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Riedi2,47

1CNRS, UMR 8518, F-59000 Lille, France8
2University of Lille, UMR 8518 - LOA - Laboratoire d’Optique Atmosphérique, F-59000 Lille, France9
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Key Points:12

• In the days following eruption, Hunga Tonga sulfate aerosols are observed to grow faster13

than Pinatubo particles.14

• Hunga Tonga stratospheric aerosols persist for >14 months as identified at 20 AERONET15

stations of the southern hemisphere.16

• One year after eruption, Hunga Tonga aerosols remain smaller than Pinatubo parti-17

cles, potentially implying an enhanced climate impact.18
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Abstract19

Stratospheric sulfate aerosols play a key role on atmospheric chemistry and Earth’s radiation20

budget, but their size distribution, a critical parameter in climate models, is generally poorly-21

known. We address such gap for the 2022 Hunga Tonga-Hunga Haápai (HT-HH) volcanic erup-22

tion by exhaustively analyzing a set of satellite observations (TROPOMI, IASI, AHI, CALIOP)23

together with photometric ground observations from the worldwide open-access AERONET24

network. We document a rapid growth of HT-HH sulfate aerosols in the days following erup-25

tion, faster than observed for 1991 Pinatubo eruption, likely due to the exceptional hydra-26

tion of the stratosphere by this phreatomagmatic eruption. An unusual aerosol fine mode (peak27

radius in 0.3-0.5 µm) is identified at 20 stations of the southern hemisphere until May 202328

(time of writing). Nevertheless, 1.4 years after eruption, HT-HH sulfate aerosols remain smaller29

than Pinatubo particles. Smaller aerosols backscatter more efficiently visible light and sed-30

iment more slowly than larger particles, implying stronger and longer-lasting negative radia-31

tive forcing.32

Plain Language Summary33

Explosive eruptions can inject large amounts of sulfate aerosols in the stratosphere, that34

may perturb atmospheric chemistry and Earth’s climate. However, crucial information re-35

garding the size of aerosols, a critical parameter in climate models, is generally missing. We36

address this gap for the eruption of Hunga Tonga-Hunga Haápai (HT-HH) in 2022, a record-37

breaking eruption in the satellite era. Based on an exhaustive analysis of satellite observa-38

tions together with photometric ground observations from the worldwide open-access AERONET39

network, we document a rapid growth of HT-HH aerosols in the days following eruption. This40

early aerosol growth rate is faster than observed for 1991 Pinatubo, likely due to the excep-41

tional humidification of the stratosphere caused by the water-rich HT-HH eruption. Further-42

more, the year-long persistence of an unusually fine type of aerosols (i.e. with radius ∼0.4 µm)43

is identified at 20 stations of the southern hemisphere and used as a volcanic marker of the44

HT-HH plume. One year after eruption, and in spite of an initially rapid growth, HT-HH sul-45

fate aerosols remain smaller than Pinatubo particles. Smaller particles better reflect sunlight46

and remain in suspension in the stratosphere for a longer time, fostering surface cooling.47

1 Introduction48

Since the 1991 eruption of Pinatubo (Philippines, 15◦N, 120◦E), long-lived stratospheric49

sulfate aerosols produced by high-magnitude explosive eruptions are known to modify atmo-50

spheric chemistry, dynamics and Earth’s radiation balance (McCormick et al., 1995; Robock,51

2000; Kremser et al., 2016; Marshall et al., 2022).52

The eruption of Hunga Tonga-Hunga Haápai (HT-HH, 20.5◦S, 175.4◦W, Fig. 1) in Jan-53

uary 2022 represents a record-breaking eruption in the satellite era, whose impact on climate54

remains to be assessed. Its phreatomagmatic nature fueled an exceptional explosive activ-55

ity, with plume parcels reaching up to 57 km of altitude (Carr et al., 2022; Taha et al., 2022;56

Proud et al., 2022), leading to the largest aerosol perturbation of the stratosphere since the57

Pinatubo eruption (Sellitto et al., 2022; Legras et al., 2022). Considerable amounts of wa-58

ter vapour injected high into the atmosphere induced exceptional hydration of the stratosphere59

(Millan et al., 2022; Schoeberl et al., 2022; Vömel et al., 2022) and modifications in atmo-60

spheric circulation (Coy et al., 2022). However, the modest mass budget of SO2 emitted dur-61
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ing the paroxysmal phase of the eruption on 15 January 2022 (0.4-0.5 Tg, Carn et al. (2022),62

compared to ≈20 Tg during Pinatubo eruption, Bluth et al. (1992)), is in apparent contra-63

diction with the strong explosivity of the eruption. Apart from potential bias in the satel-64

lite retrieval of SO2 in presence of a large particle load in the plume, and acknowledging the65

probable amplification of explosivity due to magma-water interaction, this low SO2 budget66

raises the possibility of a fast conversion of SO2 into secondary sulfate aerosols.67

The impact on climate of large eruptions can be evaluated with model simulations, but68

this approach is subject to uncertainty due to scarcity of direct observations of time-varying69

microphysical properties of stratospheric aerosols (Mann et al., 2015). Balloon-borne exper-70

iments are useful to provide direct constraints on the size distribution of stratospheric aerosols71

with altitude but, due to operational difficulty, cannot capture the detailed spatio-temporal72

evolution of aerosol microphysics (Deshler, 2008). Satellite occultation or limb-scattering mea-73

surements require prerequisite assumptions on particle size distribution or chemical compo-74

sition (Wrana et al., 2021; Taha et al., 2021; Bourassa et al., 2023).75

Here, we analyze open-access data from the AERONET ground network of photome-76

ters that provide, at >600 stations worldwide, information on the optical, microphysical and77

absorption properties of aerosols in the atmospheric column (B. Holben et al., 2001; Dubovik78

et al., 2002). Photometric observations have already provided information on the size distri-79

bution of volcanogenic stratospheric aerosols in the past decades. Originally, Asano et al. (1993)80

derived the radius of Pinatubo aerosols from spectral AOT measurements at one single sta-81

tion in Japan. Using volume size distributions retrieved at a few AERONET sites, B. Hol-82

ben et al. (1996) and T. F. Eck et al. (2010) highlighted an unusual “middle mode” (between83

the usual fine and coarse modes) associated with Pinatubo aerosols. Stothers (2001) evalu-84

ated the post-eruption effective radius (reff ) of fine aerosols from ground-based spectral ex-85

tinction measurements for the seven largest aerosol-producing volcanic eruptions in the twen-86

tieth century. N. T. O’Neill et al. (2012) followed the properties of stratospheric sulfate aerosols87

from the 2009 Sarychev eruption using measurements from Eureka AERONET station and88

polar sites of Ny-Alesund and Opal. More recently, Ridley et al. (2014) highlighted the in-89

fluence of moderate eruptions in the low stratosphere on the decadal trend in stratospheric90

aerosol optical depth (AOD).91

Together with satellite observations (S5P/TROPOMI, MetOp-B and MetOp-C/IASI,92

HIMAWARI-8/AHI, CALIPSO/CALIOP), we analyse aerosol properties derived from pho-93

tometric data collected at 20 stations of the southern hemisphere to characterize and track94

the persistence of volcanic aerosols associated with HT-HH eruption.95

2 Observations and methodology96

A set of observations of volcanic sulfur dioxide (SO2) gas and particles, from passive sen-97

sors onboard low earth orbit and geostationary satellites as well as active spaceborne LIDAR,98

is analysed. It includes SO2 vertical column amounts (15 km product) from high spectral and99

spatial resolution ultraviolet observations from Sentinel-5P/TROPOspheric Monitoring In-100

strument (TROPOMI) with a pixel size of 7 km x 3.5 km at nadir (Theys et al., 2017, 2019).101

SO2 height products, derived from observations of the Infrared Atmospheric Sounding Inter-102

ferometer (IASI) onboard MetOp-B and MetOp-C polar orbiting satellites (footprint of 12103

km at nadir) (Clarisse et al., 2014), also allow us to track four times a day the HT-HH plume104

and over a longer period of time than using SO2 column amounts. Near-source particle prop-105

erties are explored using SEVIRI-like ash RGB compositions derived from geostationary L1B106

–3–



D
ra
ft
:
30

A
u
gu
st

20
23

/
A
cc
ep
te
d
:
30

O
ct
ob
er

20
23

manuscript submitted to JGR: Atmospheres

brightness temperatures of HIMAWARI-8/AHI (Advanced Himawari Imager) at 8.6, 10.4 and107

12.4 µm channels available every 20 minutes (EUMETSAT, 2023; Japan Meteorological Agency,108

2023) as well as observations from the spaceborne CALIPSO/Cloud-Aerosol Lidar with Or-109

thogonal Polarization (CALIOP) including total attenuated backscatter at 532 nm and de-110

polarization ratio (Winker et al., 2009).111

Regarding ground-based observations, we analyze cloud-screened Level 1.5 observations112

(version 3, Giles et al. (2019)) from the worldwide AERONET network of sun/sky radiome-113

ters (B. N. Holben et al., 1998; B. Holben et al., 2001), with a focus on a selected subset of114

20 stations in the southern hemisphere. Quasi-continuous direct sun measurements, with a115

sampling interval of 5 to 15 minutes (under cloudless conditions), provide AOD and Angstrom116

exponent values (B. N. Holben et al., 1998; B. Holben et al., 2001) as well as the partition117

of AOD500nm between fine and coarse mode particles using the SDA algorithm (N. O’Neill118

et al., 2003). Measurements are collected both in daylight and at night using lunar photom-119

etry (Barreto et al., 2016).120

Using the same ground-based instruments, sky radiance measurements are also retrieved121

in the almucantar geometry (e.g. fixed elevation angle equal to solar elevation, and full 360◦122

azimuthal sweep) at various wavelengths (440, 670, 870 and 1020 nm). These multi-angular123

and multi-spectral observations are modeled with a radiative transfer model combined with124

a microphysical description of light scattering by particles, and inverted using a procedure125

incorporating smoothness constraints on spectral and size distributions as well as a robust126

statistical noise model (Dubovik & King, 2000; Dubovik et al., 2002). The algorithm provides127

a detailed evaluation of the volume size distribution (VSD), absorption (single scattering albedo,128

SSA) and complex refractive index of aerosols (Dubovik & King, 2000; Dubovik et al., 2000,129

2002, 2006; B. N. Holben et al., 2006; Torres et al., 2014). In Version 3 of the algorithm, aerosols130

are assumed to be partitioned into two classes including spherical and non-spherical compo-131

nents (Dubovik et al., 2006). The spherical component is modeled by polydispersed homo-132

geneous spheres with the same complex refractive index. The non-spherical component is a133

mixture of polydisperse, randomly-oriented homogeneous spheroids. Importantly, accuracy134

of VSD retrieval is maintained for AOD440nm down to 0.02, compared to AOD440nm>0.4 for135

SSA (Sinyuk et al., 2020). Nevertheless, edges of the aerosol VSD (radius < 0.1 µm and >136

7 µm) are less constrained because of the low sensitivity of the aerosol scattering at the wave-137

lengths that are measured for these sizes of aerosols. However, the size of HT-HH aerosols138

belongs to the range of aerosol size retrieved with the highest accuracy (retrieval error < 10%139

for maxima of the VSD, Dubovik et al. (2002)). In summary, even if less frequent than di-140

rect measurements due to restrictive quality criteria, almucantar measurements give access141

to the complete volume size distribution of aerosols with minimal constraints. Throughout142

the paper, selected data fulfill quality criteria (sky residual<10%, SZA<70◦). A low sky resid-143

ual ensures that aerosol properties are homogeneous at the scale of the Almucantar field of144

view.145

In common atmospheric conditions, two local maxima of the VSD are found, classically146

referred to as the “fine mode” and the “coarse mode”. The standard AERONET processing147

provides the effective radius for each mode, noted reff , which represents an integral quan-148

tity over each sub-distribution, eg. the ratio of the skewness to the variance of the particle149

number distribution (T. Eck et al., 1999). However, the effective radius brings a blurred vi-150

sion in the case of overlapping size distributions within a specific mode (T. F. Eck et al., 2010),151

which may arise in the event of a volcanic eruption.152

Alternatively, in order to identify the volcanic modes associated with HT-HH aerosols,153

we search for the local maxima of the aerosol VSDs after applying a spline interpolation. This154
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approach is intended to better achieve the detection and separation of sub-populations of aerosols155

that may coexist in the atmospheric column, regardless of the actual shape of the underly-156

ing size distribution. The method uses as input the almucantar-derived VSD provided by AERONET,157

noted vj , sampled in 22 bins centered on radii rj (where j is the index of the bin) with a reg-158

ular logarithmic progression between 0.05 µm and 15.0 µm. A cubic-spline fitting of vj is per-159

formed, yielding an interpolated spline object f (ie. a piecewice cubic polynomial function),160

such that f(rj) = vj ,∀j. Note that f can be evaluated at any r in each [rj , rj+1] interval,161

potentially overshooting slightly above vj or vj+1. Nevertheless, because the vj are regularly162

spaced and already “smooth”, the overshoot effect remains contained.163

After interpolation, all local maxima of f on the [0.05−15.0]µm interval are calculated:164

rpeak =arg localmax
r∈S

f(r), with S = [0.05, 15.0] µm (1)

Local maxima occurring at interval endpoints (0.05 µm and 15.0 µm) are discarded a pos-165

teriori to avoid side effects. The number of remaining local maxima depends on the shape of166

vj , and varies between one, when a single peak dominates the distribution, and, exception-167

ally, up to five. However, in most profiles, two local maxima are found, representing the fine168

mode and the coarse mode. After the HT-HH eruption, as discussed later, a third local max-169

imum becomes visible on a number of stations.170

When several peaks are found, they are sorted by decreasing order of their respective171

amplitude in the VSD. In other words, for each almucantar-derived VSD, the method extracts172

a list of local maxima of the interpolated VSD, indexed by integer i, each with a radius rpeak,i173

and an amplitude Apeak,i. Hence, rpeak,1 is the radius of largest peak in the VSD with am-174

plitude Apeak,1, then rpeak,2 is the second-largest peak with amplitude Apeak,2 < Apeak,1,175

and so forth. The value of Apeak,i is the “height” of the VSD for the mode corresponding to176

the peak with index i, and can be interpreted as a proxy of the particle abundance, for this177

particular peak, in the atmospheric column above the station. VSDs with more than three178

local maxima are found in situations with low particle abundance, close to the measurement179

noise, so that peaks with indexes i ≥ 4 can be ignored. The width of the bins, which varies180

logarithmically with the radius, can be taken as a conservative estimate of the uncertainty181

of the retrieved rpeak. To give numerical values relevant to the HT-HH volcanic range, bin182

width increases from ∼ 0.07 µm at rpeak = 0.25µm, to ∼ 0.16 µm at rpeak = 0.57µm.183

184

The joint interpretation of satellite and ground-based remote sensing observations of185

the HT-HH plume, as well as multi-station data analysis, are performed using the VOLCPLUME186

interactive web portal (Boichu & Mathurin, 2022), that was used in crisis time to deliver in-187

formation on HT-HH aerosols (Vernier et al., 2022; Lac et al., 2022).188

3 Results189

3.1 Evolution of sulfate aerosols size during the first circumnavigation of the190

globe191

3.1.1 Rapid growth (15–22 January 2022)192

Near-source satellite and ground-based observations in Fig. 1 illustrate the spatio-temporal193

evolution of SO2 and particles emitted by the explosive HT-HH eruption on 15 January 2022194

until their overpass over Australian land surfaces that are instrumented with ground-based195
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sun/sky radiometers of the AERONET network. Joint comparison of satellite and ground-196

based data is essential to pinpoint the precise time of overpass by the plume, and associate197

unambiguously any anomaly in ground measurements to a volcanic origin.198

The explosive eruption of HT-HH starts on 15 January 2022 around 04:00 UTC (Fig.199

1a1), according to the first plume detection illustrated by Himawari-8/AHI observations at200

04:20 UTC (Fig. S1 and Movie S1). Coarse particles near the volcanic source are highlighted201

by dark colors (brownish/blue/black) in ash RGB compositions (Fig. 1a1 and a2) indicat-202

ing presence of ice crystals, sea salts or coarse ash particles (EUMETRAIN, 2023). A rapid203

change in plume characteristics, shifting from dark (Fig. 1a1 and 1a2) to light green (Fig. 1a3204

and 1a4) colors, indicates a predominant abundance of SO2 and sulfate aerosols in the HT-205

HH plume (e.g. from 16 Jan 2022 00:00 UTC, Fig. 1a3), supporting near-source modifica-206

tion of the physico-chemical properties of the HT-HH plume. This change may explain the207

disappearance of coarse particles, possibly resulting from sedimentation/wet aggregation pro-208

cesses (Textor et al., 2006; Folch et al., 2010) and/or dilution of the dispersed plume induc-209

ing a decaying signal from small ash particles (<few microns) below the detection threshold210

of geostationary infrared observations (Prata, 1989), as also discussed by Legras et al. (2022).211

TROPOMI observations on 17 January (from 00:00 to 05:00 UTC) confirm quantita-212

tively the detection of the SO2-rich HT-HH plume reaching Australia (Fig. 1b), so far qual-213

itatively imaged with Himawari-8/AHI (Fig. 1a4). Approximately ten hours before this TROPOMI214

acquisition (16 January 15:41 UTC), CALIPSO/CALIOP observations detect aerosols in the215

HT-HH plume passing over the Coral Sea (Fig. 1d). CALIOP observations indicate that the216

plume is mainly composed of poorly-depolarizing (e.g. almost spherical, depolarization ra-217

tio <3%, Fig. S2) aerosols in the stratosphere, hence suggesting a young plume already rich218

in sulfate aerosols. The vertical distribution of HT-HH aerosols is complex with distinct parcels219

at, at least, two distinct altitudes (Fig. 1d): one parcel at 26-29 km asl (with a weaker sig-220

nal indicating presence of aerosols around 23-24 km), another parcel, further south, at 30-221

32 km asl. Nevertheless, we cannot exclude the presence of aerosols at a higher altitude at222

that time, with potentially different properties. Indeed, CALIOP detected higher altitude aerosols223

(between 35-40 km) earlier on 15 January with strongly depolarizing properties supporting224

the presence of ash and/or ice (Khaykin et al., 2022). Taha et al. (2022) also report the pres-225

ence of such high altitude aerosols (>36.5 km) over Australia on 17 January from OMPS-LP226

observations. The persistence of volcanic aerosols at altitudes >36 km is observed with OMPS-227

LP up to 27 January 2022 with a decaying aerosol extinction ratio anomaly (Taha et al., 2022).228

However, OMPS-LP data do not provide information on the depolarizing properties of these229

transient high-altitude particles.230

Eastern Australia hosts the first AERONET photometric station (Lucinda) flown over231

by the plume (Fig. 1c). By analysing the aerosol volume size distributions coinciding with232

the SO2 plume overpass, along with the AOD partitioning between fine and coarse mode, de-233

tailed information on the microphysical and radiative properties of HT-HH aerosols can be234

deduced (Fig. 2). An excess AOD anomaly peaking at about 2 (at 440 nm) is recorded on235

late 16 January 2022 at 21:36 UTC, largely above background values (Fig. 1c). These high236

AOD values are mainly caused by fine particles (radius <0.5 µm) (Fig. 2b2), while the coarse237

AOD only slightly departs from background (Fig. 2b3, see also Section 4.2). Inversions of al-238

mucantar observations, collected on 16 January 2022 at 22:10 and 22:36 UTC, confirm the239

abundance of fine particles, with volume concentrations greater by a factor of ≈ 30 relatively240

to background conditions (Fig. 2c). However, their size (reff ranging in 0.22-0.23 µm, Fig.241

2c) is significantly larger than background aerosols observed before the plume overpass (0.12242

µm), exceeding the historical monthly-mean (±1σ) range (0.11–0.17 µm, blue shaded area243

–6–
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in Fig. S3.1). Furthermore, these fine aerosols are poorly-absorbing, with a SSA440nm rang-244

ing in 0.97-0.98, much higher than recorded early morning 12 hours before the HT-HH plume245

overpass (SSA440nm of 0.85), and in the upper bound of historical monthly-mean SSA val-246

ues (0.78–0.98, red shaded area in Fig. S3.1). Given AOD440nm>> 0.5, the complex refrac-247

tive index of these aerosols can be retrieved, with a real part shown to vary between 1.33 at248

440 nm and 1.35 at 1020 nm and a constant imaginary part ranging in 0.003–0.004. There-249

fore, the abundant presence of poorly-absorbing fine aerosols indicates high concentrations250

of sulfate aerosols within the HT-HH young plume (about 42 hour-old plume).251

On 19 January, a broader peak in AOD500nm, reaching ≈ 1, lasting about 12 hours, is252

recorded in western Australia (Learmonth), 7000 km from source (Fig. 2b). The plume then253

reaches the stations of Maido OPAR and Saint-Denis on La Réunion island on 21 January254

(Fig. 2a2), 13000 km from source, with an AOD500nm up to 0.6 for two days (Fig. 2b). The255

timing of the AOD peak detection at stations Lucinda, Learmonth and Maido is consistent256

with the translation of the volcanic plume visible in SO2 satellite imagery (Fig. S4). Further-257

more, the broadening of the AOD peak toward the west, as well as the decrease of the peak258

amplitude toward the west, are consistent with a progressive elongation and dispersion of the259

plume during transport over the Indian Ocean.260

Whichever the station, these high total AOD values are mainly caused by fine particles261

(Fig. 2b). Again, a few almucantar observations provide detailed volume size distribution and262

absorption properties of aerosols measured over each station (Fig. 2c). In western Australia263

(Learmonth), fine mode reff of 0.33 µm is recorded on 19 January 2022, much larger than264

monthly-mean background values (0.14–0.20 µm, Fig. S3.2), with SSA440nm of 0.98 far ex-265

ceeding the monthly background (0.82–0.93, Fig. S3.2). A few days later on 22 January 2022,266

fine mode aerosols with reff of 0.39 µm are observed in La Réunion (Maido OPAR), much267

larger than monthly background values (0.12–0.23 µm), with SSA440nm of 0.98 (Fig. S3.3).268

These observations indicate the growth of an unusual fine mode of poorly-absorbing parti-269

cles, likely sulfates, almost doubling in size over their 7-days transport from eastern Australia270

(Lucinda) to La Réunion.271

3.1.2 Stabilization of particle size (22–31 January 2022)272

One week following the eruption, zonal progression of the HT-HH plume can be tracked273

by the successive occurrence of excess AOD anomalies, sweeping across the global ground-274

based AERONET network from east to west. Fig. 3 shows the spatio-temporal evolution of275

detections of excess fine AOD anomalies for a subset of nine AERONET stations situated within276

a latitudinal belt roughly centered on 20◦S, which are all overpassed during the first circum-277

navigation of the globe by the SO2-rich plume. To select these stations, we first systemat-278

ically examined the pre- and post-overpass records at all stations in the 10◦–30◦S latitudi-279

nal band, and searched for an anomaly in properties of the fine mode, ie. affecting simulta-280

neously both the AOD and the effective radius. Successive SO2 maps produced by satellite281

imagery allowed us to correlate these anomalies with the presence of the volcanic plume. How-282

ever, SO2 conversion, in addition to dispersion and to dry/wet deposition, leads to decaying283

SO2 concentrations in satellite products (Fig. S4). Hence, in order to facilitate the ground-284

to-satellite comparison, instead of TROPOMI SO2, we used SO2 detections derived from bi-285

daily IASI SO2 height products (Clarisse et al., 2014). For the aged plume (ie. 1 week – 2286

weeks after eruption), we found that IASI SO2 height products achieve a lower detection thresh-287

old than TROPOMI SO2 column amounts, and therefore bring a greater confidence for track-288

ing the time of overpass of the dispersed HT-HH plume above ground stations (Fig. 3a).289

–7–
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In Africa, the first excess fine AOD anomalies are detected by AERONET stations in290

Mozambique (Niassa) on 21 January, then in Namibia and South Africa on 24–25 January291

(Windpoort, Metsi, Gobabeb) (Fig. 3b). Anomalies are then detected first on 26 January along292

the Atlantic coast of Brazil (SP-EACH), and finally on the Pacific side of the South Amer-293

ican continent (PSDA-Chile) (Fig. 3b). To the extent made possible by the uneven tempo-294

ral resolution involved in the correlation between SO2 satellite images (revisit time of 12 hours295

for IASI) and direct sun measurements by ground stations, we find that the timing of detec-296

tion of fine AOD anomalies from the ground coincides precisely with the overpass by the strato-297

spheric HT-HH plume (Fig. 3). For a given longitude, the lag between stations located at dif-298

ferent latitudes is well explained by the complex shape of the plume, as illustrated in Fig. 3a299

and Fig. 4 for Metsi station (South Africa).300

The temporal coincidence between (a) detection of an anomaly in fine AOD from ground-301

based AERONET measurements, and (b) overpass by the SO2 plume (as deduced from satel-302

lite imagery) indicates that ground-based AERONET measurements can be exploited to pro-303

vide quantitative information about the characteristics of volcanic aerosols in the stratosphere,304

in particular their size thanks to almucantar inversions. For a number of stations in Africa305

and South America, a jump in the fine mode effective radius reff is distinctly visible in the306

time-series (Fig. 3c), coinciding with a notable excess in fine mode AOD (Fig. 3b). The anomaly307

is not visible at all stations, due to variability in the background records (pre-overpass) and/or308

gaps in the records (lack of almucantar observations at the time of overpass by the plume).309

At stations in Africa (Niassa, Metsi, Windpoort and Gobabeb) and in South America (SP-310

Each, PSDA Chile), we observe fine mode reff ranging in 0.24-0.4 µm during the plume over-311

pass (Fig. 3c). We found that a threshold of reff >0.22 µm was sufficient to detect the time312

of appearance of the HT-HH overpass on the subset of nine stations (Fig. 3c). However, the313

fine mode effective radius cannot be considered as a reliable indicator of the size of volcanic314

particles when different populations of fine particles coexist within the atmospheric column.315

In Fig. 4, we illustrate such a case with the African station of Metsi. Before the over-316

pass of the station by the HT-HH plume (illustrated by IASI SO2 detections in Fig. 4b), aerosol317

VSDs on 24 January (green-blue lines in Fig. 4a) indicate the presence of very fine aerosols318

with reff = 0.15–0.16 µm (Fig. 4c). One day later (25 January), as the HT-HH plume flies319

over the station (Fig. 4b), the particle size distribution shows the presence of a new aerosol320

mode of volcanic origin in the fine range, in addition to the very fine mode characteristic of321

“background” aerosols (orange line in Fig. 4a). This volcanic mode is, at this time, more abun-322

dant than the background mode. However, only a slight increase of the fine mode effective323

radius is observed, reaching only 0.24 µm (Fig. 4c).324

Therefore, instead of relying on reff , we seek for anomalies in the location of the peaks325

in the VSD, which is a more reliable indicator in the presence of two (or more) sub-populations326

with overlapping distributions. In such a situation, contrary to the fine mode reff , the aerosol327

parameter rpeak (defined in Section 2) allows for separating the two populations, by provid-328

ing a more accurate estimate of the volcanic aerosol radius rpeak−volc and possibly also the329

background aerosol size rpeak−background. The rpeak−volc parameter is expected to be very sim-330

ilar to the effective radius reff−volc associated purely with the population of volcanic aerosols331

that can directly be measured with other methods such as in situ measurements. This ap-332

proach is applied systematically for the identification of HT-HH sulfate aerosols over Africa333

and South America. The strategy involves finding the radius rpeak of the aerosols giving the334

largest contribution to the VSD fulfilling quality criteria (AOD>0.1, sky residual<10%).335
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At Metsi, this method highlights the coexistence of two distinct classes of fine aerosols336

on 25 January: (1) a very fine mode with rpeak−background = 0.12 µm, a value similar to337

the effective radius measured in background conditions, and (2) a larger fine mode of volcanic338

origin with rpeak−volc = 0.45 µm (Fig. 4c). The next day (26 January), the radius of the339

volcanic particles remains similar, with rpeak−volc ranging in 0.39-0.42 µm (Fig. 4c).340

Globally, after a rapid growth of sulfate aerosols almost doubling in size from eastern341

Australia to La Réunion, no further growth of HT-HH aerosols is observed over Africa or South342

America (Fig. 5). From 24 to late January 2022, stations in Africa, and then in South Amer-343

ica, indicate aerosol rpeak−volc slightly smaller (ranging in [0.36–0.47] µm) than at La Réunion344

(0.46 µm). Hence, although HT-HH plume gets more dispersed and diluted with time, in co-345

herence with broadly decaying SO2 concentrations and decreasing fine AOD (Fig. 3b), the346

size of the volcanic fine aerosols remains relatively stable (Fig. 5). Slight differences in aerosol347

size among different stations probably results from complexity in plume spatial distribution,348

in terms of SO2/aerosol/water concentration and altitude, possibly reflecting some second-349

order heterogeneity in growth rate and composition.350

3.2 Year-long persistence of HT-HH sulfate aerosols in southern hemisphere351

From February 2022 to May 2023 (time of writing), we seek for the presence of an anomaly,352

presumably of volcanic origin, by analyzing the aerosol VSD derived from AERONET almu-353

cantar measurements. Fig. 6 displays the temporal evolution of aerosol VSD at La Réunion/Maido354

OPAR station, a high-altitude station (2160 m a.s.l.) in the Indian Ocean with a relatively355

pristine atmosphere (Koren et al., 2014). The volcanic signature is manifested by a change356

in the shape of the VSDs at the time of the eruption, with the emergence of a new mode, here-357

after called “volcanic fine mode” or “volcanic mode”, situated in the interval between the tra-358

ditionally observed “fine” and “coarse” modes (Fig. 6a). This rare feature in the AERONET359

database is reminiscent of the “middle mode” previously documented for Pinatubo aerosols360

(B. Holben et al., 1996; T. F. Eck et al., 2010) and for desert dusts in Niger and Bodele De-361

pression of central Chad (Tanré et al., 2001; T. F. Eck et al., 2010).362

The volcanic mode produces an additional local maximum rpeak in the VSD around 0.4 µm,363

which can be tracked with time, as shown in Fig. 6b for station La Réunion/Maido OPAR.364

There, the rpeak anomaly is first visible on 22 January during the first HT-HH plume over-365

pass (F in Fig. 6, as discussed in Section 3.1.1). Then, after a temporary lull as the plume366

makes its first circumnavigation around the globe (� in Fig. 6), the volcanic anomaly becomes367

visible again from 9 February 2022 (♣ in Fig. 6). After February 2022, the volcanic aerosol368

fine mode anomaly remains continuously visible in the VSDs of La Réunion/Maido OPAR369

up to May 2023 (time of writing). The anomaly is also identified by comparing the density370

frequency histograms of aerosol radius in the fine range before and after the eruption (right371

hand side of Fig. 6b). The year-long persistence of this volcanic mode, here documented at372

the AERONET station of La Réunion/Maido OPAR, is consistent with LIDAR ground-based373

observations performed at the same observatory, which detect HT-HH aerosols in November374

2022 (Baron et al. (2023) and pers. comm. from V. Duflot).375

More broadly, manual search in the AERONET dataset reveals that the volcanic mode376

is detected at a total of (at least) 20 stations (including Maido OPAR) of the southern hemi-377

sphere (Fig. 7). These stations are located at latitudes ranging from 12◦S (Mozambique/Niassa)378

to 46◦S (Argentina/CEILAP Comodoro), in different continents and regions (Africa, South379

America, Australia, western Pacific region), and contrasted atmospheric environments. Us-380
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ing the same representations as in Fig. 6, VSDs (covering both fine and coarse modes) are381

shown at all 20 stations in Fig. S6 and the time-series of rpeak in Fig. S7 to S9.382

This volcanic mode, with rpeak ranging in [0.28–0.50] µm, persists after eruption for a383

minimum of 16 months (at the time of writing). It is distinct from background fine mode aerosols384

visible in the months prior to eruption, which have generally a smaller size (<0.30 µm). How-385

ever, in periods of enhanced background aerosol load, the volcanic signal may be temporar-386

ily lost. For instance, at Maido OPAR, as well as other stations in the Southern part of Africa387

(Fig. S8), the background aerosol load increases every year from September to November, tem-388

porarily obscuring the volcanic mode (♠ in Fig. 6). This period of enhanced AOD likely re-389

sults from long-range transport of aerosols from biomass burning fires in southern Africa (and390

possibly Madagascar), which have been shown to impact ozone and carbon monoxide con-391

centrations at La Réunion at that time of the year (Randriambelo et al., 2000; Clain et al.,392

2009; Foucart et al., 2018). On the other hand, detection is achieved even at stations affected393

by high levels of desert dust and/or sea salt (eg., Australia/Learmonth, Namibia/Gobabeb,394

Fig. 7 and S6), suggesting that the HT-HH volcanic signal is less perturbed by the presence395

of coarser particles.396

For all four stations with enough data situated to the south of ∼33◦S (AU NSW Lid-397

combe, Univ of Auckland, Trelew, CEILAP-Comodoro), the volcanic mode becomes visible398

in the time series of rpeak only after a time lag of several months, e.g. 3 months after erup-399

tion over Australia/AU NSW Lidcombe station (34◦S) and 4 months over Argentina/Trelew400

station (43◦S) (Fig. 7). At these stations, the time lag is also visible in the amplitude of the401

maximum of the VSD in the volcanic fine range (0.22–0.90 µm), which also increases from402

April–June 2022 at these southerly stations. This coincidence indicates an increase of the aerosol403

load in the atmospheric column prompted by the progressive influence of the HT-HH aerosols404

(Fig. S10). This latency for high-latitude stations suggests that it takes several months for405

the plume to reach high (southern) latitudes.406

In order to assess the temporal variations of the HT-HH aerosol properties at the scale407

of the southern hemisphere, we stack observations from all 20 stations of Fig. 7. We first stack408

the amplitudes Apeak of the peaks falling within the volcanic mode size range, ie. [0.22–0.90409

µm] (Fig. 8a). This “amplitude stack” can be interpreted as a proxy of the evolution of the410

column-integrated abundance of volcanic particles across the southern hemisphere. Only the411

radii falling with the interval [0.22–0.90 µm] are considered in the stack, in order to avoid in-412

terference with the non-volcanic fine or coarse background aerosols. We also stack the aerosol413

radii rpeak,i at these 20 stations (Fig. 8b). These stacks show that, from the eruption until414

May 2023 (time of writing), HT-HH aerosol rpeak values range in 0.35-0.5 µm (Fig. 8b). Un-415

til June 2022, an overall decrease in particle size is observed (Fig. 8b), coinciding with an or-416

der of magnitude decrease in Apeak (Fig. 8a). During the same period of time, the scatter417

between values of rpeak at different stations tends to decrease, giving way to a narrow band418

in the stack of rpeak (dashed lines in Fig. 8b). Concomitantly, after June 2022, the ampli-419

tude Apeak in the volcanic range stabilizes to a nearly constant value of 0.005 µm3.µm−2 for420

all stations (Fig. 8a). This behavior likely reflects the progressive homogeneization of the HT-421

HH aerosol layer from January to June 2022, as VSDs at stations affected by the volcanic fin-422

gerprint tend to converge to a common shape and amplitude, hence yielding a geographically-423

uniform peak radius and peak amplitude. Given the spatial distribution of the stations, this424

hypothesis of an homogeneization of the HT-HH aerosol layer most likely extends to the scale425

of the southern hemisphere, at least down to 45◦S. Accordingly, this strategy is warranted426

by the consistency of anomalies among selected stations, which allows for overcoming the ex-427

istence of data gaps in individual time-series.428
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After June 2022, slow temporal variations of the HT-HH aerosol size are observed (Fig.429

8b), with a minimum radius of 0.35 µm reached in July 2022, followed by a progressive in-430

crease up to 0.50 µm in late January 2023, and finally a slight decrease up to May 2023 (time431

of writing). The change of rpeak in late January 2023 appears to coincide with a drop of the432

amplitude Apeak, whose origin is uncertain due to lack of hindsight. Understanding the ori-433

gin of these second order fluctuations would require further investigation.434

4 Discussion435

4.1 Estimated ranges of HT-HH aerosol size436

In the 1 year-long timeseries of HT-HH sulfate aerosol size derived from AERONET pho-437

tometric observations at 20 stations in the southern hemisphere, we report the detection of438

a volcanic fine mode with sub-micronic size (Fig. 8). The smallest particles, with a peak ra-439

dius in 0.22-0.26 µm, are observed in Eastern Australia, ∼ 1 day after eruption (Fig. 2, 3 and440

5), whereas particle size in subsequent measurements stabilizes to ∼ 0.4–0.5 µm within ∼ 1441

week after the eruption (Fig. 5).442

Comparison with other studies can be attempted on the basis of these size estimations,443

but requires careful consideration of the time and space frame of the comparison, as well as444

an understanding of uncertainties underlying each analysis. AERONET measurements pro-445

vide estimates of size distribution integrated over the vertical column, hence do not allow for446

constraining the vertical distribution of aerosol properties. Furthermore, AERONET mea-447

surements are, by nature, punctual in space and intermittent in time. Hence, spatial hetero-448

geneity of the HT-HH plume in the first weeks following the eruption precludes a direct trans-449

lation of ground-based observations into averaged properties of the plume, which can only be450

achieved once the plume has homogenized. Based on the temporal evolution of HT-HH aerosol451

radius (estimated from rpeak), we estimate that this transient phase lasted for ∼ 4 months452

after the eruption (Section 3.2). Hence, until June 2022, heterogeneity of the aerosol layer453

may be easily invoked to explain, at least partly, any discrepancy between independent es-454

timations of HT-HH aerosol properties. Nevertheless, the early stability of the aerosol radius,455

visible as early as ∼ 1 week after the eruption, elicits the comparison with previous studies456

that focused specifically on HT-HH aerosol size.457

Based on AERONET observations, we measure an aerosol peak radius of 0.46 µm (reff458

of 0.39 µm) at La Réunion/Maido OPAR station on 22 January 2022 (Fig. 2c). This result459

is in broad agreement with the sub-micronic size of HT-HH aerosols derived from balloon-460

borne LOAC in situ measurements, collected a few days later on 23 and 26 January 2022 at461

La Réunion (Kloss et al., 2022). Nevertheless, we also find at La Réunion/Maido OPAR an462

unusual aerosol coarse mode that is characterized by reff of 4.6 µm on 22 January (Fig. S3.3).463

This is in line with a conspicuous spike in the coarse AOD at the neighboring AERONET464

station of Réunion St-Denis on 22 January 2022, around 02:00 UTC (Fig. 2b3). The absence465

of supra-micronic particles in Kloss et al. (2022) is only representative of measurements at466

their altitude of sampling (19–22 km altitude) and does not preclude the simultaneous pres-467

ence of possibly larger particles traveling at higher or lower altitude. The coarse particles,468

with reff of 4.6 µm at La Réunion, are not found in later measurements, possibly indicat-469

ing the presence of a transient parcel, consistent with the relatively heterogeneous plume ob-470

served in the first days following the eruption. A more in-depth discussion of this scenario471

is provided in Section 4.2.472

–11–



D
ra
ft
:
30

A
u
gu
st

20
23

/
A
cc
ep
te
d
:
30

O
ct
ob
er

20
23

manuscript submitted to JGR: Atmospheres

Another approach for estimating HT-HH aerosol size consists in attributing the decrease473

of aerosol height with time to gravitational settling. Time-series of aerosol height are derived474

from satellite measurements, such as CALIOP (Legras et al., 2022) and OMPS-LP (Schoeberl475

et al., 2022; Khaykin et al., 2022). The height of the HT-HH stratospheric aerosol layer is shown476

to slowly descend from ∼ 24–26 km in February 2022 to ∼ 21–24 km in July 2022. This de-477

scent rate is then used to derive aerosol size estimations integrated over several months, based478

on a number of assumptions. First, when aerosol and water plumes overlap, the air vertical479

motion is determined by evaluating the ascent rate of the water plume, usually from MLS ob-480

servations. When aerosol and water plumes do not overlap, Legras et al. (2022) use diabatic481

and adiabatic ERA5 vertical velocities instead. Secondly, they subtract the air motion to the482

aerosol descent rate so as to estimate the net aerosol sedimentation velocity. Thirdly, a sim-483

plified model for particle fall speed is used to evaluate aerosol size from settling rate using484

Stokes formula. Using this approach, preliminary analyses have estimated aerosol radii greater485

than 1 µm, which are hard to reconcile with our results: Schoeberl et al. (2022) report a ra-486

dius of 1.2 µm in March–June 2022, whereas Legras et al. (2022) estimate a decrease from487

2 µm in February 2022 to 0.5 µm in late July 2022. In contrast, a more recent study by Khaykin488

et al. (2022) yields a smaller aerosol radius of 0.35–0.54 µm in April-May 2022, which is fully489

consistent with our findings.490

Lastly, evaluation of monthly-mean aerosol size is provided by fitting a lognormal size491

distribution to SAGE-III/ISS satellite extinction spectra (Khaykin et al., 2022). The infor-492

mation content of such spaceborne observations is insufficient to retrieve simultaneously aerosol493

size and composition as they both affect spectra inversion. For this reason, the distribution494

with altitude of the monthly-mean aerosol effective radius, averaged for a range of latitude495

in 10-30◦S, is provided assuming different aerosol compositions with varying content of wa-496

ter and sulfuric acid (H2SO4). This results in an uncertainty of 0.1 µm, with HT-HH par-497

ticle effective radius ranging within 0.4–0.5 µm from March to July 2022, as also reported by498

Duchamp et al. (2023), and hence in agreement with the aerosol size obtained from our anal-499

ysis of AERONET data.500

4.2 A potential signature of volcanic ash in the coarse mode501

Following the discussion on the size of the fine mode particles (Section 4.1), we discuss502

further the coarse mode properties of the HT-HH plume during its first circumnavigation of503

the globe. Indeed, based on size distributions, a secondary peak in the coarse mode is detected504

by photometric data, possibly indicating the presence of coarse ash particles, albeit at an un-505

known altitude.506

Concurrently with the fine mode fingerprint of volcanic aerosols associated with the HT-507

HH plume, a small excess in the coarse contribution to AOD, compared to background val-508

ues, is observed at Lucinda (eastern Autralia) in the days following the peak in AOD, from509

17 to 23 January 2022 (Fig. 2b3 and S11b). Unfortunately, only 4 almucantar-derived aerosol510

VSDs are available for that station at that time (Fig. S11c). These few VSDs nevertheless511

indicate a slightly larger coarse mode, with an effective radius reff ranging in 3.2–3.3 µm on512

late 16 January 2022, compared to measurements collected in the early morning of 16 Jan-513

uary (before the HT-HH plume overpass) indicating a coarse mode reff of 1.9 µm (Fig. S3.1).514

Coarse particles on 16 January present a significantly larger size than coarse aerosols usually515

observed at Lucinda, as shown by historical monthly-mean values (±1σ) at Lucinda which516

range in 1.6–2.3 µm (blue shaded area in Fig. S3.1). When the tail of the HT-HH plume passes517

over Lucinda four days later, on 20 January 2022, reff comes back down to 2.0–2.1 µm, hence518

–12–



D
ra
ft
:
30

A
u
gu
st

20
23

/
A
cc
ep
te
d
:
30

O
ct
ob
er

20
23

manuscript submitted to JGR: Atmospheres

still remaining in the upper bound of commonly measured values for coarse aerosols at the519

station. Nevertheless, the coarse mode shape measured during HT-HH plume overpass is not520

statistically different from the coarse mode commonly measured at Lucinda, as shown by the521

climatological analysis of VSDs collected from 2009 to 2021 (selected with an Angstrom ex-522

ponent < 0.5 to retain only abundant coarse particles, see dashed black line in Fig. S11c).523

We also note the absence of an unusual coarse mode (within the monthly-mean range) when524

the HT-HH plume passes a few days later over the station of Learmonth in western Australia525

(Fig. S3.2). Therefore, the volcanic origin of the coarse mode measured in Australia during526

HT-HH plume overpass remains inconclusive, as we cannot exclude that it originates from527

confounding non-volcanic sources, such as sea salts or desert dusts.528

In contrast, at La Réunion, poorly-absorbing coarse particles with an unusually large529

size are recorded when the HT-HH plume passes over Maido OPAR, associated with reff of530

4.6 µm on 22 January 2022 exceeding monthly values ranging in 1.6–3.8 µm in January (Fig.531

S3.3). An enhanced coarse mode AOD is also detected at St-Denis Réunion station the same532

day (Fig. 2b3). Concurrently, ground-based LIDAR observations performed at Maido OPAR533

during the previous and following nights (respectively, 21-22 January and 22-23 January) de-534

tect thick and dense volcanic layers from HT-HH at an altitude between 27-30 km (21-22 Jan-535

uary) and 24-28 km (22-23 January), respectively (Baron et al., 2023; Khaykin et al., 2022).536

These layers present unusually large negative Angstrom exponents (of ≈ −0.8), indicating537

the significant presence of coarse particles (Baron et al., 2023). Therefore, both AERONET538

and LIDAR observations suggest the presence of coarse particles of volcanic origin over La539

Réunion on 22 January 2022.540

Taken together, these observations are best explained by the presence of coarse ash par-541

ticles affected by sulfate coating, producing particles with sulfate-like absorbing properties,542

and traveling coevally with smaller sulfate aerosols. This volcanic signature in the coarse mode543

is observed only during the first HT-HH plume overpass at La Réunion (Maido OPAR) on544

22 January, and to a lesser extent in the younger plume at the Australian stations of Lucinda545

and Learmonth from 16 and 20 January.546

The predominance of aerosols with low-depolarization properties measured with CALIOP547

after 15 January 2022 would be in agreement with this interpretation, as the coating of ash548

particles by sulfate likely leads to a spherical shape, especially for 7-day old particles at La549

Réunion. However, according to Legras et al. (2022) and Khaykin et al. (2022), these depo-550

larizing properties are carried by small particles, and ash is believed to have been “washed551

out within the first day following the eruption” (Legras et al., 2022). In reality, when trav-552

eling in a dense SO2- and sulfate-rich environment, finer ash particles are likely to stealthily553

remain in suspension as sulfate-coated ash particles, making them hard to distinguish from554

more chemically-pristine sulfate droplets. Furthermore, spatial heterogeneity within the plume555

in the first days post-eruption may not be fully sampled by lidar transects. This is in keep-556

ing with the presence of two isolated plume parcels with depolarizing properties (>50%) in557

the 16 January 2023 CALIOP transect at an altitude in 26-28 km (Fig. S2). Determining with558

confidence the actual fate of sulfate-coated ash particles over a time-scale of the order of a559

week would require more observations, which are unfortunately lacking.560

4.3 Comparison with Pinatubo eruption: contrasting aerosol growth rates561

We document in our study the gas to particle conversion of sulfuric species in the HT-562

HH plume, with SO2 being oxidized to form stratospheric sulfuric acid aerosols. Their peak563

radius, quantified by analysis of photometric data, almost doubles from 0.24 µm (eastern Aus-564
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tralia, Lucinda) to 0.46 µm (La Réunion) in six days (Figures 2 and 5). An initial increase565

of the aerosol size was already reported by Khaykin et al. (2022), albeit over a longer time566

scale (∼ 1 month), likely due to different spatio-temporal sampling and sensitivity. We also567

show that HT-HH aerosols reach a relatively stable size with rpeak of 0.35-0.45 µm less than568

two weeks after eruption (Fig. 5). Aerosol size then remains stable at 0.3-0.5 µm, with a mean569

value around 0.4 µm over the 1.3 years after eruption (Fig. 8b).570

Given the importance of aerosol size in the climate impact of large volcanic eruptions,571

we aim at comparing the evolution in time of HT-HH aerosol size with the 1991 Pinatubo erup-572

tion (VEI 6). Unfortunately, lack of AERONET data prior to mid-1993 (birth of the network)573

prevents the application of the same methodology to retrieve Pinatubo aerosol (peak) radii574

in the two years after eruption. For this period of time, Russell et al. (1996) compiled a large575

variety of in situ and remote measurements allowing for describing the evolution of Pinatubo576

aerosol effective radius until August 1993 (Fig. 8c), in agreement with other ground-based577

spectral extinction observations later gathered by (Stothers, 2001). Two years after eruption,578

a middle mode peak associated with reff of 0.56 µm was highlighted from observations at579

two AERONET stations in the USA and Brazil in June 1993 (B. Holben et al., 1996; T. F. Eck580

et al., 2010), in agreement with retrievals from spectral AOD at a single Japanese station from581

January to April 1992 (Asano et al., 1993). Extending these early works, we perform retro-582

spectively a more exhaustive analysis of AERONET data at four stations in the USA and Brazil583

(GSFC, Sevilleta, Cuiaba and Brasilia) to evaluate Pinatubo aerosol size evolution in 1993–584

1994 (Fig. 8c). We overlay our results with the synthesis of Russell et al. (1996) (Fig. 8d).585

The short temporal overlap between Russell et al. (1996) and our results at +2 years586

after eruption shows an agreement on Pinatubo aerosol radius (∼0.5 µm) (Fig. 8c). In ad-587

dition, the decreasing trend in Pinatubo aerosol size visible in our AERONET analysis for588

1993-1995 is consistent with the time evolution of Pinatubo radius over the period 1991-1993589

by Russell et al. (1996) (Fig. 8d). As a side remark, this agreement also implies that, within590

the scope of our analysis, AERONET-derived peak radius rpeak can be compared, in good591

approximation, with the effective radius derived from other techniques, such as in-situ mea-592

surements.593

First-order conclusions can be raised from this comparison regarding the early aerosol594

growth rate and the year-long evolution of stratospheric aerosols. First, the timescale of strato-595

spheric aerosol growth appears much longer following the June 1991 Pinatubo eruption com-596

pared to the HT-HH case. According to Russell et al. (1996), reff grew from around 0.2–0.3597

µm in late 1991, up to 0.5–0.6 µm over the timescale of one year (Fig. 8c). Hence, it took about598

3–4 months for the Pinatubo aerosols to reach the size reached by HT-HH aerosols in just599

a couple of weeks (0.4 µm).600

Fast growth rate of HT-HH sulfate aerosols could be linked to the strong water com-601

ponent of the plume resulting from exceptionally powerful water-magma interactions during602

the eruption, which was comparatively limited during the 1991 Pinatubo eruption. This mas-603

sive release of water is attested by satellite observations of an exceptional hydration of the604

stratosphere (Millan et al., 2022; Vömel et al., 2022). This input of water is expected to in-605

crease the level of hydroxyl OH-radicals, leading to faster oxidation of SO2 (Pinto et al., 1989;606

Bekki, 1995; Zhu et al., 2022). Then, in the accumulation mode (>0.1 µm), aerosols grow by607

coagulation and by condensation of vapor onto existing particles (Seinfeld & Pandis, 2012;608

Kremser et al., 2016). Overall, the presence of excess water may have enhanced the positive609

feedback between an early formation of sulfuric acid, coagulation and condensation, leading610

to a faster aerosol growth rate of HT-HH aerosols.611
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Model simulations with large stratospheric water vapour input, compared to simulations612

that do not account for a large water abundance, show that the HT-HH SO2 lifetime is halved,613

down to 12 days (Zhu et al., 2022). This timescale is comparable with our observed stabi-614

lization of aerosol radius during the first circumnavigation. Likewise, model simulations show615

an increase in reff , ranging from 0.2 to 0.35 µm or more, early February 2022, at 36 hPa (≈ 21616

km) (Zhu et al., 2022), a size consistent with our observations.617

Apart from the available sulfur dioxide and water vapour budgets, the altitude of a vol-618

canic plume is another important factor controlling the growth rate of aerosols (Bauman et619

al., 2003; Ansmann et al., 1997; Sioris et al., 2010). Besides, the massive release of water by620

the HT-HH eruption had specific effects on the dynamics of the plume that could, in turn,621

influence the evolution of the physico-chemical environment of these aerosols. For instance,622

both aerosols and water vapour descended together by 4 to 6 km until early February 2022623

due to the cooling effect of water vapour, and then separated vertically as aerosols sedimented624

and water vapour ascended (Sellitto et al., 2022; Schoeberl et al., 2022; Legras et al., 2022).625

The initial cooling and descent have likely played a role in the accelerated formation of the626

sulfates.627

A second conclusion concerns the size of the aerosols after the growth phase. In spite628

of a slower growth compared to HT-HH, our comparison shows that Pinatubo aerosols grew629

steadily over the course of about one year until reaching their maximum size of ∼ 0.5–0.6 µm.630

Hence, from + 4 months after eruption, Pinatubo aerosols are larger that HT-HH aerosols,631

until at least +1.3 year post-eruption (at the time of writing) (Fig. 8d). For Pinatubo, af-632

ter reaching their maximum size, aerosol size started to decrease (Russell et al., 1996). In the633

1993-1995 interval of time (+2-3 yrs after eruption), our analysis of AERONET observations634

indicates that Pinatubo particle peak radius further decrease from ∼ 0.50 down to ∼ 0.35 µm.635

This systematic decrease in aerosol size likely results from sedimentation of the fraction of636

larger particles in the population, whose signature had previously been outweighted by aerosol637

condensation and coagulation (Russell et al., 1996). In constrast, for HT-HH, we note that,638

after a transient homogeneization phase lasting ∼ 4 months, the amplitude of the HT-HH vol-639

canic mode in VSDs remains relatively stable and homogeneous over the southern hemisphere640

(Fig. 8a). Coevally, the aerosol size does not show any clear, systematic and monotonous de-641

cay (at the time of writing) (Fig. 8b). This observation does not appear to match a scenario642

involving a fast decay of HT-HH aerosols. Nevertheless, despite being smaller than Pinatubo643

sulfate aerosols, HT-HH particles are still larger than for other recent stratospheric eruptions644

such as 2009 Sarychev (Kuril Islands) and 2008 Kasatochi (Aleutian Islands), with reff rang-645

ing in 0.15–0.30 µm in the three months post-eruption from balloon-borne experiments (Jégou646

et al., 2013) and sunphotometric observations at polar stations (N. T. O’Neill et al., 2012).647

An even smaller effective radius of 0.16 µm is reported for 2008 Kasatochi aerosols one month648

post-eruption from LIDAR observations (Hoffmann et al., 2010). The consequences of these649

contrasting aerosol microphysical behaviours on climate need to be examined.650

5 Conclusions and perspectives651

Uncertainty on the size distribution of stratospheric sulfate aerosols, a fundamental pa-652

rameter for modeling the climate response to eruptions, affects modeled aerosol optical depth653

and lifetime of stratospheric aerosols (Haywood et al., 2010; Kravitz et al., 2011; Dhomse et654

al., 2014; Lurton et al., 2018), and may explain inaccurate evaluation of the volcanic forcing655

and the mismatch between simulated and observed temperature anomalies (Timmreck et al.,656

2010; Mann et al., 2015; Kremser et al., 2016). Narrowing down these uncertainties is essen-657
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tial to better predict the formation and growth of HT-HH sulfate aerosols, especially given658

the excess stratospheric water vapour conditions that prevailed after the Hunga Tonga erup-659

tion (Zhu et al., 2022). Furthermore, water vapour also has a radiative effect on its own, that660

may produce a slightly positive net warming of the atmosphere, hence opposite to the expected661

effect of sulfate aerosols alone (Sellitto et al., 2022; Jenkins et al., 2023). On the other hand,662

failing to account for sulfate aerosols in chemistry-climate model simulations would lead to663

a weakened polar vortex and an enhanced Brewer-Dobson Circulation (Wang et al., 2022).664

Accordingly, since the forcings from both sulfate aerosols and water components need to be665

jointly considered (Wang et al., 2022; Zhu et al., 2022), constraining aerosol size is essential666

to assess the net effect of the eruption on planetary radiative balance.667

Contrary to spaceborne occultation/limb-scattering measurements (Wrana et al., 2021;668

Thomason et al., 2021; Taha et al., 2021; Khaykin et al., 2022), AERONET inversions present669

the advantage of not requiring any a priori assumption on particle size distribution or chem-670

ical composition for the retrieval of volume size distribution. Together with satellite obser-671

vations, exhaustive analysis of photometric observations from the AERONET network allows672

us to track the size of HT-HH sulfate aerosols with time. Despite a remarkably rapid growth673

rate in the week after eruption, we show that HT-HH sulfate particles remain smaller than674

Pinatubo aerosols 1.3 years after eruption. For a fixed mass, smaller-size stratospheric aerosols675

have a greater climate impact than larger aerosols. Smaller particles scatter visible light more676

efficiently and will sediment at lower rate, implying a larger and longer-lasting tropospheric677

cooling (Pinto et al., 1989; Bauman et al., 2003; Timmreck et al., 2009; Kremser et al., 2016).678

Furthermore, ozone destruction is enhanced by smaller aerosols via heterogeneous stratospheric679

chemistry (Solomon, 1999; Tilmes et al., 2008) and chemistry-climate model simulations have680

already shown that HT-HH aerosols would enhance polar ozone loss (Wang et al., 2022). The681

cause of the peculiar microphysical properties of HT-HH aerosols might be traced back to strong682

magma-water interactions during the eruption. Yet, geological markers of pre-historical un-683

derwater eruptions are difficult to identify and their climate impact may have been overlooked.684
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Figure 1. (a) Ash RGB products from HIMAWARI-8/AHI satellite observations of the near-source

HT-HH plume from 15 January 2022 05:00 UTC to the time of TROPOMI acquisition detecting the

dispersed plume over Australia (17 January 2022, 04:00 UTC). Grey rectangle in a4 shows extent

of panels a1 to a3. Black triangle shows location of HT-HH volcano. Red triangles are other active

volcanoes. (b) SO2-rich plume from TROPOMI (15 km product) on 17 January (between 00:00 and

05:00 UTC) with indication of the track of CALIOP spaceborne LIDAR night-time observations (dark

blue line) crossing the plume ≈10 hours before TROPOMI acquisition, and of the location of the

AERONET ground station of Lucinda in eastern Australia (white square). (c) AOD440nm L1.5 values

observed at Lucinda in January 2022 until the arrival of HT-HH aerosols on 16 January 2022. (d)

Total attenuated backscatter signal (at 532 nm) with altitude along the portion of the CALIOP track

detecting HT-HH aerosols (16 January 2022, 15:41 UTC, latitudes ranging in -30◦ to -12◦).
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Figure 2. (a) HT-HH SO2-rich plume from Sentinel-5P/TROPOMI column amount observations

(15 km product) on (a1) 17 and (a2) 22 January 2022, with indication of the AERONET stations

(squares colored according to daily mean AOD440nm) of Lucinda (eastern Australia, purple), Lear-

month (western Australia, dark blue), Maido OPAR (sky blue, solid circles) and St-Denis (sky blue,

circles) (both on Réunion Island), respectively at 4000, 7000 and 13000 km from the volcanic source.

(b) Time series of (b1) total, (b2) fine and (b3) coarse mode AOD500nm (SDA algorithm) from L1.5

direct sun observations (circles). Note that the plot is complemented with L1.5 total AOD observa-

tions at 490 nm (crosses) for Lucinda, which provide a better temporal coverage. (c) Aerosol volume

size distribution derived from almucantar observations (date indicated by vertical dashed lines in (b))

first available after the arrival of the HT-HH plume at the stations (vertical dashed lines indicate rpeak

in both fine/coarse modes).
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Figure 3. (a) Transport and dispersion of the HT-HH SO2 plume during first circumnavigation

around the globe. Blue dots show SO2 detection from MetOp-B and -C/IASI AM and PM observa-

tions, retrieved from SO2 height products, on (a1) 17, (a2) 23 and (a3) 31 January 2022. Symbols

indicate the location of ground-based AERONET photometric observations displayed in (b) and

(c) with colors varying with longitude. (b) Fine mode AOD500 nm (SDA algorithm) from direct sun

measurements. (c) Fine mode effective radius from almucantar observations. Vertical dashed lines

indicate, for each of the stations, the time of first detection of HT-HH aerosols (defined as particles

with a fine mode reff > 0.22 µm.)
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Figure 4. Detection of volcanic aerosols at Metsi AERONET station (South Africa) at the time

of first overpass by the HT-HH plume. (a) Aerosol VSD on (top) 24 January 2022 (background or

pre-volcanic), (middle) 25 and (bottom) 26 January 2022 (impacted by HT-HH), with indication in

bold of radii (rpeak) of local maxima of the VSD identified with a spline interpolation. (b) Detection

of the HT-HH SO2 plume using MetOp-B and -C/IASI SO2 height product on (top) 24 and (bottom)

25 January AM (∼ 07:00 UTC) with the location of Metsi station indicated by a green diamond. (c)

Table of AERONET-derived particle size in the fine range (µm): fine mode effective radius (reff , left)

and peak radius (rpeak, right). For rpeak, background and volcanic aerosol radii may be estimated

simultaneously, and are distinguished in two separate columns.

–20–



D
ra
ft
:
30

A
u
gu
st

20
23

/
A
cc
ep
te
d
:
30

O
ct
ob
er

20
23

manuscript submitted to JGR: Atmospheres

Figure 5. HT-HH aerosol peak radius during first circumnavigation of the globe (January

2022), at selected AERONET stations in three different continents indicated by colored symbols

(AOD440nm>0.1). This size corresponds to the radius of the aerosols giving the largest contribution to

the volume size distribution in the fine range (rpeak,1). Horizontal dashed lines indicate the median of

rpeak,1 in the fine mode between 1 January 2020 and 15 January 2022 (date of the eruption) for each

station. Vertical dashed line marks the time of the HT-HH eruption. Annotations (a1) 17 Jan, (a2) 23

Jan and (a3) 31 Jan 2022 refer to the time of IASI SO2 detections in Fig. 3. VSDs associated to each

datapoint are shown in Fig. S5.
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Figure 6. Aerosol size over La Réunion island/Maido OPAR station (21◦S) from January 2020

to May 2023. (a) VSDs displayed in the fine mode range before (left, green) and after (middle, red)

the HT-HH eruption, for the subset of VSDs with rpeak,1<0.90 µm or rpeak,2<0.90 µm (ie. those in-

cluding either their largest or second-largest peak in the fine mode range). Color coding varies with

time, as indicated by the colorscale at the bottom of the figure. Thick black lines show the median of

the VSDs, which are duplicated in the right panel to facilitate comparison. (b) Aerosol peak radius

in the fine mode range. Eruption date is indicated by a vertical dashed line. Left panel: time series

of radii rpeak,i associated to local maxima in the spline interpolation of the aerosol VSD. The three

largest local maxima (rpeak,i, with i=1,2,3) are ordered from largest to lowest volume abundances and

displayed with symbols of decreasing size and opacity. Grey areas indicate data gaps longer than 15

days. Right panel: frequency density histograms of rpeak before/after eruption. Symbols highlight

detections of special interest, discussed in the text (F: first plume overpass on 22 Jan 2022; �: tem-

porary lull during first circumnavigation; ♣: resumption of the volcanic signal during second overpass

and continued detection thereafter; ♠: increased background fine mode due to biomass burning). The

full distribution of rpeak, including the coarse mode range, is illustrated in Fig. S8b.
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Figure 7. Aerosol peak radius rpeak associated to the HT-HH volcanic fine mode (plotted in the

0.22-0.90 µm range), from May 2021 to May 2023, at 20 AERONET stations of the southern hemi-

sphere. To avoid clutter, only the largest and second-largest peaks of each VSD are plotted (ie., rpeak,1

and rpeak,2), with symbol size proportional to VSD amplitude at the peak (ie., Apeak,1 and Apeak,2,

respectively). The color of station symbol varies with latitude, as shown in the map in the bottom

panel. Grey areas indicate data gaps longer than 15 days. Aerosol rpeak values covering the whole size

range (fine and coarse modes) are illustrated for each station in Fig. S7 to S9. HT-HH eruption is in-

dicated by dashed vertical line. The symbols of the nine stations discussed in Section 3.1.2 are recalled

at the top of each sub-panel.
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Figure 8. (a) Stack of the time-series of aerosol peak amplitudes Apeak for the largest and second-

largest peaks situated within the volcanic size range (ie., Apeak,1, if rpeak,1 ∈ [0.22 − 0.90] µm, and

Apeak,2, if rpeak,2 ∈ [0.22 − 0.90] µm) at the 20 stations of the southern hemisphere shown in Fig. 7.

(b) Stack of the time-series of aerosol peak radius rpeak,i (with i=1,2). In (a) and (b), the thick red

line is the rolling median computed after the HT-HH eruption (vertical dashed line) with a window

size of 15 days, restricted to data points falling within the volcanic size range. Dashed red lines are the

5% and 95% quantiles. Symbol size is proportional to Apeak, while colors depend on station latitude,

as in Fig. 7. (c) Temporal evolution of aerosol radius based on the analysis of AERONET data for

HT-HH (red, same as in (b)) and Pinatubo (green) until + 1300 days post-eruption. The analysis of

AERONET data for Pinatubo 1991 was conducted using the same methodology as for HT-HH, albeit

with a more limited dataset (first data point: mid-1993). See Figure S12 for details of the analysis

of the Pinatubo 1991 particles. (d) Same as (c), overlaid on the effective radius of Pinatubo aerosols

from Fig. 4 in the compilation by Russell et al. (1996), filling the gap of AERONET data in the 1991–

1993 interval. Green dashed line is the prolongation of the mid-1992-to-mid-1993 trend of Russell et

al. (1996).
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Open Research Section685

All data used in this study are publicly available:686

• Facilities of the European Space Agency (ESA) were used for access to Sentinel-5P TROPOMI687

Level 2 SO2 products (ESA Copernicus, 2020)688

• Facilities of EUMETSAT SAF on Atmospheric Composition Monitoring (http://ac689

-saf.eumetsat.int) were used for access to MetOp-B and MetOp-C/IASI L2 column690

amount products (EUMETSAT, 2018)691

• The IASI portal of the AERIS Data and Services Center (https://iasi.aeris-data692

.fr) was used for access to MetOp-B and MetOp-C IASI L2 columns and altitude prod-693

ucts (Clarisse, 2013, 2019)694

• The Data Integration and Analysis System (DIAS) by Japan Agency for Marine-Earth695

Science and Technology (JAMSTEC) was used for access to Himawari-8 Level 1B prod-696

ucts (Japan Meteorological Agency, 2015)697

• Facilities of NASA-LARC (https://www-calipso.larc.nasa.gov/) were used for ac-698

cess to CALIPSO-CALIOP Level 1B products (NASA/CNES/LARC/SD/ASDC, 2022)699

• Facilities of NASA-GSFC (https://aeronet.gsfc.nasa.gov/cgi-bin/webtool inv700

v3) were used for access to AERONET Level 1.5 products (AERONET Federation,701

1993)702

The VOLCPLUME web-based portal, freely, accessible via https://volcplume.aeris703

-data.fr, and hosted by AERIS/ICARE Data and Services Center (https://www.icare.univ704

-lille.fr/data-policy/?policy=icare) was used for satellite and ground-based multi-station705

analysis (Boichu & Mathurin, 2022).706

Acknowledgments707

Support from AERIS/ICARE Data and Services centre, for the co-development of the VOL-708

CPLUME web portal (https://doi.org/10.25326/362), and Horizon Europe FAIR-EASE709

project (grant No. 101058785) are acknowledged. This work is a contribution to the CaPPA710

project (ANR-11-LABX-0005-01) funded by ANR, Hauts-de-France Region and FEDER. AERONET711

staff is thanked for calibrating and maintaining instrumentation of the network as well as data712

processing. We warmly thank the site managers: V. Duflot (Maido OPAR, Réunion St-Denis),713
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