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Abstract. The June 21, 2019 eruption thfe Raikoke volcano (Kuril Islands, Russia, 8 153%) produced significant
amounts of volcanic aerosols (sulfate and ash) and sulfur dioxidg ¢8©that penetrated into the lower stratosphere. The
dispersed S@and sulfate aerosols the stratosphere were still detectable by multiple satellite sensotisré@mmontts after
the eruption. Fothis study of SQ and aerosol clouds we use datatainedfrom two of the Ozone Mappingand Profiler
Suite sensors on the Suomi National Paoldoiting Partnership satellite: total column Sfbom the Nadir Mapper and
aerosol extinction profiles from the Limb Profilas well as other satellite data sefte LP standard aerosol extinction
product at 674 nm has beerp®cessed with an adjustment correcting for limb viewing geometry effeatas shown that
the amounhof SO, decreases with a characteristic period df88lays and the peak stratospheri@aerosoloptical depth
recorded at a wavelength of 674 nm lags the initial peak efm883sby 1.5 months. Using satellite observations and
trajectory model, we examined the dynamicanfinusualatmospherideature that was observedst@atosphericoherent
circularcloudof SO, and aerosdirom July 18 to September 22, 2019.

1 Introduction

An eruption ofthe Raikokevolcano(see Fig. 1, 65 kmsummitaltitude, uninhabited islanét 48.29N, 153.4%) occurred

on June 21, 2019 a48:00UT. The eruption was so strong that a cloud of ash and volcanic gases was ejected to a height of
17-19 km(Gorkavyi et al, 2020) putting a significantpart of the Raikoke volcaniplume intothe stratospherandabove

the heights ofneteorological water and iadouds andhe tropopause, which is 10-12 km for such northern latitudésee

Fig. 1). TheMicrowave Limb SounderMLS) satellite data for June23-27, 2019 show that the observedparts of the
dispersed50, cloud hadheight betweenl1 and18 km, with a peakconcentratiorat 14 km. The maximum volcanic cloud

top heightincreased bynore than 6 knwithin 4 days after the eruptiatue to aerosotadiation interactionNluser et al.,

2020).

The study ofdispersedvolcanic cloudsand the transformation dheir SO, into sulfuric acidaerosad is interesting for
several reasong:irstly, clouds of ash and sulfate aeroaoé aviationhazards(Carn et al., 2009Krotkov et al., 2014
Secondlythe lifetime ofvolcanicSO, depends on its injection heigl@0, uptake on ashand the concentrations of oxidants
that vary with season and locatioBUo et al., 2004; Krotkov et al., 201Begirle et al., 2014; Zhu et al., 202G0, from
volcanic eruptior hasa longer lifetime if it is injected into the stratosphéf@arn et al., 2016)SO; in the stratosphere is
converted to sulfate aerosol, whighteracts with thelonglived Junge layéy the naturally occurring background
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stratospheric aerosol layeFurthemorg the dynamics of the Junge layaself is not well understoodin addition
stratospheri@erosad arean importantclimate forcingfactor, because aerosmodify boththe shortwave and longwave
radiationin the atmosphere andaching the Earth's surface (Toohey et2019;von Savigny et al 2020. Thus, each case
of volcanic injection of large amounts 80, into the stratosphere is of great interstlimate sciensits (Robock 2000;
Foster et al., 2008 Our ability to study volcanicSO, has evolvedn recent decadealong with satelliteremote sensing
technology(Krueger 1983Krueger et al., 200®008; Bovensmann et al., 199Guo et al., 2004Carnet al., 2003, 2007,
2008, 2009, 2017Clerbaux et al., 200Clarise et al., 2010, 201Fenning de Vries et al., 2018andviket al., 2019;
Hedelt et al., 201.9Theyset al., 2019; Fisher et al., 2019 he spectral data obtained from satellites hagdeniigpossible to
analyze in detaitransientvolcanic SO, clouds such as of theruptions ofPinatubo Bluth et al., 1992 Guo et al., 2004;
Fisher et al., 2019 EI Chichon (Krueger 1983; Krueger et al., 8)(and KasatochiRourassa et al., 201®rataet al.,
2010;Krotkov et al., 2010Clarisse et al.,@11).

: Raikoke

Figure 1: Left: Raikoke volcano (Kuril Islands, Russia, 48N, 153E) (Google Maps, Imagery: NASA. Right:

International Space Station (ISS)photo of the Raikoke eruption (06/21/2019 22:45 UTC), which shows that the
volcanic plume rose much higher than the layer of tropospheric clouds (Photdss059e11925QJune 22, 2019,
ISS/INASA, https://visibleearth.nasa.gov/images/145226/raikokerupts/145230vy

The 2019 eruption of Raikoke was well observed by a number of satellite sémdodsng the Ozone Monitoring
Instrument(OMI), the Tropospheric Monitoring InstrumentROPOMI), the Ozone Mappingand Profiler Suite(OMPS
Nadir Mapper(NM) andLimb Profiler (LP) andthe Cloud-Aerosol Lidar with Orthogonal Polarizatig@ALIOP). Studying
the nadirpassivedata of OMPNM and TROPOMI pur attention was drawto an interesting phenomendhe presencef
compactonglived stratospheri§SO, clouds, hereafter referred to as coherent circular clouds or @a€habout 300 ki in
diameter The firstwasnoted onJune 29, 2019 centered di B, 157 W (near Alaska)andthe secondvasobservedstarting
on July 18, 2019near Kamchatkarlhe firstof thesemoved tavardsthe North Polevhile the second movesbuthto ~ 20-
30 N, where it remained for more than two months, having nafest three completevolutions around the Earth.


https://visibleearth.nasa.gov/images/145226/raikoke-erupts/145230w

A dense cloudf SO, and aerosol that formed after the eruption of the Raikoke volspread over a week at latitudes

70 above 40N (see TROPOMI S@map on June 29, 2019 in Fig. 2). Atmospheric currents stretched the cloud into long jets,
twisted them with spirals and ew formedCCCs as shown i n Fig. 2 in the region
analyzein detailthe evolution and dynamics of the Raikoke volcanic clauelexaminel) the amountnd heighiof SO,
and aerosol emitted during the eruption ussatgllitenadir and limbdatg 2) the mutual evolution 080, and aerosol for
100 days, starting from the moment of the eruptidth limb data usingn adjustment correcting for limb viewing geometry

75 effects 3) the propagation ahe CCCswith a casestudyin July 2019usingatrajectory model.

Sentinel-5P/TROPOMI- 06/29-30/2019 UT

180

Data: BIRA-IASB/DLR/ESA/EU Copernicus Program
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80 Figure 2: TROPOMI image of total column SO, (log scale) a week after theRaikoke eruption (Image: courtesy
Copernicus TROPOMI/Sentinel-5Precursor SO, data, https://so2.gsfc.nasa.gdvirhe triangle represens the location
of the Raikoke volcano. A coherent circular cloud is seenon June 29, 2019 centered at 58, 157 W. Note that this
plot crosses the date lin@nd so includes data from June 29 (where the CC@ located) and June 30 (UTC).

85 2 Data and Methods

In this section, we detail the instruments and methods used éwafi)ine SO, and aerosol distributions obtained from
passivenadirsensordor SO, and limb and lidar for aerosd?) calculate zonal meavaluesof SO, and aerosol as a function
of a height using nadir data f&0, and limb data for aerosol; mploy trajectory modeling for analysis of individual
clouds.
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2.1 Satellite Mapping of SQ

We use S@total column data obtainddom two satellite spectrometers) TROPOMI seeFig. 2, Theys et al., 2012019

on the Sentinel 5 precursor satelldad 2) OMPS Nadir Mapper (NM)on the Suomi National Polarbiting Partnership

(SNPB satellite(Li et al., 2013, 2015Zhang et al., 2017Both instrument®bservet he Ear t h &dradianeecakds c at |
solar irradianceat hyperspectralltraviolet (UV) wavelengthswith two-dimensioml chargecouplel devices (CCDs)
measuring in the spectral domain in one dimension and in the spatial domain (across a satellite track) in the other dimensior
The satellite motion provides measurements atbegsatellitedrack. The spatial resolution of TROPOM.% km by 7 ki

is muchfiner than that from OMP3NM measurements made in the nominal mds@ Km by 50 krh and the spectral
resolution is higher for TROPOMI as we#t 0.5 nmas compared with ~ 1 nm for OMR®M). The satellite swaths avéde

(2700 km for TROPOMI and2800 kmfor OMPS NM), providing nearly globabaily coverage Column SO, in Dobson

Units (1 DU= 26910** moleculescm®) is retrievedfrom hyperspectrasolarbackscatteat UV wavelengths 312390 nn).
TROPOMI uses a spectral fitting algorithm basedddfferential optical absorption specsaopy (DOAS) (Theys et al.,

2017, 2019) OMPS uses spectral fitting approaeith a princigal component analysis (PCA) scheme (Li et al., 2@1R.7.

For large volcanicSO, signals like Raikoke, comparisons betweeROPOMI and SNPP/OMPS so far (for several
eruptions) show little bias, with the tot8l0, mass estimates from the two normally agreeing to withil®% (with the
exception of the very early stages of large eruptions, wierelensity of SO2 and/or volcarash is too high to be fully
accounted for in operational algorithmsgor retrieval noise on a pix&-pixel basis, SNPP/OMPSO, (for stratospheric

clouds is less than 0.1 DU. TROPOBRIIs n o i s eby-pixel basdsmpeévera times greater, but once TROPOMI pixels

are averaged to OMPS footprints, the noiseetuced by-30%. We also usedzone Monitoring InstrumentOMI) on
NASAO6s Au rasan additiopalatasotiree.

2.2 Aerosolprofile data

We usebackscattedata from CALIOP Fairlie et al., 2014)OMPSLimb Profiler LP) (Loughman et al., 2018; Chen et al.,
2018) and Stratospheric Aerosol and Gas Experiment instrument onboard the International Space(SA&ianll/1SS).
The OMPS LP V1.5 aerosoétrieval algorithm is describeBects. 2 and 3 of Chen et al. (2RIBhe height ofan aerosol
cloudcan beestimated wittbothOMPSLP and CALIOP.We use the CALOP lidarimages for aroso| specifically532 nm
total attenuatedbackscatter signatith a spatiatesolutionof 40 kmalong track and serticalresolution 0fL20 m (altitude <
20 km)and360 m (altitude >0 km).

OMPS LP hyperspectral measurements capagresoldata with a sampling of ~1 km in altitudéhe actual crostrack
FOV of each OMPS LP slit is4 km (Dittman et al., 2002OMPS LP views the atmosphere in a backward direction along
the orbit track with three vertical slits, one (central) aligned with the orbit track and the other two (lefirenhdeparated
by N4. 25A Hem, we useenosodldtal frgm version 1.68Chen et a| 2018).

Limb measurements of the atmosphere that view an altitl@¢ the tangent point also view altitudes abéVven the
foreground and background of thedinf sight. However, the converse situation is also temeobject at a fixed altitudil

will appear to be at a lower altitudieif it is located closer or farther than the tangent point. This is shown schematically in
Figure 3a, where a single cloud is located at true altithidend 5 successive LP measurement events @aait generates a
new profile) are illustrated. For event C, the cloud location is at the tangent point, and the apparenhatjtuale the true
altitudeH. For events A and B, the cloud position is closer to the LP instrument than the tangent pdins, lasd tharH.

For events D and E, the cloud position is farther from the LP instrument than the tangent point, ame &bain

Plotting successivaltitude profiles of LP (e.gextinction coefficient)as function of tangential latitudehen a vertically

' i mited feature (such as a cloud) i s Thearlseffectis observed whern h e
the length of the vible part of the cloud is less thai100 km (at a cloud height of 25 km). Figure 3b shows clog@,F1

km thick and 226 km long, centered above tangential point T. Due to the curvature of the globe, such a cloud has ar
observed thickness of 2 km (see Uiig 3b). If we take a cloud 226 km long and with a real thickness of N km, then the
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observed cloud thickness will be N+1 km. Thus, the real average height of a-thkam(lLcloud is underestimated by €5

km even under the most optimal observation cémast Consider a cloud FG, the center of which is displaced from the
tangenti al point by 273 km (or by «~28knbbutdteapsewes beigharies he r
from 13 to 22 km. If we consider thgG cloud with a lengtlof 499 km, then its real height above the earth's surface will be
24-25 km, and the observed height is23 km. Let us take into account that the limb profiler assigns the latitude of the
tangential point to any extended cloud. Therefore, a single cloomirsin Figure 3a in five different observed positions,
instead of one real geographic |l atitude, receives sevel
FoGo be a gap in a continuous cloud. Then this gap, together with theetiiech will lead to a decrease in the maximum
observed height of the cloud layer by 1 km (see Figure 3b).

Figure4, showing an OMPS LP extinction profile track across the volcanic plume, illustrates the archHffechaximum

values (yellow) appear to vary in altitude by8 Xm due to the projection effect shown in.Fdg Note that this effect will be

present for high, thin clouds such as cirrus clouds as well as for aerosol plumes. If we believe that énesititimie

values do not represent a true aerosol signal, we need to apply a correction in order to accurately determine overall aeros
loading.

3260 km

[
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Figure 3: (a) The diagram for observations ofa limb sensor, shaving the relationship between the observed (h) and
real (H) heights ofonecloud in five positions a s  widgHe hngudas disflacement of the position of the cloudrom
the tangential point T.q i s a Thalfiguretisindt & .scale (b) Ratio of real and observed heights for a cloud 1
km thick and 226 km long, the center of which is located at different distances from the tangential point.

The relationship between true cloud heiglhéind apparent cloud heightn Figure3 is given by a simpleuinction(DelLand
and Gorkavyi, 2021)

ATe0 —, (1)

whereR is the radius of the Eartind® is the angular displacement. Table 1 gives some specific examples of the angular
displacement predicted for specific combinationgiandh. This displacement is approximately equal to a shift in latitude

for a sunsynchronous satellite sucha?®\® P (i ncl i nation = 98.9A) outside the |
a true cloud aH = 25 km, the apparent cloud signalath5=1k m woul d be di splaced by ~3.
the orbit. This total separation of ~6..4 MNoteasothadbesausst e n

of differences in overall pattength, we expect events A and®Bkig 3( | ef t b r a m&ig. 4) tothavdiaastranded

signal than the corresponding events D and E at the same apparent altitude. We can therefore use Eqg. (1) to calculate a
apply a correction for determining the magnitude and position of asa@earioud(we believe that all parts of the arch below

the real height are artifacts, so the value of the extinction coefficient for them should be equal to zero).
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Table 1.Theobservedheight‘Qandangulardisplacement® for the cloud withtrue height'Q

a0 ‘0=10 km 15 km 20 km 25 km 30km
‘0= 0km i=3. 21A] 3. 93A 4.53A 5.07A 5.55A
5km 2. 27A 3. 21A 3.93A 4.53A 5.07A
10 km - 2. 27A 3. 21A 3.92] 4.53A
15km - - 2.27A 3.20A 3.92A
20 km - - - 2.27A 3.20A
25km - - - - 2. 26A
T L T T L R L L N L e L T L O L . B T
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Figure 4: The extinction coefficient profiles(674 nm) from OMPSLP for the orbit 40636 (central slit, same orbit as in Fig 10,
which shows the profiles for events 102, 105, 108) for August 31, 20T® accurately calculae the extinction coefficient it is
necessary to take into account the arch effect, which is clearly visifl®@MPS LP data).

The arch in Fig4 is formed by several measurements of @@C, which has &rue height of 2325 km (see the analysis of

this CCCin Sect 3.2). Parts of the arch (between event? 80d 1@, indicated with arrows in Figure &elow 23 km are
artifacts of multiple registtaons of the same object and should be removed when calculating the total amount of aerosol at
given latitudes or heights. THew stratospheri@erosol layer at an altitude of -P® km decredng with latitudeto 1516

km (blue color)is thebackgroundiunge layerlt merges in frames 10109 with a apparentolcanic cloud archNote that

the CCChas been the southernmost part of the Raikoke plume since late July 2019 (see secbonir3g3his period, only

the usual Junga er os ol | ayer was | o dhetrepidal coodath &t iotf u dxaéendsup @ Aekm 2 0 AN
altitude.

The principle of our posterior algorithm foorrectingthe "arch effect" is as follows: the data in the uppermost pixel of the

arch areconsideredrue For a given pixel, artifacéxtinctionsare calculatedor pixels in the side branches of the arch.
These artifacextinctionsare subtracted from the initial arextinction The procedure is repeated for the second highest
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pixel in the &ready modified arch image. This continues until the side branches of the arch completely disappear. The top
pixels with the correcte@xtinction are summed into the cloud with therecteddata. We consider this procedure of
correction only as an estingatwhich shows the possible significance of the arch effect.

The arch effect is a specific example of the effects of inhomogeneity along the line of sight that is an issue forodll types
limb sounders. One way to account for such effects is to twe-dimensional (2DYyadiative transfemodel(RTM) that is

able toaccount forsuch effects lang with multiple observations in a tomographic retrieval (e.g., leyest al., 2006;
Zawada et al., 2018 oughman et al., 20)8Instead, we have developada posterior adjustment method that is effective

in correcting for the arctype effects that appear with isolated features within the lines of sight for a series of observations.

The arch effect characteristic of the limb observations should be takeacodant when calculating the optical thickness of
aerosol clouds, determining a characteristic cloud heighising calibration heights of ~ 45 k@alibration heights should

be free of aerosaindthey are indeed free of@sol but can be contaminatasiith polar stratospheric anehesospheric
clouds (PMCs) and otherstratospheria@erosolsFor example PMCs located at an altitude of 886 km, due to the arch
effect, can be projected onto the calibration heights. Such contamination of the calibration heights distorts the whole pictu
of aerosol distributionvith height.

SAGE IllIl/ISSmakes direct measuremeiatisaerosol extinction through the attenuation of the solar beam during sunrise and
sunset . The vertical resolution of these measurements
observations are less frequent than OMPS

Using the color ratio (extinction at 512 nm to extinction at 1022 nm) along with the extinction 1022 nm, clouds can be
removed from the SAGE observations to produce average aerosol extinctions (Thomason and Vernier, 2013).

2.3 The NASA ftraj trajectory model

The fAftrajo traject or ySpacsoFRigatlCentektnaospheNcAChemisisy artél dyndnaibalmbratory

uses a fourtlorder RungeKutta integration scheme to track parcels isentropically, with optional diabatic adjustments
(Schoeberl and $pling, 1995).The modelis drivenwith windsat1/ 4 A hori zont al resolution
from theGoddard Earth Observing System (GE@®3Ward processing systeproduced by the NASA Global Modeling and
Assimilation Office GMAO). Each model run was initialized with 3000 parcels distribitedandom horizontal and

vertical positions withinin a cylinder of radius 150 km centered about the location of the observed cloud and stretching
between the lowest and highest potential tawrtpee ( values of the observed cloud. Thoseralues were derived by
interpolating the GEOS fieldstotherpg el s® i nitial |l ongitude, | atitude, alt
observations extended through a range of altituddshance—values.

3 Results

The sensitivity of thesatellite datf OMPS LP, CALIOP)we examineds such that the aerosol cloud from the Raikoke
volcano was observable for 3 months following the erupgiod the increase in the Jungerosol layer was observed even
longer. Thus, a synergistic study of Raikoke volcanic emissions using various sétedléd instruments provides a good
opportunity to study the dynamics thfe volcanic cloudongtermdispersionFor quantitative anajs, we will use2D SG
vertical column density (VCDJnaps obtaing by OMPSNM, as well as vertical profilesf aerosolextinction that are
obtainedfrom theOMPSLP.

3.1 SG and aerosolevolution

The retrieved Raikoke SOnass increasefbr 2 daysafter the eruption and then exponentially decayed with-fdéng
time scale of 818 days.The amount otratospheric SOdecreases due to photochemicahversion to sulfuric acid though
gasZphase reaction with the hydroxyl radical, OH. Sulfuric auidleates new particles and condenses ont@xisting
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particles to form longdived stratospheric sulfate aerosBlgure5 shows the change in the total S@ass (kt) retrieved by
the OMPSNM and the altitude averaged (418 km) aerosol extinction coaffient retrievedwith the OMPSLP in the
latitude range 4865AN after the Raikoke eruption. The aerosol extinction data in Figre shown before and after
removing the #fAarch ef f § the aerosolestinctioa noefiicient aftemeoning the arah effedt ig .
reduced by 360%. These estimates show the significance of the arch eff@atmore accurate calculations, the arch effect
should be investigatagsinga 2D RTM.

N
(=1
(=1
o

N Aerosol without
N adjustment for
N the arch effect

1500 —

Aerosol extinction =
adjusted for —
the arch effect -

1000 —

500 /

S0, (kt) and Extinction coefficient for aerosol (in 10-6 km-1)

80 100 120
Days (Starting June 1, 2019)

Figure 5. The daily zonal mean (4585AN) SO, mass (assuming a cloud height of 13 km) and thaverage aerosol extinction
coefficientat 675 nm(summed up overl3-18 km and divided by 6 (km) to get the average extinction coefficient

Figure 5 shows that retrieved g@ass increases for 2 days after the eruption during rapid dispersion of the fresh opaque
volcanic cloud. Followinghis initial dispersionthe SQ mass decreases exponentially due to chemical conversion to sulfate.
Aerosol extinction has opposite behayiib increases byproximately aactor of 4 as the concentration of S@®creases,
reaching a maximum ~50 days after the eruption. After that, the aerosol extinction starts to decrease due to gravitationa
sedimentation and other processes, but verylgl@from OMPS LP and NM datafdjustments for the arch effect decrease
themagnitudes of the extinction coefficient (by ab80t40%)but do not change the overall tempgattern.

As can be seen from Fi§, thetotal SO, mass decreases exponentially vattariable (818 day timescale Krotkov et al.
(2010) derived aolcanic SQ mass decaypf ~ 9 daydollowing the August 8, 200&K a s at oc hii g9 @ AUsihgo n (3
the Aura OMI. The overall apparentfelding time for Raikoke is -8-10 days(Fig. 6, solid black lines), in good agreement
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with the Kasatochi €folding time.However, we see two different regimes in Raikoke 8Guds with significantly different
estimated dolding time, as discussed below
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Figure 6: Time series ofthe logarithm of the estimated total SQ mass (in tors) within (a) the main plume (45-8 5 Aahd (b) the
CCC.

Theleft panel in Fig 6 showsthat duringthe first 20 days after the eruption, the,3tassdecreasewith alongerapparent
e-folding lifetime of~19 days,compared to the lateperiod @ays 21to 60), whenthe decrease in S@®nass acceleratagth

the apparente-folding lifetime ~8 days. Thénitial estimate of thee-folding lifetime of ~19 days, derived from the earlier
stage after the eruptioprobably representthe true time scale for chemicalonverson of SQ into sulfate aerosobn
altitudes >20 km (Carn et al., 201&pllowing the drop of the SOcolumn amountsthe SO, detection limit of theOMPS
instrument becomes a more important factor, leading to faster apparent decay of the total ohassvef50,. As the
plume spreads out to larger areas, and more and more pixels witallSgg¢low the detection limit of the ORS NM sensor
(OMPS in the stratosphere can typically detect®32DU of SQ), the apparent decay rate becomes larger, likely reflecting
the combinedeffects ofthe chemicaBG; loss and the diminished OMPS sensitivity to weakes S@hals Figure6b shows

a similar pattern fochange in S@masswithin the CCC.For the period betwee?8 and 45daysafter the eruption,the e
folding lifetimeis ~19 daysThissuggestshat the timeafter he eruption does not play a big role here, only the compactness
of the CCC with a high level of S@is essential. As in case Fifa, the second phase of the evolution of the CCC is
characterized by a fastapparent{the efolding lifetime ~8 days) rate of decrease in the recorded. SO

3.2 Stratospheric aerosolfrom limb observations

Figure 7 shows the tiratitude evolution of theonal average aerosol extinction at different heighithout adjustment

for the arch effect)Most of the aerosas transported polewarat 14.5 km(Fig. 7a), andthe effects of the eruption lasted for
almost a yeain addition, Figures 7b and c also show the aerosol transport to subtropics and tropics at higher altitudes.
Increased aerosol loading in the lower stratosphere can also be attributed to two pyro@abusi¢pyroCb) events that

took place before and after the eruption, Alberta fires (June 18) and Siberian fires (July 2) (Kloss et al., 2021). OMPS LP
detected both plumes in the stratosphere t3l2m, although it became difficult to separate them fiRaikoke plume

once it spread around the NFhe zonal mean aerosol extinction profile betweegN2hd90eN shows the vertical transport

10
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of the Raikoke plume to higher altitudes and its persistence in the lower stratosphe8g {Fig.top panel in Fig8 shows
thatthe maximum altitudeof the plumeare aroun®5 km, when the plume penetrates the tropibe plume altitude is
295 derived usinghe OMPS LP cloud algorithm, which can identify enhanced aerosol layers in the stratospher
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Latitude

Figure 7: Latitudinal distribution of the aerosol extinction coefficient (x 10°, km™) at 675 nmat three altitude levels,(a) 145 km,
(b) 185 km, and (c) 205 km), averaged every five degrees of latitude
f i r e sUlawdinerdiptions.
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Figure 8: (a) Daily location of the maximum altitude reached bythe Raikoke aerosolplume as detected by OMPS LPcolored by
305 the day number since June Bnd plotted every other day until day 150 Figure 8(b): (bottom) Daily zonal mean aerosol extinction
profiles at 675 nm (km?) between20 AS0 Awhich is close to hemispheric coverageheasured by OMPS LP from June 2019 to
June 2020and smoothed spatially usinga 5 point boxcar averaging Only profiles measured above tropopause+1 km are uset@he
white line is the aerosol plume maximum altitude in kmFigure 8(b): (top) Sratospheric aerosol optical depth x 10°, SAOD) at 65
nm for latitudes and period similar to Figure 8b. The SAOD is derived by integrating aerosol extinction profiles above the

310 tropopauseto 35 km

Figure9 shows thaltitudelatitude profile of adaily zonal meamatio of the aerosol extinction coefficiefor July 1, 21 and
September 130, 2019 to a similar daily zonal mean for a quiet period (Jur201@019) before the eruption. The means
were computed without t aki nDplLandranddsorkaeyR0@liandSect. h2). Therefore, the e f f

315 lower parts of the layers shown may have an overestimated extinction coefficient. In addition to increasing the demsity of th
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