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Abstract

The highly-explosive eruption of the Hunga-Tonga Hunga Ha’apai volcano (HTHH), that occurred on 15 Jan. in the South

Pacific, was associated with a powerful blast that injected gases, steam and aerosols to unprecedentedly high altitudes. Here

we present unique observations of the young volcanic aerosol plumes by ground-based lidars at La Reunion island (21°S, 55°E),

located directly downwind of the eruption. Two lidars, operating at 355 nm and 532 nm, sampled the overflying plume every

nights from 19 Jan. until 28 Jan. We assess both the vertical structure and the optical properties. A wide plume altitude range

from 36 km down to 18 km has been highlighted along time, with heterogeneous aerosol optical depth that reached 0.84 at 532

nm and Angström exponents from-0.8 to 1.2. Such temporal evolution is related to both the injection heights of the volcanic

material and the stratospheric dynamic and chemistry.
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Abstract 20 

The highly-explosive eruption of the Hunga-Tonga Hunha Ha’apai volcano (HTHH), that occurred 21 

on 15 Jan. in the South Pacific, was associated with a powerful blast that injected gases, steam and 22 

aerosols to unprecedentedly high altitudes. Here we present unique observations of the young 23 

volcanic aerosol plumes by ground-based lidars at La Reunion island (21°S, 55°E), located directly 24 

downwind of the eruption. Two lidars, operating at 355 nm and 532 nm, sampled the overflying 25 

plume every nights from 19 Jan. until 28 Jan. We assess both the vertical structure and the optical 26 

properties. A wide plume altitude range from 36 km down to 18 km has been highlighted along 27 

time, with heterogeneous aerosol optical depth that reached 0.84 at 532 nm and Angström 28 

exponents from -0.8 to 1.2. Such temporal evolution is related to both the injection heights of the 29 

volcanic material and the stratospheric dynamic and chemistry. 30 

Plain Language Summary 31 

Stratospheric aerosols have the potential to significantly impact the climate at global scale. The 32 

backscatter of solar irradiance to space by these particles unbalance the Earth radiative budget 33 

following massive material injections in the stratosphere. This process can induce important 34 

surface temperatures decrease as previousy shown following past major volcanic eruptions. In 35 

January 2022, the Hunga-Tonga volcano erupted in the southern Pacific (20.5°S, 175.4°W). The 36 

caracteristics of this remarkable Plinian eruption allow to deepen our understanding of key 37 

processes associated with a massive injection of both gases and particles into the stratosphere. 38 

Based on laser remote-sensing observations of the Hunga-Tonga aerosol plume in the mid-39 

stratosphere, the structural and optical properties of the volcanic plume were assessed during its 40 

passage over Reunion Island (21°S, 55°E). Our results show a significant and unprecedented 41 

evolution of the optical properties of aerosols trapped in the volcanic plume as a function of its 42 

altitude. These are original and essential observations to improve our understanding of the 43 

radiation balance in the stratosphere and to model it in global climate models.  44 

1 Introduction 45 

Our knowledge of injections of aerosols in the stratosphere and their feedbacks on climate comes 46 

from observations of previous massive injections triggered by historic volcanic eruptions (Kremser 47 

et al., 2016; Robock, 2015) that occurred periodically (Delmas et al., 1992; Tejedor et al., 2021) 48 

and more recently following extreme wildfires, that are likely to increase with climate change (Di 49 

Virgilio et al., 2019; Peterson et al., 2018), generating pyroconvection processes able to inject 50 

carbon-rich aerosols into the lower stratosphere (Khaykin et al., 2020; Yu et al., 2019). On the 51 

volcanic side, the most recent climate impacting event occurred in 1991 during the eruption of 52 

Mount Pinatubo (e.g. Hansen et al., 1992). This event is abundantly documented throught 53 

observational and modeling studies (Boville et al., 1991; Chazette et al., 1995; DeFoor et al., 1992; 54 

Gobbi et al., 1992; Graft et al., 1993; Grant et al., 1992;  McCormick et al., 1995; Minnis et al., 55 

1993). These studies showed an average global cooling of 0.5-0.7°C in the year following the 56 

eruption due to sulphate aerosols associated with the gaseous precursor SO2 (sulphur dioxide). A 57 

specific study has also shown the influence of these particles in the thermal infrared spectrum and 58 

highlighted their detectability from Earth observing satellites (Pierangelo et al., 2004). However, 59 

it is still difficult to quantitavely assess the amount of SO2 that has been injected to produce the 60 

observed cooling of Earth in the following years (Dhomse et al., 2020; Guo et al., 2004; M. P. 61 

McCormick & Veiga, 1992). The  injected mass of SO2 is known to within a factor of two that can 62 



 

 

be attributed to both parametrization of involved physical processes and uncertainties on 63 

observations (Bluth et al., 1992; Dhomse et al., 2020).  64 

In order to bring the models studying the impact of stratospheric aerosols on climate to a 65 

consensus, it is up to the experimenters to propose reliable observations to constrain the 66 

parameterisation of processes implemented in climate models. This is challengeing since we 67 

denote only three major eruptions in the 20th century: the Mount Agung, El Chichon and the Mount 68 

Pinatubo (J. K. Angell, 1993; Dhomse et al., 2020). All three were characterized by a Volcanic 69 

Explosivity Index (VEI) superior or equal to 5 and were followed by a significant decrease of the 70 

tropospheric and surface temperatures (James K. Angell, 2000; Robock & Mao, 1995). 71 

The eruption of the Hunga-Tonga Hunha Ha’apai volcano (HTHH) that occurred in the South 72 

Pacific (20.5°S, 175.4°W) is currently extensively observed since its eruption on 15 Jan 2022. Its 73 

shallow underwater caldera has contributed to an extremely powerful blast triggering the so called 74 

phreato-plinian eruption (Yuen et al., 2022). The blast, estimated to range between 100-200 MT 75 

of TNT equivalent (Vergoz et al., 2022), was detected in Alsaka, more than 9000 km away (Yuen 76 

et al., 2022). It generated a pressure wave measured all around the globe (Amores et al., 2022) and 77 

a worldwide Tsunami (Carvajal et al., 2022). On the atmospheric side, the disturbance generated 78 

by the expulsion of water, ash and gas has pierced the tropopause and even the stratopause 79 

according to stereoscopic measurements allowed by two geostationary satellites (Carr et al., 2022; 80 

Millán et al., 2022). While the climate impact of HTHH eruption is yet to be evaluated, its VEI of 81 

almost 6 and the stratospheric perturbation induced can certainly place this event along the very 82 

large eruptions mentioned for the 20th century (Khaykin et al., Submitted; Poli & Shapiro, 2022). 83 

Given the westward zonal wind flow in the stratosphere, the volcanic material injected above the 84 

tropopose rapidly headed toward the Indian Ocean, stably centred around the 20°S latitude belt. 85 

Directly in the path of the plume, 12,800 km away from the Tonga archipelago, the French oversea 86 

region of La Réunion island (21°S, 55°E) stands in the southwest of the Indian Ocean as its highest 87 

peak. This island hosts the Atmospheric Physics Observatory of La Réunion (OPAR). The 88 

observations performed from OPAR sampled the early evolution of the aerosol plume just four 89 

days after the eruption, while it is still weakly dispersed according to satellite observations (Legras 90 

et al., 2022). Such early observations have not been possible for past remarkable events of the 20th 91 

century: for HTHH this dataset will help to understand the key processes occurring in the fresh 92 

volcanic stratospheric plume (VSP). 93 

Two lidars have been operated at La Réunion for stratospheric aerosol measurements at 355 nm 94 

and 532 nm every night during the first overpass of the VSP, from its arrival on 19 Jan until 28 95 

Jan. This continuous sampling of the stratosphere allows to asses both the vertical structures and 96 

the optical properties of the VSP as it progress zonaly. The synergy between the two lidars at 97 

different wavelengths gives the opportunity to retrieve the aerosol extinction coefficients and the 98 

lidar ratios, and their spectral dependencies between 355 and 532 nm. Such data made it possible 99 

to constrain Mie modeling to draw some conclusions on the evolution of the particle size during 100 

the volcanic plume passage.  101 

In the following, the technical aspects inherent to lidar systems and inversion protocol of the 102 

aerosol optical properties are shortly presented in Section 2. We then present and discuss the plume 103 

vertical structure in Section 3 as it was observed above La Réunion. The evolution of the optical 104 

properties of the different observed aerosol layers are then displayed in Section 4 before the 105 

discussion that conclude the paper. 106 



 

 

2 Instruments and Methods 107 

2.1 OPAR Lidars 108 

OPAR is a permanent station located in the French volcanic island of La Réunion. It is dedicated 109 

to long term atmospheric observations: dynamic and physico-chemistry of the low and middle 110 

atmosphere in the Southern Hemisphere. It is a French Instrumented Site labelleded by Institut 111 

National des Sciences de l'Univers (INSU) of CNRS. The Maïdo Observatory (Baray et al., 2013) 112 

is a facility located on the Maïdo mount (2160 m above the mean sea level - AMSL, lee side on 113 

the tropical island). Its situation allows particularly favorable observing conditions for nighttime 114 

lidar measurements. Aerosol observations are then performed routinely at Maïdo Observatory 115 

since 2013 thanks to two lidar systems: the LiO3T and the Li1200.  The Li1200 system is dedicated 116 

to the measurement of water vapor in the troposphere and of aerosols in the troposphere and 117 

stratosphere (Dionisi et al., 2015; Vérèmes et al., 2019). The Li1200 is based on the two 30 Hz 118 

pulsed Nd:YAG lasers emitting at 355 nm with an energy per pulse equivalent to 800 mJ after 119 

beams-recombination. The reception system composed by a 1200 mm parabolic mirror (7.2 m 120 

effective focal length) and the Licel electronics allow to record profiles every 1 min with a vertical 121 

resolution downgraded to 15 m. The LiO3T system is dedicated to the measurement of ozone in 122 

the troposphere and of aerosols in the troposphere and stratosphere (Duflot et al., 2017). The 123 

aerosol component of the LiO3T is based on a Nd:YAG laser emitting 532 nm pulses of 250 mJ at 124 

a frequency of 30 Hz, and a reception system composed by a 500 mm parabolic mirror (1.5 m focal 125 

length) and an optical fiber (1 mm diameter) at its focus point to collect the backscattered light, 126 

which is detected by a photomultiplier. The profiles are recorded every 2 min with a vertical 127 

resolution of 7.5 m. 128 

For both lidar systems, the altitude range of interest is above the overlap factor, so the latter has 129 

no impact on the observations in the stratosphere. For the two lidars, the profiles are averaged over 130 

5 minutes and 50 m before the retrieval of aerosol optical properties. This allows both 131 

homogeneisations of the two datasets and an enhancement of the signal to noise ratio (SNR).  132 

2.2 Retrieval of Optical Properties 133 

Aerosol layers transported in the stratosphere are often sandwiched between clean aerosol-free air 134 

parcels, generally stated as a molecular background, whose optical behavior follows the Rayleigh 135 

scattering framework. Using the Rayleigh slope method (RSM) as used by Chazette et al. (1995), 136 

it is then quite straitforward to retrieve the aerosol optical depth (AOD) of the volcanic aerosol in 137 

the stratospheric layers (VASL). This AOD derived with RSM is then used as an input for an 138 

iterative Klett inversion method (Klett, 1985) as proposed by Chazette et al. (2012) to retrieve 139 

simultaneously the vertical profile of aerosol extinction coefficient (AEC) and the lidar ratio (LR). 140 

The latter, which is namely the ratio of the aerosol extinction to backscatter coefficients, provides 141 

indications on some microphysical properties of the observed aerosols and is often used to classify 142 

aerosol types (Müller et al., 2007; Chazette et al., 2016). 143 

3 Structures of the Stratospheric Aerosol Plumes  144 

The sequence of measurements is presented in Figure 1. It shows the AEC of the different aerosol 145 

layers that overflew La Réunion during the second half of January 2022 (Fig.1a). Fig.1b shows the 146 

scattering ratio (SR), which is the ratio of the total volume basckatter and the volume molecular 147 

backscatter coefficients. This parameter is convenient when it comes to appreciate the order of 148 

magnitude of the aerosol perturbation, a value of 1 corresponds to clear skies and greater than 1 to 149 



 

 

the presence of aerosols. Fig.1c shows the wind profile as reanalyzed by the European Center for 150 

Medium-Range Weather Forecast (ECMWF) through the ERA5 product at 0.25° of resolution 151 

(Hersbach et al., 2020). We used a inverse-distance weighted average from the nine grid points 152 

surrounding the Maïdo mount to have a collocated profiles and averaged theseones during the 153 

period of measurement. The concomitant local radiosoundings and there mean are also plotted. 154 

 155 
Figure 1: Overview of the stratospheric aerosol perturbation overflying La Réunion. The time-height cross-156 

sections of aerosol extinction coefficient (a) and scattering ratio (b) at 532 nm derived from LiO3T profiles 157 

are plotted. The different Volcanic Aerosol Stratospheric Layers (VASL) are named from N1 to N8 (b) 158 

corresponding to every night of observation showing a significant aerosol burden from 19 to 28 Jan. 159 

Altitude range is restricted to the stratosphere where the plume was sampled between 17 km and 38 km 160 

Above the Mean Sea Level (AMSL). Note the logsacle of the colorbar. Wind profiles are shown (c) for 161 

each radiosonde launches during the period (pale grey lines and thick dashed line as the average), and the 162 

output of ERA5 is superimposed (thick blue line). The color in (c) informs on the direction of the wind.  163 

 164 

One can note on Fig. 1a and 1b an inverse comma shape which is typical of early observations of 165 

volcanic plumes transported over long distances. The same shape was observed in the troposphere 166 

above Paris following the Eyjafjallajökull eruption in 2010 (Chazette et al., 2012). Even if the 167 

Hunga-Tonga eruption sequence presents several pulses (Poli & Shapiro, 2022), the event is still 168 

quite short (~20 hr). This chronology cannot be responsible for the successive delays observed for 169 

the layers at different altitudes. This shape is driven by the strong vertical gradient of zonal wind 170 



 

 

in the stratosphere. Indeed, routine radiosonde measurements conducted at La Réunion (Fig.1c) 171 

show a peak wind speed of 15 m s-1 around 18-20 km AMSL, a value that triples to 40-45 m s-1
 at 172 

the altitude of the highest observed layer (35 km AMSL). The wind profile also shows that the 173 

flow is mainly zonal in this latitude band. The initially vertical eruptive column has thus bent under 174 

the influence of the horizontal wind shear during its transport from the Tonga to La Réunion.  175 

This high wind velocity in the mid-stratosphere also explains the precocious arrival of the layer 176 

N1 sampled during the 19-20 January night between 33 and 36 km. It made the 12,800 km journey 177 

in 108 hr at a mean cruising speed of ~33 m s-1, a value that corresponds to Fig.1c suggesting an 178 

highly stable flow along the way. These particles reached an impressive altitude that, to our 179 

knowledge, was never observed before by ground-based instruments. These particularities are due 180 

to the high performances of the used lidar systems for stratospheric measurements and to the power 181 

of the phreato-plinian eruption which saw its initial atmospheric disturbance reaching 58 km 182 

AMSL (Carr et al., 2022).  183 

4 Temporal and Vertical Evolutions of the Aerosol Optical Properties 184 

Although N1 is optically thin (max AEC ~ 0.03 km-1 at 355 nm, see Figure 2) in contrast to the 185 

layers arriving afterwards (especially N2 and N3), it is still a significant aerosol load for the 186 

stratosphere knowing that the AEC background is not exceeding 10-4 km-1 at these altitudes 187 

(Vernier et al., 2011). Given its relatively low AEC, N1 was not easily observed from passive 188 

remote sensors onboard satelittes but CALIOP onboard CALIPSO (Winker et al., 2003) observed 189 

a tenuous layer between 35-40 km during its orbit between Australia and New-Zealand Jan 15 at 190 

1500UTC (CALIOP orbit N1, 2022). According to CALIOP this VASL shows linear particle 191 

depolarization ratio around 30%. At OPAR, only the Li1200 working at 355 nm offered a sufficient 192 

SNR (> 60) to apply the RSM and assess the AEC, AOD and LR of N1 (Fig.2). 193 

 194 
Figure 2: Evolution of the aerosol optical properties during the 19-20 Jan. night for the volcanic aerosol 195 

layer N1. The aerosol optical depth time series at 355 nm calculated between 32 and 37 km is displayed 196 

(a). The aerosol extinction coefficient (a) time-height cross section is plotted with a logscale colorbar (b) 197 

and the corresponding averaged profile is drawn in red (c). 198 

 199 



 

 

We can clearly see on Fig. 2 the bulk of N1 around 34 km AMSL. The lidar-derived LR is 200 

surprisingly high (129 sr) and the associated uncertainty (74 sr) denotes the difficulty to have a 201 

trusty caracterisation of this VASL that could be composed of a aerosol mixture with a wide range 202 

of properties. A mixture of fine ash, sulfates and even marine aerosol could not be excluded given 203 

the unprecendented power of the under-water explosion. It is therefore not certain that the plume 204 

is homogeneous as a function of altitude and that a LR equivalent to the aerosol column is 205 

representative of a well identified particle type. 206 

Two days later, N2 is located between 27 and 30 km. It is exceptionnally thick, both geometricaly 207 

(2-3 km, Fig.1ab) and optically, with maximum AOD values reaching 0.84 at 532 nm (see table 208 

1). To our knowledge, this is unprecedently observed in the stratosphere. It doubles the former 209 

record of 0.4 measured at Mauna Loa Observatory 90 days after the Pinatubo eruption (Antuña et 210 

al., 2002). Accordingly, the peak value of SR up to 404 at 532 nm (resp. 107 at 355 nm) is really 211 

to be noted as what could be the greatest stratospheric perturbation by aerosols at this altitude since 212 

the Krakatoa (Khaykin et al., Submitted). 213 

The following night was ideal for lidar observations. We sampled N3, another dense layer between 214 

24 and 28 km presenting values of AEC reaching 0.41 km-1 at 355 nm (Table 1). Even if they share 215 

remarkable values of AEC and AOD and close LR estimates, N2 and N3 are distinct. The different 216 

timing of passage, and the layers contours argue in favor of two independent layers (Fig.1ab). This 217 

separation is also corroborated by CALIOP (Legras et al., 2022) that sampled this double layer 218 

several times between Januay 16 and 19. We can also note from these measurements that after N1 219 

all the VASL share near zero CALIOP-derived depolarization values indicating spherical aerosol 220 

shapes (Legras et al., 2022). 221 

N3 seems to end with the beginning of N4 appearing lower in altitude (~22 km AMSL, Fig.1ab 222 

and Table 1). N4 is a thiner filamentary layer followed the next nights by N5 to N8 which tend to 223 

be lower in altitude and finally decrease in terms of AOD. To summarize extensively the 224 

significant properties of the plume, they are detailed in the Table 1. 225 

 226 

Table 1: Summary of the principal geometrical and optical characteristics of the plume. It is detailed 227 

following the Fig. 2b naming of the different layers and date (N1 to N8). AOD stands for Aerosol Optical 228 

Depth, AEC for Aerosol Extinction Coefficient and SR for Scattering Ratio. The value given are night 229 

averaged with associated standard deviations. The maximum is also added in parantheses as well as the 230 

atltiude where it could be found (“peak” in the altitude column). Note that for N1, N7 and N8 at 532 nm 231 

and N8 at 355 nm the measurements do not comply with the thresholds of signal to noise ratio, AOD and 232 

attenuated SR to be processed with our method. Thus only attenuated SR are provided. 233 

Layers 
(Jan. 

Night) 

Altitude 
Range 
(peak) 
[km] 

λ 
[nm] 

AOD  
(max) 

AEC peak (max) 
[km-1] 

SR peak (max) 
Lidar 

ratio [sr] 
Angström 
exponent 

N1 
(19) 

33 – 36 
(34.1) 

355 0.01 ± 0.01 (0.03) 0.01 ± 0.01 (0.03) 2.2 ± 1.0 (3.9) 129 ± 74 
- 

532 - - 5.8 ± 3.6 (12) - 

N2 
(21) 

27 – 30 
(29.7) 

355 0.44 ± 0.10 (0.59) 0.31 ± 0.03 (0.41) 80 ± 9.0 (107) 30 ± 2 
-0.8 ± 0.8 

532 0.60 ± 0.15 (0.84) 0.45 ± 0.05 (0.66) 272 ± 33 (404) 69 ± 11 

N3 
(22) 

24 – 28 
(26.8) 

355 0.31 ± 0.09 (0.43) 0.30 ± 0.09 (0.41) 45 ± 13 (61) 33 ± 6 
-0.7 ± 0.9 

532 0.41 ± 0.10 (0.55) 0.43 ± 0.14 (0.63) 150 ± 50 (218) 75 ± 7 

N4 
(23) 

21 – 23 
(22.1) 

355 0.01 ± 0.01 (0.04) 0.03 ± 0.04 (0.12) 3.0 ± 3.1 (10) 29 ± 5 
0.0 ± 3.5 

532 0.01 ± 0.01 (0.04) 0.03 ± 0.04 (0.13) 6.7 ± 9.0 (29) 57 ± 15 

N5 20 – 22 355 0.03 ± 0.02 (0.05) 0.06 ± 0.06 (0.18) 4.2 ± 3.7 (11) 35 ± 7 0.0 ± 1.8 



 

 

(24) (21.3) 532 0.03 ± 0.01 (0.05) 0.06 ± 0.07 (0.19) 10 ± 11 (34) 63 ± 11 

N6 
(25) 

19 – 21 
(19.3) 

355 0.08 ± 0.01 (0.10) 0.09 ± 0.03 (0.16) 3.6 ± 0.8 (6.4) 46 ± 10 
1.2 ± 0.6 

532 0.05 ± 0.01 (0.06) 0.06 ± 0.02 (0.11) 7.4 ± 1.8 (16) 65 ± 9 

N7 
(26) 

18 – 20 
(19.1) 

355 0.01 ± 0.01 (0.03) 0.02 ± 0.02 (0.06) 1.6 ± 0.5 (2.6) 44 ± 8 
- 

532 - - 2.7 ± 1.3 (5.3) - 

N8 
(27) 

18 – 20 
(19.1) 

355 - - 1.5 ± 0.1 (1.6) - 
- 

532 - - 2.2 ± 0.1 (2.4) - 

As expected following the time series of AEC profiles in Figure 1, the stratospheric AOD is 234 

extremely variable during the plume overpass. It ranges between almost four orders of magnitude 235 

with background values around 10-4 
 and maxima over 0.5 at both wavelengths. It is worth noting 236 

that the maximum of AOD is reached at 532 nm rather than at 355 nm as it is expected for most 237 

of the aerosol types. Such a result implies a negative Angström exponent (AE). AE are plotted 238 

with their corresponding LR at 355 nm in the scatterplot shown in Fig.3a. This graphic presentation 239 

highlights distinct aerosol clusters in the LR/AE plane. Taking into account the uncertainties on 240 

these values, only N6 stands out. We can still note a linear trend of the AE along time which is 241 

also corroborated by collocated atmospheric columnar properties issued by AERONET level 1.5 242 

data (AERONET Link, 2022). Known to be inversely proportional to the particle size (Schuster et 243 

al., 2006), the lidar-derived AE indicate an aerosol size distribution driven by a coarse mode (N2 244 

to N5) followed by a more typical value (1.2, N6) for ash free volcanic particles (Sellitto et al., 245 

2017).  246 



 

 

 247 
Figure 3: Scatterplot (a) of the Angström exponents and lidar ratio at 355 nm for N2 to N6. Lognormal 248 

monomode dispersion and corresponding particule radius cross-section of Angström exponent following 249 

Mie calculations for aerosol with sulfates properties (refractive index of 1.44 -5.10-3i). The contours in (b) 250 

informs on the area in the dispersion/radius plane where the optical properties for N2 to N6 are in agreement 251 

with the Mie Scattering modeling. The contours constraints come from the uncertainties and standard 252 

deviations values given in Table1. 253 

 254 

Negative values on AE are unusual, and to our knowledge, they have only been reported for coarse 255 

Saharan dust (e.g. Fernández et al., 2019; Rizzolo et al., 2017). To investigate these results we 256 

used a Mie code in order to reproduce such values. The hypothesis we made are : i) the presence 257 



 

 

of spherical particles, which is justified for sulphates but less so if there is the presence of ash ; ii) 258 

a monomodal lognormal size distribution often reported by in situ measurements on stratospheric 259 

balloons and defined by its modal radius and dispersion (Chazette et al., 1995) and iii) an aerosol 260 

mixture with the properties of sulfates particles i.e. a real (imaginary) part of the refractive index 261 

of 1.44 (-5.10-3). This hypothesis can be supported by the LR retrieved at 532 nm (~65 sr) which 262 

are coherent with the literature for volcanic aerosol driven by sulfates presence (Chazette et al., 263 

1995 ; Prata et al., 2017). The AE is given in Fig. 3b against the modal radius and the dispersion 264 

of the lognormal size distribution. The same figure could be displayed for the LR at both 355 nm 265 

and 532 nm. The AE values matching with observations detailed in Table 1 are circled for the 266 

plumes from N2 to N6 where aerosol populations could exist under the previous hypothesies. One 267 

can notice that above a modal radius of 0.3 µm, a sulfates mixture may have a neagtive AE. We 268 

can conclude that if the VASL sampled above La Réunion comply with our hypothesis, the mean 269 

radius of the particle tend to decrease a little from ~0.4 to ~0.2 µm while the monomode get more 270 

and more dispersed, the dispersion increasing from ~1.1 to ~1.8. Finally the tail of the VSP (N6) 271 

could be composed of a fine mode aerosol fraction (radius around 0.1 µm) with large values of 272 

lognormal dispersion. Give the dispersion values of this VASL, N6 does probably not comply with 273 

the monomode hypothesis but could be a bimode lognormal distribution driven by the fine mode 274 

(considering the AE values above 1).  275 

5 Discussion and summary 276 

Lidar measurements performed over Reunion Island during the first passage of the stratospheric 277 

aerosol plume emanating from the HTHH volcano eruption show a plume structure marked by a 278 

very wide altitude range (18-36 km) along time. The highest aerosol layer is observed up to 36 km 279 

AMSL for the first time by ground-based lidars. This remarkably high altitude is linked to the 280 

impressive power inherent to this phreato-plinian eruption. Few days after the eruption, the altitude 281 

of the plume decrease with time over La Reunion. It is due to strong wind gradients in the 282 

stratosphere where the wind speed increased sharply with altitude. Radiosoundings performed 283 

from La Reunion highlighted a doubling of the zonal wind speed from 15 m s-1 at 20 km AMSL 284 

to 30 m s-1 at 30 km AMSL. 285 

N1 presents surprising optical properties that could be inherent to this unprecedented eruption. In 286 

fact, the underwater caldera of the volcano and the power of the blast could have initially lift a 287 

complex mixing of aerosol that usually belong to the troposphere, including depolarizing particles 288 

such as ashes and/or sea salts. Yet, it is too delicate to conclude on this VASL based on just lidar 289 

measurements at 355 nm. However, the N2-N6 VASL turned out to be well sampled by both lidars. 290 

The synergy between these measurements allows to infer their optical properties in a more 291 

advanced way. First, we show that the AOD values recorded above La Réunion are, as far as we 292 

know, the highest ever recorded in the stratosphere (0.83 at 532 nm, peak SR of 403). According 293 

to the LR values, especially at 532 nm (~65 sr), and the known typical optical properties of volcanic 294 

aerosols, we expect to have observed a majority of sulfate particles. The unusually low AE values 295 

can be explained by the Mie theory following computation with monomode lognormal size 296 

distribution of sulfates particles with modal radius exceeding 0.3 µm in most of the cases (N2-N4). 297 

Our calculations show that these radius tend to decrease while the dispersion on the lognormal 298 

tend to increase. This result can be explained by two distinct processes. During a plinian eruption, 299 

the first injected particles are coarser than those that follow. Indeed, the atmosphere within the 300 

eruptive column is getting denser and denser as a lot of material is injected, it is then more and 301 

more difficult to lift corser and massive particles high in altitude (Brazier et al., 1983). This could 302 



 

 

explaine the increasing tendency in the Angström exponent evolution along time and altitude. 303 

Furthermore, given the AE values of N2 and N3 (~-0.8) the size distribution of the particles must 304 

contain a significant coarse mode (Jarosławski et al., 2003) probably originating from hydrophilic 305 

growth and collisional processes occurring in dense and wet aerosol layers. Indeed, given the 306 

amount of water injected by this eruption, SO2 conversion to sulfates and water uptake by these 307 

resulting particles could not be ignored (Kheykin et al, Submitted, Zhu et al., 2022). 308 

To conclude, this study presents original observations of an exceptional volcanic event resulting 309 

in an unprecedented aerosol burden at these atltitude. Considering the lidar-derived optical aerosol 310 

properties, we can assess some microphysical properties of the volcanic aerosol layers. In a second 311 

step, it would be interesting to deepen these analysis considering the in situ measurements of water 312 

vapor, SO2, and aerosols size distribution that have been made during some concomitant nights. 313 

This dataset could be an interesting challenge to converge to with microphysical aerosol modelling 314 

in chemistry transport models following such rare event. We then eventually be able to enhance 315 

our comprehension and modelisation capabilities of these complex stratospheric aerosol processes. 316 
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