. This is an alternative to K22’s explanation of the diabatic heat-
ing being a consequence of shortwave absorption by residual ash particles. The geo-temporal
evolution of the SSACC ascent we illustrated did not comport with K22’s finding of in-
fluence by the cloudy conditions associated with the Asian monsoon convection.

The canonical model of volcanic SO2-to-sulfate conversion Robock (2000) is belied
by the evidence presented herein. We showed that sulfate-dominated AOD was a fea-
ture of the Raikoke stratospheric volcanic cloud from its nascent stage. These “young”
sulfates are not a new observation (Guo et al., 2004; Fromm et al., 2013; Penning de Vries
et al., 2014). They have been recognized as a noteworthy contributor to fresh stratospheric
volcanic clouds such as that generated by the 2022 eruption of Hunga Tonga—Hunga Ha’apai
volcano (e.g. Boichu et al. (2023)). The unified UV scattering aerosol index, AOD (CALIOP
and MODIS), and GOES visible reflectance indicate a strong, early sulfate presence in
the Raikoke volcanic cloud. It is therefore incumbent on the research community to sur-
vey all stratospheric volcanic clouds in the satellite era for the purpose of quantifying
the total sulfur burden, gaseous and particulate.

If indeed the Raikoke SSACCS’ sulfate burden and microphysics were sufficient to
locally perturb stratospheric thermal structure, it is reasonable to extrapolate that the
overall Raikoke volcanic cloud presented a radiative shield in proportion to the cloud’s
AOD. This would suggest the potential for a larger, continental/hemispheric perturba-
tion to the stratospheric thermal background during the months-long AOD decay. This
is a subject so far unexplored to our knowledge yet worthy of future exploration. It has
been previously established that the Pinatubo sulfate cloud generated a year-long IR ab-
sorption phenomenon (Labitzke & McCormick, 1992) that apparently was the cause for
erroneous sea-surface temperature retrievals derived from satellite IR data (Reynolds,
1993). We propose that the Raikoke stratospheric sulfate cloud offers a new opportu-
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nity for examination of such an impact appropriately scaled to the Raikoke sulfate abun-
dance and decay.

The injection of SO into the stratosphere has been proposed as a technique for
geoengineering the Earth’s climate (Crutzen, 2006; Shepherd, 2009). Considerable ef-
fort has focused on the large scale climate impacts of the release of SOs (e.g. Laakso et
al., 2022; Weisenstein et al., 2022). The evolution of the two SSACCs provide excellent
case studies to test models of sulfuric acid formation and development in the stratosphere.
Given the unexpected longevity of the SSACCS, microphysical studies are needed to im-
prove confidence in the predicted environmental impact of this method of geoengineer-
ing.

Finally, we acknowledge reporting by Legras et al. (2022) of discrete stratospheric
sulfate cloud elements after the eruption of Hunga Tonga—Hunga Ha’apai volcano in Jan-
uary 2022 that bore a resemblance to the Raikoke SSACCs. These more recent sulfate
cloud elements were much greater in size compared to those formed after Raikoke, but
Legras et al. presented evidence of sheared motion within one of them. Naturally, fur-
ther exploration of this and other volcanic clouds with the aim of finding similarities in
compact, persistent sulfate clouds should be a high priority.
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(GES) Data and Information Services Center (DISC, 2025). CALIOP data are available
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reside and are downloadable from the repository hosted by Goddard Space Flight Cen-
ter (GSFC, MPLNET, 2025). GOES data are stored within the Amazon Web Services
repository, which is accessed via NOAA’s Weather and Climate Toolkit at the National
Center for Environmental Information (NCEI, 2025b). High vertical resolution radiosonde
data are also accessible at NOAA’s NCEI (NCEI, 2025a). Data for Figure 4 are avail-
able (JASMIN, 2025), and more information about and visualized products from the Ruther-
ford Appleton Laboratory Remote Sensing Group are also available (RAL, 2025).
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Table 1. Selected CALIOP aerosol, OMPS scattering aerosol index (SAI), and IASI SOz metrics of localized Raikoke cloud sub-elements, 23 June-1 July 2019.
See Figure 3 for mapped markers of the CALIPSO orbit segment, TASI, and OMPS pixel locations. Time in UTC is provided in Supporting Information Table S1.
All CALIOP observations are daytime orbit segments to better temporally match TASI.

CALIOP OMPS TASI

Date AODyae  AODpean  Zmaz  Omaz  Zmean Omean  Omean  Omedian | SAL  Lat. (°N) Lon. (°E) | SO3(DU) Lat. (°N) Lon. (°E)

23 June 13.7 0.3 13.5 379 12.9 371 0.41 0.35 -5.7 49.1 175.4 75.5 48.2 174.7
25 June 5.8 0.2 13.8 392 13.2 382 0.41 0.33 -2.9 56.3 177.6 93.2 56.8 180.5
29 June 4.9 0.2 15.2 415 14.2 395 0.27 0.19 -4.9 58.1 138.6 79.7 59.6 137.0

01 July 6.5 0.3 15.5 414 14.5 399 0.28 0.19 -3.3 53.5 146.8 70.7 54.0 144.3




Figure 1. Raikoke aerosol and SO3 cloud, 22-24 June 2019. OMPS positive UVAI, panels
(a)-(c). Note the variable color scaling for each day. Panels (d)-(f), IASI descending SO; con-
centration in Dobson Units (DU) from the iterative retrieval run in its standard configuration
for the full cloud (see Section 2), with a fixed color scale. The gray pixels have been flagged as
containing elevated amounts of SOz by the linear retrieval but which do not pass the iterative
retrieval quality control. UTC for (a)—(c): 22 June 03:09, 23 June 01:08, 24 June 02:30. UTC for
(d)-(f): 21 June 22:09, 22 June 22:42, 23 June 23:07.
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Figure 2. Overall Raikoke SO on 6 July 2019. IASI SO from the linear retrieval on this

polar projection shows the full extent of the SO cloud range two weeks post eruption.
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Figure 3. Initial evolution of Raikoke sulfate cloud: 23, 25, 27, 29 June, 1, 3 July NOAA 20
OMPS UV scattering index (i.e. negative values only) (panels a, c, e, g, i, k), and TASI descend-
ing SO2 from the iterative retrieval (panels b, d, f, h, j, 1); CALIPSO orbit segments applicable
to Figure 5 are overlain on relevant panels (Black triangles in a, ¢, g, i; and black diamonds in
b, d, h, j show the locations for Table 1). Gray pixels have been flagged as containing elevated
amounts of SOz by the linear retrieval but which do not pass the iterative retrieval quality con-
trol. UTC for IASI panels (b,d,f;h,j,1): 22 June 22:09, 24 June 22:17, 26 June 22:12, 28 June
22:10, 30 June 22:29, 02 July 22:37. UTC for OMPS panels (a,c,e,g,Ik): 23 June 01:08 , 25 June
02:14 25, 27 June 01:39, 29 June 04:21, 01 July 03:42, 03 July 01:23.
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Figure 4. IMS-Aerosol H2SO4 AOD for daytime 3 July 2019. See the color bar for the AOD
range displayed. The bold red diamond shows the location of the maximum AOD for this scene:
0.132.
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Figure 5. CALIOP 532 nm attenuated backscatter coefficient (panels a, c, e, g) and depo-
larization ratio (b, d, f, h) curtains for 23, 25, 29 June, and 1 July. Note the different latitude
domains for each date are centered on CALIOP’s intersection with the aerosol layer. The orbit
segments are plotted in the applicable panels in Figure 3. Figure S2 in Supporting Information

provides a closer view of the § signal and statistics of these scenes.
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Figure 6. Multi-instrument display of the Raikoke aerosol and SO2 SSACC on 6 July 2019.
(a), Terra MODIS true-color visible, 23:00 UTC; (b), Terra MODIS corrected AOD (see text for
details); (c), NOAA 20 OMPS scattering aerosol index, 22:31 UTC; (d), descending TASI SO,
from the linear retrieval, 23:00 UTC. CALIPSO orbit segment, at 22:58 UTC, (See Figure 7) is

overlain (d).
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Figure 7. CALIOP daytime intercept of Raikoke 6 July SSACC. (a), Bs32; (b), AOD, (c) 6.

See text for details.
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Figure 8. IASI SO mass time series. (a) Total mass of SOz across the Raikoke cloud for 1-31
July 2019. (b) Same as (a) for 1-31 August 2019. (c) Total mass of SOz in the north (blue) and
south (red) SSACCs for 1-31 July 2019. (d) Same as (c) for 1-31 August. (e) The mass of SO2
per km? for 1-31 July. (f) Same as (e) for 1-31 August.
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Figure 9. GOES 17 view focused on an oceanic scene north of the Aleutian Island chain on
25 June, 08:30 UTC. (a), 0.64 um visible reflectance; (b), 1.37 um cirrus channel reflectance.
Blue “+” guide the eye to the SSACCs.
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Figure 10. GOES 17 view focused on an oceanic scene off the eastern Siberian coast on 3
July, 08:30 UTC. (a), 0.64 wm visible reflectance; (b), 1.37 wm cirrus channel reflectance.
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Figure 11. SSACC centroid locations mapped between 24 June and 13 July 2019. Based on
twice-daily GOES West visible images. See text and Supporting Information for details. The red
and blue paths follow the South and North SSACCs, respectively. Arrows at each observation
time point in the direction of SSACC movement. Positions of each on six annotated dates are
identified with matching color-coded dashed lines. Raikoke volcano and Fairbanks, Alaska are

also marked with black dots.
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Figure 12. GOES 17 1.37 um reflectance, 00:00 UTC 7 July. Fairbanks MPLNET and
radiosonde-launch sites are both marked by the red dot labelled “MPL”.
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Figure 13. Fairbanks MPLNET height-time curtain from 12:00 UTC 6 to 7 July. (a), normal-
ized relative backscatter. (b) volume depolarization ratio. Vertical white bar at 00:00 UTC marks

the nominal radiosonde launch time.
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Figure 14. Fairbanks radiosonde wind direction and balloon position, 00:00 and 12:00 UTC
7 July. (a), wind direction, color coded per the legend. Overlain: MPLNET NRB profile (gray)
at 23:58 UTC 6 July. Five-point (375 m) smoothing is applied. (b), mapped GPS balloon po-
sitions for altitudes between 13-22 km. Black for 00 UTC SSACC encounter), red, for 12 UTC
(post-SSACC). SSACC-encounter altitude segment (15.9-16.8 km) at 00 UTC is annotated and
highlighted by interior white. The 12 UTC balloon path highlights the altitude range of the

SSACC with wider symbols and annotation. Arrow shows direction to Fairbanks origin.
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Figure 15. Bethel Alaska radiosonde (Upper air station ID: “PABE”) wind direction and
balloon position. (a), wind direction, color coded per the legend, for 12:00 UTC 9 July, 00:00 and
12:00 UTC 10 July. Overlain: approximate SSACC height range (gray lines). (b), mapped GPS
balloon position. Inset shows wide scale view illustrating the GOES cirrus-channel reflectance at
00:00 10 July, approximate SSACC centroid, and blue arrows illustrating a notional anticyclonic
closed circulation. Main map zooms in and shows details of the PABE location and balloon posi-
tions below, inside, and above the SSACC.
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Figure 16. Multi-spectral GOES 17 imagery of South SSACC at 03:00 UTC 21 July. Dot
markers indicate sampled pixels within and surrounding the SSACC; see text and Supporting In-
formation for details. (a), 0.64 pm reflectance. (b), 1.37 pm reflectance. (c), 10.3 um brightness
temperature. The blue-white-red color bar and BT range guide the eye to BT values (see the
legend) distinguishing South SSACC.
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Figure 17. South SSACC over the Atlantic Ocean west of Africa on 9 August. GOES 16 1.37
um reflectance at 07:10 UTC.
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Figure 18. CALIOP SSACC-relative time series, 23 June-5 October 2019. (a), AODmean.
(b), SSACC height in km. (c), SSACC potential temperature. Note the black “x” symbols are
from the early days of cloud evolution when the SSACCs were difficult to discern independently
or occupied the same scene. Vertical gray line corresponds to Fairbanks MPLNET measurement

from Figure 13.
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