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7 Abstract. Hot volcaniclastic density currents entering the sea from the Hunga Tonga eruption the 15 January

8 2022 (HT-22) induced vigorous volcano — sea interaction. Here we study the stratospheric aerosol and water

9  vapor resulting from the eruption using satellite-based instruments: the CALIOP lidar and the Microwave Limb
10 Sounder (MLS). We investigate the stratospheric relative humidity following the record-breaking water vapor
1 injections from the HT-22 eruption, and the particle size of the acrosol. The HT-22 eruption injected its effluents
12 into the deep Brewer-Dobson (BD) branch causing several years of stratospheric perturbation. The long
13 duration, and aerosol concentration among the highest, makes the HT-22 eruption the strongest stratospheric
14 aerosol event since the 1991 Mt. Pinatubo eruption despite a modest SO; injection explaining only ~30% of the
15 AOD from the HT-22 eruption according to our estimates. The stratospheric AOD level was established after 2
16 weeks, or possibly even earlier, which is a short time compared with the usual 2 — 3 months required to reach
17  the maximum AOD following volcanic eruptions. We discuss the sources of the aerosol from the HT-22 eruption
18 in relation to the low emission of SO, its e-folding time and volcanological observations of strong interactions

19  with the sea containing not only water but also high concentrations of dissolved substances.

20 1 Introduction

21 The stratospheric background conditions are frequently offset by injections of copious amounts of aerosol and
22 gases from explosive volcanic eruptions (Kremser et al., 2016) and intense wildfires forming

23 pyrocumulonimbus clouds (Fromm et al., 2010). These events cause variable stratospheric impact with

24 durations of months to several years (Friberg et al., 2018), which are important to account for in climate models

25 (Schmidt et al., 2018).

26 The Hunga Tonga — Hunga Ha’apai volcano erupted on 15 January 2022, with a volumetric flow rate an order of
27 magnitude higher than that of the1991 Mt Pinatubo eruption. The eruptions formed an umbrella cloud at 31 km
28 and a second cloud at 17 km altitude (Gupta et al., 2022). Further, a record-breaking overshooting plume

29 reached above 50 km (Carr et al., 2022, Proud et al., 2022, Taha et al., 2022). The volcanic explosivity index

30 (VEI) was estimated to be 6, based on seismological observations (Poli and Shapiro, 2022). Despite the high

31 VEI, ash could not be detected in the ice-rich stratospheric clouds from the HT-22 eruption (Gupta et al., 2022),
32 and the UV aerosol index (UVAI) indicates low ash content (Carn et al., 2022). This is further supported by

33 CALIOP (Cloud-Aerosol Lldar with Orthogonal Polarization) measurements finding very low depolarization

34 ratios indicating dominance of spherical particles uncharacteristic of ash (Legras et al., 2022). Additionally, the
35  volcanic layers in the stratosphere contained very low SO, amounts for such a strong eruption (Carn et al.,

36 2022).
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37 Widespread damage to the seafloor with runouts exceeding 100 km was caused by volcaniclastic density

38 currents, suggesting a collapsing eruption column entering the sea (Seabrook et al., 2023; Clare et al., 2023).

39 Such a sequence of events where hot volcaniclastic density currents form induces intense boiling of the sea over
40 vast areas, supplying hot water vapor forming a plume that is buoyant at the base and accelerates as it rises. A
41 relatively small eruption can in this way form umbrella clouds the size and altitude of the HT-22 eruption,

42 whereas entrainment of vapor from cold water does not (Mastin et al., 2024).

43 The stratospheric background aerosol contains mainly sulfurous and carbonaceous components with some

44 extraterrestrial and tropospheric components (Murphy et al., 2007, Kremser et al., 2016, Martinsson et al.,

45 2019). Volcanic aerosol in the stratosphere normally contains large amounts of sulfuric acid formed from sulfur
46 dioxide (SO,), water, carbonaceous material and ash (Martinsson et al., 2009; Andersson et al., 2013; Friberg et
47 al., 2014). Wildfires produce an aerosol initially dominated by organic and black carbon (Garofalo et al., 2019),
48 where the former component is rapidly removed by photolysis (half-life 10 days) in the stratosphere (Martinsson
49 et al., 2022; Friberg et al., 2023).

50 The volcanic and wildfire events also affect particle size distribution. During a long period with conditions close
51 to the background, spanning 1998 to 2004, the particle volume mode was 0.2 — 0.3 um in diameter, whereas

52 approximately 1 pm in 1992 — 1993 after the Mt. Pinatubo eruption (Bauman et al., 2003; Wilson et al., 2008).
53 Measurements the second week after the 2017 Canadian wildfire showed particle diameter of 0.6 — 0.7 pm

54 (Haarig et al., 2018; Hu et al., 2019).

55 In this work we investigate the stratospheric aerosol resulting from the HT-22 eruption in relation to the

56 volcanological sequence of events during the eruption. We also investigate the interaction of the aerosol with the
57 large amounts of water vapor injected into the stratosphere. The global stratospheric aerosol optical depth

58 (AOD) is studied 1.5 years after the eruption, until the decommission of the NASA satellite CALIPSO (Cloud-
59  Aecrosol Lidar and Infrared Pathfinder Satellite Observation) and its lidar sensor CALIOP. Our incrementally
60 developed evaluation software (Andersson et al., 2015; Friberg et al., 2018; Martinsson et al., 2022) based on
61 methodology presented in Vernier et al., (2011) was applied on CALIOP level 1B data. In contrast to limb-

62 oriented methodology, the nadir-oriented CALIOP provides viable results in dense aerosol layers from strong
63 volcanic eruptions and wildfires after correction for attenuation (Martinsson et al., 2022). We also use the

64 satellite Aura sensor MLS for measurements of water vapor and temperature. We find that the SO, emissions
65 from the HT-22 eruption cannot alone explain the high AOD level, nor can ash particles. We also find that the
66 aerosol went deep into the stratosphere and that the one-year AOD perturbation due to the HT-22 eruption is the
67 largest since that of Mt. Pinatubo in 1991.

68 2 Methods

69 Two satellite-based instruments were used to investigate the stratosphere following the HT-22 eruption. Aerosol
70 measurements were based on the CALIOP lidar aboard CALIPSO, whereas water vapor concentrations and

71 atmospheric temperature were obtained from MLS aboard Aura.

72 2.1 CALIOP measurements
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73 CALIPSO orbits the globe 14 — 15 times per day between 82° S and 82° N. The vertical resolutions of CALIOP
74 are 30, 60, 180 and 300 m in the altitude ranges <8.2, 8.2 —20.2, 20.2 — 30.1 and 30.1 — 40 km, respectively

75 (Winker et al., 2007, 2010). The average global stratospheric AOD from the tropopause (obtained from the

76 MERRA-2 reanalysis (Modern-Era Retrospective analysis for Research and Applications)) to 35 km altitude in
77 the stratosphere was computed from version 4-51 of CALIOP level 1B at the wavelength 532 nm using night-
78 time measurements. The stratospheric AOD was computed in three layers: the lowermost stratosphere (LMS,
79 tropopause to 380 K isentrope), the shallow BD branch (380 — 470 K isentropes) and deep BD branch (470 K
80 isentrope — 35 km altitude), where potential temperatures were obtained from MERRA-2 pressures and

81 temperatures. The effective lidar ratio was estimated based on single, intense volcanic layers day 1 — 28 after the
82 eruption. From initial high values (70 sr) the lidar ratio declined to 47.5 + 10.2 sr. This is close to the commonly
83 used CALIOP effective lidar ratio of 50 sr, which we therefore applied in this study. The attenuated backscatter
84 CALIOP data were corrected by methods described in Martinsson et al. (2022). Based on measured parallel and
85 perpendicularly polarized scattering, the volume depolarization was obtained and converted to particle

86 depolarization ratios with methods described in Martinsson et al. (2022). Data were missing for a week from a
87 few days after the eruption, and a long gap appeared from 21 October to 7 December 2022. Several minor gaps
88 appeared during the first half-year of 2023 the last data produced by CALIOP. The CALIOP data evaluation

89 methodology we use was originally developed by Vernier et al. (2011) and has been further developed in three
90 steps (Andersson et al., 2015, Friberg et al., 2018; Martinsson et al., 2022), where more details on the

91 methodology can be found.

92 2.2 MLS measurements

93 Water vapor concentrations were obtained in the 100 — 1 hPa range in 12 levels per decade from the MLS,

94 version 5.0-1.0a, level 2 (Waters et al., 2006). The vertical resolution is 1.3 — 3.6 km (Lambert et al., 2020;

95 Livesey et al., 2020). Data were screened based on error parameters supplied with the data, rendering a large

96 fraction of the volcanic data invalid the first two weeks after the eruption. From the beginning of February 2022,

97 when our evaluation starts, erroncous data became scarce.

98 Stratospheric temperatures in the pressure range 100 — 1 hPa were obtained from the MLS, which were used

99  primarily to compute relative humidity and potential temperature. The latter allows analysis of transport in
100 relation to isentropic surfaces. The potential temperatures were also used as a common ground in comparisons
101 between MLS and CALIOP, where the native vertical scale of the former is atmospheric pressure and for the

102 latter geometric altitude.

103 3 Results

104 This work focuses on the stratospheric aerosol resulting from the HT-22 eruption. The altitude and latitude
105 distributions will be presented here together with the evolution of the stratospheric aerosol extinction

106 coefficients and AOD. However, we start by presenting stratospheric water vapor data from the HT-22 eruption
107  to highlight the contrasting evolution of the two volcanic components. Water vapor data are also used for

108 computations on relative humidity and vertical air motions presented in the Discussion section.
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110 Figure 1. Monthly averaged H,O mass anomaly (Tg) against latitude and altitude with pixel size (2.3 + 0.14) x
111 10" m? times cos(®), where © is the latitude. Note that “2022 Jan 1 — 14” covers only the pre-eruption period 1
112 — 14 January. Overlain isentropes in the range 380 — 1900 K are shown, where T}, is the potential temperature.
113  Note that the 380 K isentrope reaches below 100 hPa only in the tropics and that the 1900 K isentrope partly is

114 found at pressures below 1 hPa. Vertical scale minor ticks: 1.5, 2.2, 3.2, 4.6, 6.8 and ten times these values.
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116 Figure 2. Evolution of water vapor (H>O) anomaly following the January 15, 2022, Hunga Tonga eruption. a)
117 H>0 anomaly in three latitude intervals and loss of H,O in a 4th latitude interval, all in the 470 < T, < 1900 K
118 range (the deep BD branch). Vertical lines mark the main region of H>O loss of the deep BD branch. b) H,O
119 anomaly in the latitude interval -82 to 82° in various potential temperature intervals (Tp). Horizontal lines show
120  the average H,O anomaly from end of January 2022 to mid-May 2023 (136.9+0.2 (standard error) Tg) and from
121 the beginning of October to the end of December 2023 (106.1+£0.3 Tg).

122 3.1 Water vapor

123 It has widely been reported about the record-breaking amounts of water vapor reaching the stratosphere

124 following the HT-22 eruption (Millan et al., 2022; Schoeberl et al., 2022; Xu et al., 2022; Zhu et al., 2022;

125  Nedoluha et al., 2024). Here we present the distribution related to isentropic surfaces in contrast to previous

126 authors, in particular the fate of water that reaches the deep branch of the BD circulation, i.e., above the

127  potential temperature (Tp) 470 K (Fueglistaler et al., 2009). Fig. 1 shows monthly mean water vapor mass

128 anomalies for years 2022 and 2023, where the masses of year 2021 were subtracted, the exception being January
129 2022 where only the days prior to the eruption are shown (January 1 — 14). The first two weeks after the

130 eruption the MLS water vapor data from volcanic effluents frequently were erratic, probably due to high

131 concentrations, and are not shown.

132 In February 2022 two layers appear, one minor in the shallow BD branch and the main layer in the deep BD
133 branch, consistent with the reported eruption chronology (Gupta et al., 2022). The lower water vapor layer is
134 spread rapidly latitudinally before it is transported below the lower atmospheric pressure limit used here (100

135  hPa).

136 The first months after the eruption the water of the upper layer remains in the tropics, before a fraction clearly

137 visible in May 2022 is transported to the Southern extratropics (Figs. 1 and 2a). Towards the end of 2022

5
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138  transport to the Northern extratropics starts, and in February 2023 the water from the HT-22 eruption covers
139 most of the globe. Later that year most of the water is found in the extratropics, whereas the water-rich air in the
140  tropics is replaced in the BD circulation by younger tropospheric air that is unaffected by the HT-22 eruption
141 (Figs. 1 and 2a). At the same time the water in the Southern extratropics of the deep BD branch approaches and
142 clearly passes the 470 K isentrope in May 2023 (Fig. 1 and 2a), consistent with the extratropical downward

143 motion of air.

144 The total amount of water vapor from the HT-22 eruption in the stratosphere at T, > 380 K in the tropics and
145 100 hPa atmospheric pressure elsewhere, is 160 Tg. The mass in the deep BD branch, which is a part of the
146 previously mentioned layer, is 138 Tg. After % of a year these categories reach the same level (Fig. 2b),

147 implying that the lower water layer (injected below the deep BD branch) is transported down below the lower
148 limit in altitude (atmospheric pressure 100 hPa) of the data used here. The water vapor displays considerable
149 vertical transport in the deep BD branch. Dividing that branch into two T, intervals (Fig. 2b) reveals a clear rise
150 in the amount of water in the upper interval in the last quarter of the year 2022. A small fraction of the water
151 vapor reached high altitudes in the tropics during the year 2023 (Fig. 1), and some even reached altitudes above
152 1 hPa atmospheric pressure (~48 km), i.e. the region of the stratopause (supplementary Fig. S1).

153 The water anomaly remained constant in the deep BD branch with only minor fluctuations from February 2022
154 to May 2023 (Fig. 2b), whereafter the anomaly is reduced by 23% due to transport to the shallow BD branch, a
155 level that remains until the end of 2023.

156 3.2 Aerosol

157 The evolution of the stratospheric AOD following the HT-22 eruption has been reported by several authors using
158 limb-viewing measurements (Bourassa et al., 2022; Sellitto et al., 2022; Taha et al., 2022) that suffer from event
159 termination (“saturation”) during the first months after strong volcanic or wildfire events (Fromm et al., 2014;
160 Chen et al., 2018; DeLand et al., 2019; Martinsson et al., 2022), and problems to measure the lower parts of the
161 stratosphere (Taha, 2020). Here we present results based on a nadir-viewing lidar technique (CALIOP) that is
162 better suited for measurements in dense aerosol layers because they do not suffer from saturation effects, and

163 attenuation of the lidar signal can be corrected for (Martinsson et al., 2022).

164 Just as for water vapor, we present monthly mean values of the aerosol distribution with overlaid isentropic
165 surfaces (Fig. 3). January 2022 aerosol data show conditions prior to the eruption. Initially (February — June
166 2022) almost all the HT-22 aerosol is found in the deep BD branch (T, > 470 K). We identify downward motion
167 of the aerosol centroid in the tropics, the most intense part shifting from isentrope 581 to 523 K from March to
168 September 2022, despite the upward motion of air in the tropics as part of the BD circulation. This is caused by
169 gravitational settling, and the aerosol that reaches the Southern extratropics loses altitude even faster, aided by
170 downward air motion in the extratropics, leading to an increasing fraction of the aerosol in the shallow BD

171 branch from July 2022. The aerosol continues downwards, reaching the LMS (below 380 K) in December 2022

172 on its way out of the stratosphere.
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174  Figure 3. Monthly average extinction coefficients dependent on latitude and altitude with overlaid potential

175 temperature levels. Note that “2022 Jan 1 — 14” covers only the pre-eruption period 1 — 14 January.

176 Substantial amounts of aerosol entered the stratosphere because of the HT-22 eruption. The global average AOD
177 reached 0.016 (Fig. 4a), which is among the highest stratospheric aerosol loads since the 1991 Mt. Pinatubo

178 eruption. Already by the end of January, half a month after the eruption, the AOD level that remained for almost
179 a year was reached. After that we see a decline where approximately half of the aerosol from the HT-22 eruption

180 is removed during the first half-year of 2023. Almost the entire aerosol amount from HT-22 was found in the

7
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182 Figure 4. a) Global average AOD of the stratosphere from the tropopause to 35 km altitude and -82 to 82° in
183 latitude (Sum) with the sub layers: the tropopause to 380 K potential temperature (T;) (LMS), 380 —-470 K T,
184 (shallow Brewer-Dobson (BD) branch) and Tp 470 K to 35 km altitude (deep BD). Latitude distributions of
185 AOD b) tropics (-22 to 22°), ¢) Southern extratropics (SE) (-82 to -23°) and d) Northern extratropics (NE) (23
186  to 82°). The AODs are related to the global scale, i.e. the sum of SE, tropics and NE graphs is the global AOD.

187 deep BD branch the first months after the eruption (Fig. 4a), in the tropics (Fig. 4b). We see transport to the
188 Southern extratropics starting in April 2022 in the deep BD followed by downward motion to the shallow BD
189 branch starting in June 2022 (Fig. 4c). Only a small fraction of the aerosol reached the Northern extratropics
190 (Fig. 4d), in contrast to the transport of water vapor (Fig. 2a) that took place at a higher altitude (Fig.1).

191 4 Discussion

192 SO, emissions from HT-22 eruptions took place over a period from 19 December 2021 to 15 January 2022

193 (Carn 2022). Most of these eruptions reached 15 — 18 km in altitude, whereas the main eruption’s umbrella
194 cloud on 15 January 2022 reached 31 km with an overshooting plume reaching 55 — 58 km (Gupta et al., 2022).
195 Based on several methods the total SO, emissions during this period is estimated to 0.6 — 0.7 Tg, and that of the
196 main umbrella cloud, reaching deep into the stratosphere, contained 0.4 — 0.5 Tg SO, (Carn et al., 2022).

197 Altitude-resolved SO, measurements from MLS find a similar SO, amount deep into the stratosphere (Millan
198 2022). Compared with the SO, emissions, the stratospheric AOD generated by the HT-22 eruption is

199  unexpectedly high. Here we will discuss reasons for this seeming discrepancy, and we start by examining water

200  uptake as an explanation.
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201 The temperature is rising with altitude in the stratosphere, making the air very dry after passing the tropical cold
202 point tropopause. The amount of water vapor injected by the HT-22 eruption is unprecedented in the modern
203 satellite era (Zhu et al., 2022). It has been suggested that hygroscopic growth could be an important process that
204 affects the aerosol particle size and light scattering (Legras et al., 2022; Sellitto et al., 2022). Here we investigate
205 the relative humidity by examining the five highest daily water vapor concentrations measured by the MLS

206 during February 2022 (140 MLS profiles), when the volcanic effluents were concentrated to a relatively small
207 volume. Based on MLS water vapor and temperature measurements the relative humidity was computed, where
208 the saturation water vapor pressures were obtained from Murphy and Koop (2005). Fig. Sa shows the average
209  relative humidity of the profiles (140) from February 2022. At the lowest altitudes, close to 100 hPa, the relative
210 humidity reaches 35% because of the low temperature (Fig. 5a, upper scale), and, to a smaller degree, the lower
211 volcanic layer (Fig. 1, February 2022). At higher altitude, the relative humidity rapidly declines as the

212 temperature increases, becoming close to zero at altitudes above 10 hPa. However, a peak appears at 30 hPa
213  caused by the main volcanic layer (above 470 K potential temperature) containing most of the stratospheric
214 water vapor from the HT-22 eruption (Fig. 2b). In the following discussion we concentrate on that layer. The
215 average positions of the 470 K isentrope and the peak water vapor concentration are shown in Fig. S5a, where the
216 shift of the maximum relative humidity from the peak water vapor concentration is caused by the temperature
217 gradient. The relative humidity at the peak water vapor concentration as well as the maximum relative humidity
218 of all the 140 mentioned measurements are shown in Fig. 5b (note the shift of + 100 K in potential temperature
219 to separate the two categories). The measurements of each of the two categories appear in groups depending on
220 the altitude (or pressure level) of the water vapor layer. The maximum relative humidity above the 470 K

221 isentrope is 13%, and that of the peak water vapor is 11%, whereas the averages are 5.1 and 4.2%. Such low
222 relative humidities causes no or modest hygroscopic growth (Winkler, 1973) that affects particle size or light

223  scattering only to a small degree.

224 Several authors regard the aerosol from the HT-22 eruption as a sulfate aerosol (Khaykin et al., 2022; Legras et
225 al., 2022; Sellitto et al., 2022; Taha et al., 2022; Zhu et al., 2022; Bernath et al., 2023; Duchamp et al., 2023;
226 Kahn et al., 2024; Sellitto et al., 2024), although with questions on the relatively small amount of SO, emitted in
227  relation to the AOD level (Carn et al., 2022). Here we will investigate this relation in more detail by forming the
228  ratio of the maximum global stratospheric AOD rise above the pre-eruption AOD to the amount of SO, emitted
229 by eight recent volcanic eruptions (Table 1 and Fig. 5¢). This ratio is approximately 0.005 Tg"! for most of the
230 eruptions, whereas the Calbuco (Ca-15) and HT-22 deviate by having higher AOD per SO, mass emitted. Most
231 of these volcanic eruptions showed depolarization ratio less than 0.05 (Hoffmann et al., 2010; O’Neill et al.,
232 2012; Zhuang & Yi 2016; Voudouri et al., 2023) typical of aerosol dominated by spherical sulfuric acid

233 particles. Volcanic ash settles rapidly by gravitation, but a fraction can remain for months in the stratosphere
234 (Andersson et al., 2013). Vernier et al. (2016) found that this can affect stratospheric AOD, detecting elevated
235 depolarization ratio (0.05) a month after the Kelut eruption (Ke-14). The depolarization ratio of the aerosol from
236 the Ca-15 eruption was much higher (0.18) a month after the eruption (Klekociuk et al., 2020) thus indicating a
237 strong influence from ash on the AOD that likely explains the strong deviation in AOD-to-SO; ratio from the
238 other eruptions. Ca-15 was therefore not included in the average AOD-to-SO; ratio calculated here. The HT-22
239  eruption has the highest AOD-to-SO; ratio but low depolarization ratio (supplementary Fig. S2), thus high ash
240 concentration is not a valid explanation (Gupta et al., 2022; Carn et al., 2022; Legras et al., 2022).

9
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242 Figure 5. Stratospheric characteristics after the HT-22 eruption. a) Average relative humidity (RH) and

243  temperature of the five daily H,O profiles with the highest concentration during February 2022. b) RH at the
244 maximum H>O concentration and maximum RH at potential temperatures > 470 K of all the profiles mentioned
245 in (a) with average RH of 4.2 and 5.1%, respectively. The potential temperature (T,) was shifted = 100 K to
246 separate the two groups of data. ¢) Global AOD per Tg SO; emitted by recent volcanic eruptions related to SO,
247  the average being 0.0052 global AOD per Tg SO (see Table 1). d) AOD in the upper BD branch with 99.9

248 percentile of the average marked and reported SO, of 0.45 Tg (Carn et al., 2022) converted to AOD according to
249 (c) (broken line), and the dotted line tests the evolution using an excess of 1.1 Tg SO to reach the measured
250  AOD. The full cyan line displays the SO, AOD (broken line) added by an assumed AOD from pre-existing

251 aerosol from the eruption to reach the measured AOD. e) Aerosol gravitational settling velocity (V) and fit
252 (equivalent aerodynamic diameter 1.1 um) and average altitudes (z; right scale) of the HT-22 aerosol and water
253 vapor at latitudes -14 to -6°. f) Normalized stratospheric AOD evolution during one year for one wildfire event

254 (Martinsson et al., 2022) and two volcanic eruptions.
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255 Table 1. Recent volcanic eruptions with SO, emissions, global stratospheric optical depths (AOD)and literature
256 references.

Date Eruption Short SOz SO, references Global  Depolarization

name (Tg) AOD?  Ratio references
2008-08-07 Kasatochi Ka-08 2 Yang et al., 2010 0.0061 Hoffmann et al., 2010
2009-06-12 Sarychev Sa-09 1.09  Sandvik et al., 2021 0.0075  O’Neill et al., 2012
2011-06-12 Nabro Na-11 1.5 Clarisse et a., 2012 0.0048  Zhuang & Yi 2016
2014-02-14 Kelut Ke-14 0.18 Lietal, 2017 0.0014  Vernier et al., 2016
2015-04-23 Calbuco Ca-15 0.3 Pardini et al., 2018 0.0035  Klekociuk et al., 2020
2019-06-22 Raikoke 1.5
2019-06-26 Ulawun RU-19 0.14  Kloss etal., 2021 0.0095  Voudouri et al., 2023
2019-08-03 Ulawun 0.3
2021-04-10 Soufriere So-21 0.31 Taylor et al., 2023 0.0016  PLidar browse images
2022-01-15 Hunga Tonga HT-22 0.45  Carnet al, 2022 0.0087  This work

257  Global stratospheric AOD maximum increase due to the eruptions. References: Friberg et al., 2018 and this
258  work (2019 —2023)
259 Y Lidar Level 1 Browse Images - 2021-04-26 09:42:19Z - Section 1 (https:/www-

260 calipso.larc.nasa.gov/products/lidar/browse_images/std v451 index.php)

261 We adopt the central estimate of Carn et al. (2022), i.e., 0.45 Tg SO, with an e-folding time of ~6 days. The e-
262 folding time is unusually short for stratospheric conditions, probably due to elevated water vapor concentrations
263 (Carn et al., 2022). Fig. 5d shows the AOD, with double-sided 99.9% confidence interval of the mean in the
264 deep BD branch, where all the aerosol from the HT-22 eruption was injected (Fig. 4a). Using the AOD-to-SO,
265 ratio based on six volcanic eruptions (Fig. 5¢) to estimate the AOD based on the SO» emissions, we end up with
266 far too low AOD (Fig. 5d, broken line). To investigate the timing, we added 1.1 Tg excess SO to reach the
267 measured AOD while preserving the measured e-folding time (dotted line). The excess SO; reaches into the
268 99.9% confidence interval of the average AOD after approximately 50% longer time from the eruption

269 compared to the time required for CALIOP to record a stable AOD. It is thus unlikely that the aerosol from the
270 HT-22 eruption was formed from SO conversion alone, mainly because of the low SO, emissions, but also

271 because of the timing. Other material must have been present already the first days after the eruption. Making
272 use of the AOD-to-SO; ratio from Fig. Sc, adding pre-existing aerosol from the HT-22 eruption to obtain the
273 measured AOD and using the measured SO, mass and e-folding time, results in the cyan full line in Fig. 5d.
274 Such a combination of pre-existing aerosol from the eruption and SO, conversion is consistent with the 99.9%

275 confidence interval of the AOD average.

276 The next question is which is the source of the pre-existing aerosol? We have no measurements of the aerosol
277 composition to aid in this respect. From the depolarization ratio (supplementary Fig. S2) we can rule out

278 significant fractions of volcanic ash, which is also supported by other measurements (Gupta et al., 2022; Carn et
279 al., 2022). To find another plausible source of the pre-existing aerosol we consider the volcanological

280 observations of hot volcaniclastic density currents entering the ocean (Seabrook et al., 2023; Clare et al., 2023)
281 forming a boiling sea that supplies buoyancy-forming hot water vapor at the bottom of the volcanic column
282 (Mastin et al., 2024). This process is, however, not only a source of water vapor. Gas bubbles in boiling water
283 rise to the surface forming jet drops as well as smaller drops as the liquid film surrounding the bubble breaks at
284  the surface. Besides liquid water these drops also contain sea salt. This results in a bimodal aerosol size

285 distribution with large particles from the jets and small particles from the film breakage (Keene et al., 2007).

286 High concentrations of sea salt in volcanic ash fallout from the HT-22 eruption has been documented
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287 (Colombier et al., 2023). The sea salt particles from bubble bursting enter the volcanic column together with the
288 water vapor. As the particles are hygroscopic, they readily serve as condensation nuclei in cloud formations as
289  the air cools on the way up to the stratosphere. In the competition for water, preferentially large particles are
290 scavenged in cloud formations prior to the formation of precipitation. This leaves the smaller particles as an
291 interstitial aerosol (Martinsson et al., 1999). The pre-existing aerosol from the eruption (Fig. 5d) would

292 correspond to aerosol formation from 1.1 Tg SO, based on the AOD-to-SO; ratio (Fig. 5¢). Using this number as
293 a coarse estimate on the mass of the pre-existing aerosol we can compare it with the amount of water injected
294 into the deep BD branch (137 Tg; Fig. 2b). With the typical salinity of sea water (35 g/kg) that amount of water
295 corresponds to 4.8 Tg of sea salt, which is four times the coarse estimate of pre-existing aerosol mass. Besides
296 the water from bubble bursting, water evaporates directly from the heated ocean without sea salt emissions.
297 Additional quantitative uncertainties pertain to the relative losses of water and sea salt to precipitation. Given
298 the orders of magnitude of these estimates we can conclude that the ubiquitous aerosol formation from bubble
299  bursting in a boiling sea is a plausible source of a pre-existing aerosol that raises global AOD to the elevated

300 levels observed, despite the low SO, emissions.

301 Several authors have reported on the stratospheric aerosol particle size following the HT-22 eruption, i.e., 0.6 —
302 1 pm diameter (Boichu et al.,2023), 0.8 um (Duchamp et al., 2023) and 2 — 3 um (Legras et al.,2022). Whereas
303  the former two estimates show good agreement, the latter, based on estimating the gravitational settling velocity,
304 stands out by finding the particles to be larger than the other estimates. We used the same method as Legras et
305 al., (2022) to estimate the settling velocity: V(sedimentation) = V(aerosol) — V(air), where V is the vertical
306 velocity, V(aerosol) the observed weekly change in the aerosol centroid altitude and V(air) is estimated from the
307 weekly change in the altitude of the water vapor centroid. Applying a 3-week moving average dampened

308 variations (Fig. Se). The gravitational settling velocity varies around the value 20 m/day, agreeing well with the
309 results of Legras et al. (2022) whereas the conversion to particle size differs. The settling velocity of a given
310 particle depends on the pressure and temperature because of the air viscosity and the Cunningham slip

311 correction factor’s dependence on the mean free path of the air. We computed the particle size that best fits the
312 weekly settling velocity observations. Fig. Se shows decreased settling velocity as the aerosol falls to lower
313 altitude. We found that the equivalent aecrodynamic diameter was 1.1 pm, which is based on the assumptions of
314 a spherical particle shape and particle density of 1 g/cm?. The low depolarization ratio (supplementary Fig. S2)
315 validates the first assumption. The density of the particles is not known a priori. However, the low relative

316  humidity (Figs. 5a and b) results in concentrated solution drops of sulfuric acid and sea salts, having density
317 clearly exceeding 1 g/cm’, e.g., a 76.5% sulfuric acid — water solution has a density of 1.75 g/cm? at

318 stratospheric conditions (Myhre et al., 1998). Applying that density results in 0.70 pm geometric diameter and
319 changing the density to 1.5 and 2 g/cm? results 0.81 and 0.62 um diameter, respectively, which is in good

320 agreement with estimates based on other methods. Based on our results and others (Boichu et al., 2023;

321 Duchamp et al., 2023) we conclude that the HT-22 aerosol is submicron in diameter, in between stratospheric

322 background and Mt. Pinatubo particle sizes (Bauman et al., 2003; Wilson et al., 2008).

323 The water vapor injected into the deep BD branch remained in the stratosphere for the full two years of this
324 study, although 23% was transported from the deep BD branch to the shallow one 1.5 years after the eruption
325 (Fig. 2b). The stratospheric AOD remained almost constant for one year before starting to decline (Fig. 4a).
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326 Because of the gravitational settling aerosol remains shorter time in the stratosphere than gases with low

327 chemical reactivity. The combined effect of the 2019 Raikoke and Ulawun eruptions on the maximum global
328 stratospheric AOD is the highest observed for recent eruptions (Table 1) when also the lowest part of the

329 stratosphere are accounted for. The peak AOD from HT-22 eruption is slightly lower. However, the long

330 duration of the AOD from the HT-22 eruption, caused by the powerful eruption placing the effluents in the deep
331 BD branch in the tropics, makes it the most important in terms of stratospheric AOD since the 1991 eruption of
332 Mt. Pinatubo (Fig. 5f). The first year after the eruption the AOD was 0.016. Subtracting average background
333 AOD (Friberg et al., 2018) the stratospheric global mean AOD from the HT-22 eruption becomes 0.010. This
334 corresponds to -0.24 W/m? in global stratospheric total volcanic effective radiative forcing during the first year

335 after the eruption, according to results based on volcanic activity years 1979 to 2015 (Schmidt et al., 2018).

336 The HT-22 was the last major volcanic eruption to be studied based on data from the CALIOP lidar aboard the
337 CALIPSO satellite that ended its mission in June 2023. This is by far the most efficient method for studies of the
338 initial months of stratospheric aerosol formation following volcanic eruptions and wildfires, because of its

339  brilliant vertical resolution and optically short vertical path. Limb-viewing techniques suffer from event

340  termination (saturation) during 2 — 3 months after a major stratospheric aerosol event (Martinsson et al., 2022;
341 Fromm et al., 2014; Chen et al., 2018; DeLand, 2019). Fig. 5f illustrates the importance of CALIOP by showing
342  the AOD of two volcanic eruptions and one wildfire. Conversion of SO formed the Raikoke aerosol, resulting
343 in 2 — 3 months delay before the AOD peaked which is the case for most volcanic eruptions (Friberg et al.,

344 2018). In contrast, a pre-existing aerosol from HT-22 dominated its AOD and we observed the maximum

345 already after two weeks. That was the time required for the aerosol to become dispersed enough to allow

346 approximately ten CALIOP measurements per day in the volcanic effluents, thereby reducing the uncertainty in
347  the daily average. Another special case was the 2017 Canadian wildfire where we observed a strong and rapid
348 decline of the stratospheric AOD (Fig. 5f) indicative of photolytic loss of organic aerosol (Martinsson et al.,
349 2022). A study of the 2019/2020 Australian wildfire showed similar losses, where also a complex feed of

350 wildfire aerosol from the upper troposphere during 1 — 2 weeks after the fire was identified (Friberg et al.,

351 2023), thanks to the mentioned special properties of the CALIOP instrument. The decommissioning of the

352 ageing CALIOP in June 2023 severely diminishes future studies of aerosol formation and losses in the

353 stratosphere, prompting the need for new satellite-based lidar systems.

354 4 Conclusions

355  Aerosol and water vapor in the stratosphere emanating from the 15 January 2022 eruption in Hunga Tonga (HT-
356 22) is investigated using satellite-based instruments CALIOP and MLS. Most of its effluents were injected into
357  the deep branch of the stratospheric Brewer-Dobson (BD) circulation.

358 A small fraction of the record-breaking water vapor injections into the deep BD branch reached up to the

359 stratopause after 1.25 years in the stratosphere, whereas 23% was transported down to the shallow BD branch as
360  the water vapor spread vertically. The water vapor injected into the deep BD branch remained in the stratosphere
361 for the full two years of this study. The water vapor from the HT-22 eruption in the southern tropics steadily

362 increased its latitudinal coverage, first to the southern midlatitudes. After a year most of the global stratosphere
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363 was covered with water vapor from the HT-22 eruption, before a reduction of the tropical stratospheric
364 concentration appeared as the BD circulation brought tropospheric air that was unaftected by the HT-22
365 eruption.

366 The aerosol and its precursor gases were initially at the same altitude as the water vapor from the HT-22

367 eruption, but gravitational settling of the aerosol particles gradually opened a gap in altitude which resulted in
368  the aerosol from the HT-22 eruption mainly appearing in the tropics and the southern hemisphere. The

369 stratospheric aerosol optical depth (AOD) remained constant for a year after the eruption, before transport out of
370 the stratosphere started. At the time of the decommission of the CALIOP instrument in June 2023, 50% of the

371 aerosol from the HT-22 eruption had been removed from the stratosphere.

372 The AOD level of the stratosphere was established already 2 weeks after the eruption and was unexpectedly
373  high for a modest injection of 0.4 — 0.5 Tg SO,. Given the exceptional water vapor amounts from the HT-22
374 eruption, we investigated if hygroscopic growth affected the aerosol optical properties. Despite the record-
375 breaking water vapor emissions, the average relative humidity remained below 5% in the dry stratosphere,

376 causing no or limited hygroscopic growth.

377  The gravitational settling velocity of the aerosol is estimated from the altitude evolution to ~20 m/day,
378 corresponding to an equivalent aerodynamic diameter of 1.1 pm at the altitude of the aerosol layer. Assuming

379 density of concentrated solution drops of 1.5 — 2 g/cm? the geometrical diameter becomes 0.6 — 0.8 pm.

380 Comparing eight recent volcanic eruptions we find that the global AOD per mass of SO, emitted from the HT-22
381 eruption is 4 times that of most other eruptions. The amount of SO, and ash emitted to the stratosphere was

382 unusually small for an eruption with volcanic explosivity index (VEI) of 6. Widespread damage to the seafloor
383 in runouts exceeding 100 km was caused by volcaniclastic density currents causing a boiling sea that supplied
384  buoyancy-forming hot water vapor that amplified the eruption column. Intense aerosol formation from bubble-
385 bursting in the boiling ocean provides sea salt aerosol being a plausible explanation for the unexpectedly high
386  AOD.

387 The maximum global stratospheric AOD following the HT-22 eruption is among the highest observed in more
388 than 30 years. The injection in the deep branch of DB circulation prolonged the perturbation of the stratospheric
389 aerosol, making the HT-22 eruption the largest aerosol event since that of Mt. Pinatubo in 1991. The 1-year
390 average global AOD of 0.01 from the HT-22 eruption can be estimated to -0.24 W/m? in global stratospheric

391 total volcanic effective radiative forcing.
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