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Abstract. We use the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) instrument to determine the microphysical

properties of the stratospheric aerosol plume after the Hunga eruption in 2022, the largest so far after Pinatubo in 1991. In the

early stages, low depolarization (<2%) is found everywhere except in patches of high depolarization (up to 35%) detected

within the plumes of sulfur compounds up to 3 days after the eruption. As standard CALIOP L2 products are not operational

in the case of the Hunga aerosol plume, we implement an iterative method of successive approximations to retrieve extinction5

profiles, by estimating the aerosol optical depth (AOD) and then the Lidar Ratio (LR). The AOD of the plume at 532 nm is

between 0.5 and 1.25 on the first four days, then decreases rapidly and stabilizes at 0.047± 0.011 for March 2022. LR, initially

above 70 sr, is estimated at 48 ± 6 sr between late January and late March 2022. Results are compared and validated with the

solar occultation instrument SAGE III (Stratospheric Aerosol and Gas Experiment) on board the International Space Station

(ISS) and Mie calculations. A comparison with limb-viewing instruments highlights significant quantitative disagreements in10

extinction and AOD estimates, which we attribute, in part, to the unusual size distribution of the aerosols within the Hunga

plume.

1 Introduction

After becoming active on December 20, 2021, the Hunga submarine volcano (20.57°S, 175.38°W) produced a spectacular

explosive phase, with a Volcanic Explosivity Index (VEI) of ∼6, close to Mount Pinatubo eruption in 1991 (Poli and Shapiro,15

2022), on January 15, 2022 by 04:10 UTC (Poli and Shapiro, 2022; Gupta et al., 2022; Yuen et al., 2022). This eruption injected

material up to an altitude of ∼58 km by 4:30 UTC, with most of the plume settled between 26 and 34 km altitude afterwards

(Carr et al., 2022; Khaykin et al., 2022; Podglajen et al., 2022). In the first hours, volcanic ash, ice and sulfur dioxide were
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seen in the stratosphere by geostationary satellite instruments (Himawari-8, GOES-17) before giving way to a plume where

sulfate aerosols (SA) and water vapor coexisted for a few weeks (Sellitto et al., 2022; Carn et al., 2022; Legras et al., 2022).20

This was due to the rapid conversion of sulfur dioxide, a process enhanced by the abundant presence of water vapor (Millán

et al., 2022; Zhu et al., 2022; Sellitto et al., 2024). The injected water vapor was estimated at 146 ± 5 Tg, which means an

instantaneous 10 % increase of the global stratospheric content (Millán et al., 2022; Khaykin et al., 2022). As a result, the

small, spherical, non-depolarizing liquid particles detected by spaceborne and in-situ observations (Legras et al., 2022; Kloss

et al., 2022; Baron et al., 2023) in the days following the eruption formed a long-lived SA plume that circled the globe multiple25

times, spreading slowly in latitudes between the southern polar region and 20°N (Taha et al., 2022; Legras et al., 2022; Khaykin

et al., 2022; Schoeberl et al., 2023b; Sellitto et al., 2024) and still detected at the end of 2023 (Knepp et al., 2024). The particle

size distribution (PSD) of the Hunga plume exhibited an effective radius close to 0.4 µm (Khaykin et al., 2022; Baron et al.,

2023; Boichu et al., 2023; Duchamp et al., 2023; Asher et al., 2023; Knepp et al., 2024), a mode width σ ∼ 1.25 (Duchamp

et al., 2023; Knepp et al., 2024) and a total density number of 3-5 cm−3 (Duchamp et al., 2023). This mode established quickly,30

within two weeks, and persisted many months. It differs from the background but also from other recent stratospheric eruptions

of medium intensity (Wrana et al., 2023) and established much faster than after the Pinatubo eruption (Boichu et al., 2023).

Considering these PSD parameters and a H2SO4 weight proportion of 70%, Duchamp et al. (2023) estimated the total mass of

H2SO4 in SA at 0.66 ± 0.1 Tg for the Hunga. This corresponds to an initial SO2 emission of 0.44 Tg in the stratosphere, in

line with modest early 0.4-0.5 Tg estimates (Millán et al., 2022; Carn et al., 2022; Asher et al., 2023) compared to the 18 ± 435

Tg of Pinatubo (Guo et al., 2004) and even to the 1.5 Tg of Raikoke (de Leeuw et al., 2021), with a VEI of 4 (Firstov et al.,

2020). However, recent studies suggested that the injected SO2 mass burden of the Hunga eruption could have been larger,

with 1.0-1.3 Tg SO2 column estimates using satellite data (Sellitto et al., 2024), geological processes (Wu et al., 2025) and

modeling (Bruckert et al., 2025). The monomodal distribution assumption used for the retrieval of aerosol PSD with satellite

data could lead, in the event of a second peak in the actual PSD, to a significant underestimation of the total number density40

and therefore of the total mass (Wrana et al., 2025). Sellitto et al. (2022) showed that water vapor warming impact on the top

of atmosphere radiative forcing dominated over aerosol cooling effect, leading to a - very unusual for a volcanic eruption - net

warming of the climate system two weeks after the eruption. In the longer term, other studies estimated a dominant aerosol

effect slightly decreasing surface temperatures in the Southern Hemisphere in 2022 (Schoeberl et al., 2023a; Gupta et al.,

2025). The Hunga aerosol layer is likely 1.5-10 times more effective at producing a net radiative cooling than those resulting45

from the El Chichón and Pinatubo eruptions (Sellitto et al., 2025). The aim of this study is to take advantage of the properties

of the CALIOP lidar to better characterize the composition of the young plume, and to implement a method for reconstructing

the AOD, LR and extinction profiles over the first three months following the eruption, before comparing and validating them

with others products.
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2 Data and Methods50

2.1 CALIOP & Optical Properties Retrieval

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is a two-wavelength lidar on board the CALIPSO satellite

(Vaughan et al., 2004; Winker et al., 2010). In this work, we use the L1 v4.51 532 nm total attenuated backscatter averaged

in 40 km bins in the horizontal, filtering all profiles which have been contaminated by a low-energy shot. The native vertical

resolution is preserved. The molecular backscatter - used to compute the 532 nm attenuated scattering ratio (ASR) - is calculated55

following Hostetler et al. (2006). The exceptional case of Hunga, due to the height and intensity of its plume (well separated

from the tropopause and with good signal-to-noise ratio for night orbits), allows us to retrieve the optical properties of the

plume over the first few weeks after the eruption. First, the AOD is estimated from the ASR at aerosol-free altitudes above

and below the plume. Then, we calculate the corresponding first guess LR by dividing the AOD by the vertically integrated

attenuated backscatter after subtracting molecular backscatter. We use an iterative method of successive approximations to60

remove the aerosol optical attenuation from above the aerosol layer and retrieve the aerosol extinction profiles with the final

LR. The details of the algorithm are given in the next section (2.2). LR depends on some microphysical properties of the

observed aerosols such as size, shape, and chemical composition (Fernald et al., 1972). It usually varies from about 5 to 100

sr, with small values often corresponding to large, highly reflective particles and large values suggesting the presence of small

absorbing or scattering particles, making it useful for aerosol type classification (Müller et al., 2007; Kim et al., 2018). We65

present daily results based both on individual orbits (Figure 4) and on daily averages (Figure 5, panel c). For each day, the

chosen individual orbit, termed the “most significant orbit of the day”, is the one containing the plume with the highest mean

ASR above 20 km and over a threshold value of 1.8. Then an average over a selected latitude range is performed inside the

plume. On the other side, daily zonal averages are calculated by discarding orbits where a plume is detected but processing is

not possible due to a lack of exploitable signal below the plume, that is a range free of aerosols (this case appears progressively70

from the end of February). Plume free orbits, frequent in the early stage, are counted as zero in the average of the AOD. We

limit ourselves to night-time data, as daytime data are more noisy. Measurements in the South Atlantic Anomaly (SAA) are

excluded throughout the study, between 90°W and 60°E in the Southern Hemisphere, where the Earth’s magnetic field disturbs

CALIOP measurements (Noel et al., 2014). Due to solar activity, CALIOP was not operating on 18 January and between 20

and 26 January. This procedure palliates standard CALIOP aerosol L2 products which unfortunately are not suitable for the75

type of event considered in this study (see Appendix A).

2.2 Detailed Optical Properties Retrieval

The lidar equation, after correction of the range effect, is:

β′(λ,z) = β(λ,z)exp


−2

+∞∫

z

σ(λ,z′)dz′


 (1)

3

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



where β is the backscatter coefficient, σ is the extinction coefficient and β′ is the retrieved attenuated backscatter stored in the

standard CALIOP L1B data product.80

The two coefficients are separated into a molecular, a particle and an ozone component: β = βm+βp and σ = σm+ησp+σO3

where η is the multi-scatter parameter (the O3 backscatter is neglected but not the extinction due to absorption). Molecu-

lar and particle LR are respectively Sm = σm/βm et Sp = σp/βp. According to Hostetler et al. (2006) (p.28-29), we can

solve the molecular part using βm(λ,z) = 3
8πkbw(λ)σm(λ,z) and σm(λ,z) =Nm(z)Qs(λ) with kbw(532 nm) = 1.0313 and

Qs(532 nm) = 5.167×10−31 m2.mol−1, whereNm is the molecular number density. σO3(λ,z) =NO3(z)QO3(λ,T ), where85

NO3 is the ozone number density and QO3 is the ozone cross-section, dependent on temperature T , measured by Serdyuchenko

et al. (2014). The attenuated scattering ratio is defined as SR = β′/βm at 532 nm. For a pure molecular profile, it is therefore:

SRm(z) = exp


−2

+∞∫

z

(σm(λ,z′) +σO3(λ,z′))dz′




which is always lower than 1. We now define Γ as the ratio of SR to SRm:

Γ(z) =
SR(z)

SRm(z)
=

(
1 +

βp(z)
βm(z)

)
exp


−2

+∞∫

z

ησp(z′)dz′


 (2)

In practice, +∞ is the top of the vertical domain of CALIOP detection, that is 40 km, above which attenuation is assumed to90

be negligible.

We consider now an aerosol layer which is isolated between a bottom altitude zB and a top altitude zT , that is there is no

aerosol above zT and there is a layer without aerosols below zT . The AOD of this layer is
∫ zT

zB
ησp(z′)dz′. As βp(z) = 0 for

z ≤ zB and z ≥ zT , the AOD can be obtained as:

AOD =−1
2

ln
(

Γ(z−B)
Γ(z+

T )

)
(3)

where Γ(zB
−) and Γ(zT

+) stand, respectively, for a layer free of aerosol below and above the aerosol layer. In practice, for95

an aerosol layer with no other aerosols above, Γ(z+
T ) can be set to 1. For z ≤ zB , we require a layer of Γ fluctuating around a

minimum which is thicker than 1 km to decide that is can be considered as free of aerosols and usable to measure the AOD.

Of course, this is liable to artifacts especially for small AOD and therefore our estimate in such cases must be taken as a lower

bound.

It is also necessary to correct Γ from the fact that the background is not totally free of aerosols and for calibration issues.100

Unlike Martinsson et al. (2022) who uses a constant correction factor but for lower altitudes, we estimate it from the attenuated

scattering ratio observed in 2021 in a state of CALIOP laser similar to 2022 and for a weakly perturbed stratosphere (besides

the remaining aerosols of the 2019-2020 Australian wildfires). For each Hunga case, the 2021 attenuated scattering ratio is

averaged at the same latitude and time of the year between 17 km and the altitude of the bottom of the plume. This average

is used as a reference for the AOD calculation from the same average made in 2022 under the plume introducing a corrective105

factor. This factor usually larger than one divides Γ(z−B). As the background aerosols are possibly replaced and then missing
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within the Hunga plume, their effect might not need to be compared and therefore we show results obtained with and without

the correction (Figure 5).

Once the AOD is known, and assuming that the particle lidar ratio Sp is constant over the aerosol layer (which means

uniform microphysical properties), we have:110

C(z) =
Γ(z)
Γ(zT )

=
(

1 +
σp(z)

Spβm(z)

)
exp


−2

zT∫

z

ησp(z′)dz′


 (4)

where C(z) is known from the observations and the molecular properties. For a given Sp, this equation can be solved from the

top. Since Sp is not known, a determination of Sp and σp can be done iteratively using:

Spβm(z)(C(z)exp


2

zT∫

z

ησp(z′)dz′


− 1) = σp(z) (5)

The first iteration neglects aerosol attenuation for a first guess of Sp:

ηSp

zT∫

zB

βm(z)(C(z)− 1)dz =−AOD (6)

This integral can be calculated using the trapezoidal rule over a set of discretized levels. The following iterations calculate

σp(z) downward from zT using (5). If the vertical discretization is defined, counting from the top, with a step ∆z and if zT115

and zB are, respectively, the levels i and j with j > i, the first part of the iteration calculate the extinction and the attenuation

factor d by initializing them as:

d(i) = 1

σp(i) = Spβm(i)(C(i)− 1)

and then for k in [i + 1, j]:

d(k) = d(k− 1)exp(2ησp(k− 1)∆z) , (7)

σp(k) = Spβm(k)(C(k)d(k)− 1)

The second part of the iteration recalculates Sp as:

S∗p =
AOD

η

[
j∑

k=i

βm(k)(1−C(k)d(k))∆z

]−1

. (8)

where the sum is performed using the trapezoidal rule. The new estimate of Sp is then obtained by combining the previous120

estimate with (8) as:

Sp←
1
2
(Sp + S∗p) (9)
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The iteration is made until Sp converges. The convergence is greatly accelerated by (9) and is in practice obtained in less than

8 steps for all investigated cases.

In this study, we neglect multiple scattering by setting η = 1.125

Figure 1 shows an example (Cloud C1 from January 17) of the procedure described above from the attenuated scattering ratio

(1a, 1b, 1c; computed with the attenuated backscatter stored in the L1B files) to the aerosol extinction σp (1g). The standard

deviation from the mean (1j, 1j, 1l) is chosen to calculate the error bars for the individual cases. For this specific case, we

calculate an AOD of 1.24 ± 0.13 and then a LR of 70.9 ± 2.5 sr.

2.3 SAGE III/ISS130

The Stratospheric Aerosol and Gas Experiment III (SAGE III) instrument, on board the International Space Station (ISS), has

been providing measurements of solar occultations since June 2017 (Cisewski et al., 2014). The instrument provides aerosol

extinctions at nine wavelengths from 384 to 1543 nm in 0.5 km vertical steps between 0 and 45 km altitude. The instrument

observes about 15 sunrises and 15 sunsets per day with a latitudinal range which varies depending on the period of year. The

aerosol extinctions are retrieved as residuals of a spectral multilinear fit for O3 and NO2 but do not require any size distribution135

assumptions unlike instruments with limb-scatter geometry like OSIRIS (Bourassa et al., 2007) and OMPS-LP (Loughman

et al., 2018). Due to its low geographical sampling, SAGE III only began to observe the Hunga SA plume from February 2022,

with several profiles on only 3 days (February 7, 15 and 16), whereas the plume was detected for most of the days in March

2022. For this study, we use the version 5.3 of the SAGE III/ISS level 2 solar aerosol product.

2.4 OMPS-LP140

The Ozone Mapping and Profiler Suite Limb Profiler (OMPS-LP) instrument, on board the Suomi-NPP satellite, provides

aerosol extinction profiles from measurements of the scattered solar radiation in 1 km vertical steps. In this study, we use

the 745 nm band of the v2.1 aerosol extinction retrieval algorithm developed by NASA (Taha et al., 2021) and two other

OMPS-LP products : the 745 nm band of the v1.3 aerosol extinction product developed by the University of Saskatchewan

(USASK) (Bourassa et al., 2023) and the 869 nm band of the v2.1 aerosol extinction coefficient product developed by the145

Institute of Environmental Physics (IUP) after a conversion to 745 nm (Rozanov et al., 2024). Of the three slits separated by

250 km at the tangent point designed to observe the atmosphere (Jaross et al., 2014), we use the middle one as it has better

straylight performance and pointing knowledge. The extinction is averaged daily over all orbits of that day outside the SAA

zone and after a horizontal interpolation to a standard latitude grid of 1.1° resolution that corresponds to the mean resolution

of OMPS-LP in the considered range of latitudes.150

2.5 OSIRIS

The Optical Spectrograph and InfraRed Imaging System (OSIRIS), on board the Odin satellite, measures vertical profiles of

spectrally dispersed, limb scattered sunlight from the upper troposphere to the lower mesosphere (Llewellyn et al., 2004). In

6

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 1. (a) CALIOP 532 nm attenuated scattering ratio SR from orbit 2022-01-17T17-24-22-ZN on January 17, 2022. (b) Same as (a)

but averaged between 18°S and 14°S. (c) Horizontal section of (a) at 17.5 km altitude. (d) Blue curve: same as (b) (SR, no molecular

attenuation). Orange curve: (b) taking into account molecular attenuation including O3 transmission (Γ, eq. 2). (e) Same as (d) with a

reduced scale to better see variations in the vicinity of 1. (f) Orange curve: Same as (e). Blue dotted line: corresponds to Γ(z−B ). (g) Aerosol

extinction σp retrieved together with Sp. (h) One-way attenuated aerosol extinction σ′p which is σp/
√

d. (i) Blue curve: measured CALIOP

attenuated scattering ratio. Orange curve: reconstructed attenuated scattering ratio from retrieved σp, Sp and d. Green curve: reconstructed

non attenuated scattering ratio from retrieved σp and Sp. (j) Mean (Γ(z−B ), blue dotted line), median (red dotted line) and standard deviation

(blue area) of Γ calculated below the aerosol layer. (k) and (l) are respectively the corresponding aerosol extinction σp and LR & AOD from

Γ values (j). 7
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this work, we use v7.3 of the level 2 Odin/OSIRIS stratospheric aerosol extinction coefficient profile at 750 nm (Rieger et al.,

2019) using a multiwavelength retrieval that improves the accuracy of the extinction product by reducing sensitivity to the155

unknown PSD in the inversion. This product provides aerosol extinction coefficient in 1 km vertical steps between 0.5 and 44.5

km altitude.

2.6 Mie Calculations

We convert CALIOP AOD results from 532 nm to 756 nm and obtain the theoretical LR as a function of the PSD (see

Section 3.2) by calculating extinction and backscatter coefficient using miepython (see Data availability), a python code im-160

plementing the Mie theory according to Wiscombe (1979). As input, we use fixed real part refractive indices from the GEISA

database (Armante et al., 2016), for a temperature of 215 K and a H2SO4 weight proportion ws of 70% (Tabazadeh et al.,

1997) considering that the rest of the liquid droplet is water (Biermann et al., 2000), that is {n532,n756}= {1.439,1.438}. As

the SA have a very low absorption in the shortwave spectral range (Palmer and Williams, 1975), we fix the imaginary part of

the refractive index to 10−6. Unimodal lognormal size distribution is assumed for the Hunga SA plume following the results of165

Duchamp et al. (2023). From this article (Fig. 2), we derive median radius rm = 0.35 µm and mode width σ = 1.25, producing

a conversion factor from 532 to 756 nm of 0.815.

3 Results

3.1 Plume Composition

The Hunga eruption injected volcanic ash, SO2 and water vapor into the stratosphere (Millán et al., 2022; Legras et al., 2022).170

The ash/ice component rapidly dissipated, likely due to sedimentation (Sellitto et al., 2022; Khaykin et al., 2022). A remaining

ash or ice plume was observed by CALIOP on January 15 between 33 and 39 km altitude with a high depolarization ratio (over

30%, see Figure 2a), then it was observed again on January 16 by CALIOP and by a ground-based lidar over Reunion island on

January 20 (Baron et al., 2023). After that date, it could be followed only by OMPS-LP (Taha et al., 2022). The main plume of

sulfur compounds was revealed by Himawari 8 and IASI observations within a day of the main eruption suggesting two separate175

aerosol clouds named C1 and C2 (Sellitto et al., 2022; Legras et al., 2022), moving westward, which were also observed by

CALIOP (Figure 2b) and by UV satellite instruments (Carn et al., 2022). These observations suggested that the conversion of

SO2 into sulfates was very fast for the two clouds, especially for the moistier C1 (Sellitto et al., 2022). Both clouds exhibited

a high scattering ratio with very low depolarization in their bulk indicating the predominance of small spherical particles.

Nevertheless, two small patches were observed, in the lower part of C2, of higher depolarization close to 35% with a large180

color ratio (CR), which suggested remaining ice crystals or ash.

Two successive orbits from January 17 (Figure 2c, 2d) revealed, in turn, the two clouds with spots of maximum depolar-

ization of 4-5% which could have corresponded to dissipating ice or falling ash. Some other pockets of depolarization were

observed in other aerosol clouds below 18 km altitude (not shown). The higher depolarization spots also exhibited a larger CR

8
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Figure 2. 6 CALIOP night orbits on January 15 (a), 16 (b), 17 (c, d) and 19 (e, f). For each panel, from left to right, are represented the

532 nm ASR, the 532 nm depolarization ratio (DR in %, orthogonal channel/total) and the 1064 nm / 532 nm color ratio (CR, 1064 nm

backscatter coefficient is not available above 30 km).

9
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Figure 3. Theoretical CR (1064/532 nm) calculated with a Mie code (See Section 2.6) as a fonction of the partial optical depth from the top

of the plume for possible PSD assumptions in the early plume (reff = 0.2 µm with σ = 1.6 in blue, reff = 0.3 µm with σ = 1.4 in orange

and reff = 0.4 µm with σ = 1.3 in green).

compared with other plume sections, consistent with the dissipation of solid particles (Prata et al., 2017). At this stage, the185

aerosol index from UV satellite instruments did not reveal any ash in the two clouds (Taha et al., 2022).

The two clouds were seen again on January 19 (Figure 2e, 2f) with depolarization everywhere below 2%, before the inter-

ruption of CALIOP operations. During this interruption, the two clouds elongated under the zonal shear (Legras et al., 2022)

and were no longer easily distinguishable after January 27 when CALIOP resumed operation. All the subsequent orbits showed

very low depolarization and CR, consistent with a plume containing only small spherical particles.190

We note an increase in the CR towards the bottom of plume, by a factor 2 to 4 (Figure 2, panels c, d). Although this feature

could reflect an actual change in the particle size, it is quantitatively consistent with differential attenuation between the two

wavelengths keeping a constant size distribution and we interpret it as such.

Figure 3 shows that the apparent CR calculated from attenuated backscatter increases with the partial optical depth from the

top of the plume and so may vary significantly across the plume when the AOD (that is the total optical depth) is large, even195

with uniform optical properties. For instance, this can be seen for cloud C1 on January 17, with theoretical CR values ranging

10
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from 0.4 to 1.2 and 1.75 (green and orange PSDs respectively) from top to bottom of the plume (CALIOP AOD value of 1.24)

in agreement with the observed CR values provided by CALIOP (Figure 2, panel d).

3.2 Optical Properties

Figure 4 shows the temporal evolution of the 532 nm AOD (a) and LR (b) along selected orbits over the first few weeks of200

plume dispersion in the stratosphere. Early AOD values were :

1. January, 16 : AODC1 = 0.51 ± 0.07 ; AODC2 = 0.59 ± 0.08

2. January, 17 : AODC1 = 1.24 ± 0.13 ; AODC2 = 1.01 ± 0.12

3. January, 19 : AODC1 = 0.62 ± 0.08 ; AODC2 = 0.89 ± 0.09

Using a similar method for January 16, Sellitto et al. (2022) obtained values of≈ 0.55 for C1 and≈ 0.60 for C2. On January 19,205

a peak in AOD, reaching ≈ 1 at 500 nm and lasting about 12 hours, was recorded by ground-based photometric observations

from the AERONET station of Learmonth, western Australia (Boichu et al., 2023). CALIOP measurements then were inter-

rupted but a 532 nm ground-based lidar located on Reunion Island (21.08°S, 55.38°E) provided Hunga plume AOD maximum

values of 0.84 and 0.55 respectively on January 21 and 22 (Baron et al., 2023) also detected in AERONET stations measure-

ments on Reunion Island (Boichu et al., 2023). The values of the ground measurements were consistent with the CALIOP210

values recorded before (0.89 and 0.62 for January 19) and after the interruption (0.15 and 0.24, respectively, for January 27

and 28). AOD values rapidly decreased during the first few weeks after the eruption. In March 2022, the AOD curve tended to

stabilize at a monthly value of 0.047 ± 0.011 (error calculations with independent data, see Appendix B).

The LR calculations fluctuated mainly between 40 and 60 sr between January 27 and March 25, with a slightly downward

trend over time, resulting in a mean value of 48 ± 6 sr over this period. LR values, like AOD values, were highest during the215

four days following the eruption, when the plume was compact and localized, with values between 60 and 80 sr for C1 and C2.

The Reunion Island lidar measured early LR within the Hunga peak aerosol plume between 68 and 75 sr at 532 nm between

January 21 and 23 (Kloss et al., 2022; Baron et al., 2023).

Some properties of the Hunga plume were comparable to those produced by other volcanic eruptions. The two-month

average of the LR was similar to the 48 sr value at 532 nm and 16 km altitude observed for the Nabro SA plume in June 2011220

(Sawamura et al., 2012) and to the unconstrained assumed value 50 sr used in CALIOP L2 retrieval. One hypothesis to the

high early LR values is that they resulted from the presence of residual ash (see Section 3.1) as ash could tend to increase the

LR (Vaughan et al., 2021). Prata et al. (2017) found mean LR of 69± 13 sr, at 532 nm using CALIOP at a top mean altitude of

12.5 km for the Puyehue-Cordón Caulle eruption in June 2011. Lopes et al. (2019) retrieved LR values of 76 ± 27 sr between

altitudes of 18 and 19.3 km for the Calbuco eruption in April 2015. Both of these two eruptive plumes were characterized225

by a relatively large amount of ash. Another hypothesis is that the effective radius of the sulfate particles was smaller while

maintaining a narrower distribution (Figure 6).

In order to test our method, we compare the results with extinction profile data from passive spaceborne sensors at coinciding

measurement points. Figures 5a and 5b show collocated individual profiles of CALIOP, SAGE III and OMPS-LP on February
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Figure 4. (a) Evolution of the AOD retrieved from CALIOP 532 nm attenuated backscatter between January 16 and March 25, 2022. Blue

and orange circles correspond respectively to C1 and C2 early clouds. When we can no longer easily distinguish these two plumes, from

January 27 onwards, we use the green circles to represent the case of the most significant orbit of the day over all the night orbits of the day

outside the SAA zone (see Section 2.1). (b) Same as (a) for LR. The error bars come from standard deviation to the mean calculations (see

Figure 1j).
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15 near the equator and March 20 near 20°S. Such coincidences are rare events over the period due to the scarce spatiotemporal230

sampling of SAGE III profiles (see Section 2.3). In both cases, the very good agreement between CALIOP and SAGE III

extinction profiles is striking in terms of profile shape and values. Data from the three OMPS-LP products agree regarding

the altitude of the extinction peak, but significantly underestimate its magnitude compared to direct extinction measurements

from SAGE III, which we take as a reference (see Section 2.3). The discrepancy arises from the limited sensitivity of OMPS-

LP in the early stages, as its long limb path prevents it from seeing into the plume effectively and the retrieval dependency235

on particle size assumptions (Bourassa et al., 2023). The gap becomes smaller with time as the plume gets diluted, as seen

by comparing March 20 with February 15. The IUP product exhibits higher peak values than the other OMPS-LP products,

bringing it closer in magnitude to SAGE III and CALIOP. Below the peak, the larger extinction in the NASA product is due to

an artifact originating from a convergence problem in the algorithm that will be corrected in the next version.

In Figure 5c, we compare the evolution of AOD daily zonal means with the same products of Figures 5a and 5b, adding the240

observations from the OSIRIS instrument (see Section 2.5). The figure also shows the SAGE III average over March 2022. The

SAA longitudes are excluded for all instruments but SAGE III. Until early March, all curves show the same variations with

two wide gaps corresponding to two periods where the bulk of the plume was located in the SAA region. CALIOP values for

the January 16 are lower than those for January 17 and 19 due to sampling (also visible in Figure 4). Over January and early

February, the 756 nm CALIOP converted curve is above the others with the OMPS-LP NASA product providing the closest245

match — likely overestimated due to the artifact below the peak. In the second half of February, the converted CALIOP curve

and the OMPS-LP curves agree within the uncertainty which ranges between 15% and 50% for CALIOP (see Figure B1) and,

with OMPS-LP NASA, above all other curves. After March 1st, when the dispersion removes the SAA dependency, CALIOP

AOD falls below the OMPS-LP NASA data which remains at constant level and matches SAGE III. This may be due to the

difficulty to measure AOD on many CALIOP orbits as the plume gets diluted, weakening the average signal, while the higher250

sensitivity of OMPS-LP still produces reliable results. However, the CALIOP curve falls within the other OMPS-LP products

and, when the AOD is large (panel b), individual profiles still match SAGE III. Based on these results, we fit an exponential-

decay curve to CALIOP before March and SAGE III data in March, suggesting an overall decay of the AOD with an e-folding

time of 19.3 days. The use of correction factor (see Section 2.2) for CALIOP data does not significantly change the results

(orange vs. ochre curves). The OMPS-LP values of AOD, and differences between the three products, are consistent with255

existing literature (Sellitto et al., 2022; Taha et al., 2022; Khaykin et al., 2022; Bourassa et al., 2023) and their differences

with SAGE III are on average smaller than with individual profiles for which the low sensitivity bounds the values. The AOD

curve from OSIRIS is far below the others with values∼0.01. The substantial low bias in OSIRIS aerosol extinction during the

Hunga time period has been previously noted by Rozanov et al. (2024). It is believed to be caused by particle size distribution

assumptions in the retrieval that are amplified relative to OMPS-LP by the higher solar zenith angles under which OSIRIS260

operates. The unusual aerosol size distribution of the Hunga plume leads to the significant quantitative disagreements in AOD

estimates from scattered light measurements due to the different size distribution assumptions, as well as the sensitivity of the

instrument.
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Figure 5. (a) Collocated profiles from CALIOP, SAGE III and OMPS-LP on February 15. CALIOP profile is averaged between 4°S and

2°S at 178.5°E and 14:43 UTC. SAGE III profile is measured at 3.2°S, 178.4°E and 18:17 UTC. OMPS-LP profile is averaged between

4°S and 2°S at 171.7°W and 00:54 UTC. (b) Collocated profiles from CALIOP, SAGE III and OMPS-LP on March 20. CALIOP profile is

averaged between 21.3°S and 19.3°S at 87.2°E and 20:40 UTC. SAGE III profile is measured at 20.3°S, 88.1°E and 00:15 UTC (March,

21). OMPS-LP profile is averaged between 21.3°S and 19.3°S at 95.5°E and 07:16 UTC. CALIOP night orbits and OMPS-LP day orbits

will always have a time lag of about half a day. To compensate for this, we choose a different spatial band between CALIOP and OMPS-LP,

taking into account the ERA5 angular velocity using panels (d) and (f) from Fig. 1 in Legras et al. (2022). Shading corresponds to the two

OMPS-LP profiles that are averaged over the 2° latitude band. (c) Comparison of daily averaged AOD retrieval excluding profiles in the

SAA longitudes from CALIOP (see Section 2.1) with several products from passive sensors measuring extinction (SAGE III, OMPS-LP

and OSIRIS). Calculations are made between 17.5 and 31.5 km altitude and averaged between 20°S and 10°S. The ochre curve represents

CALIOP AOD without correction (see Section 2.2). The OMPS-LP products contain a large amount of data per day, whereas SAGE III and

OSIRIS provide much less data due to their measurement geometry. This is why OSIRIS is missing a few days, and the SAGE III values (red,

accounting all longitudes, and green, excluding SAA longitudes) for March are monthly averages. The black boxes represent time periods

when the main part of the plume is in the SAA zone. For all the three plots, CALIOP 756 nm is converted from CALIOP 532 nm using Mie

calculations (see Section 2.6). 14

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 6. Theoretical LR calculated with a Mie code (see Section 2.6) as a function of the effective radius reff and mode width σ of a

lognormal distribution. The black cross represents the mean values from SAGE III of reff and σ - respectively 0.40 µm and 1.29 - inside the

plume in March 2022 between 30°S and 10°S taken from Figure 2 in Duchamp et al. (2023).

Assuming the Hunga plume consists of small spherical particles, the observed LR is liable to be compared with Mie theo-

retical calculations. Figure 6 shows the numerically calculated 532 nm LR as a function of PSD parameters for a lognormal265

distribution. LR is very sensitive to PSD variations for reff ranging from ≈ 0.1 to 0.5 µm and for low σ values. The black

cross, representing the average reff and σ within the plume observed by SAGE III for March 2022 in the tropics, corresponds

to a theoretical LR of ≈ 52 sr, well within the range of values determined by our CALIOP estimate, enhancing the overall

confidence in our results.

4 Conclusions270

The CALIOP lidar monitored the formation and evolution of Hunga aerosol plumes in the stratosphere from the day of the

eruption to the end of its mission in mid-2023, fuelling numerous studies (Sellitto et al., 2022; Legras et al., 2022; Khaykin
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et al., 2022). The quality and high resolution of its night-time measurements, with a good signal-to-noise ratio, provides several

insights into the composition of the plume. First, the detection of highly depolarized pockets in the early plumes suggests the

presence of remaining ice crystals or ash. The optical properties of aerosols for well-separated plumes in the first few days275

after the eruption, as well as for the uniform, dispersed plume in the following weeks, could then be estimated. The AOD of

the plume is between 0.5 and 1.25 on the first four days, then, values decrease and stabilize at 0.047 ± 0.011 for March 2022.

LR values, initially above 70 sr, is estimated at 48 ± 6 sr over the January 27 - March 25 period. The data are compared and

validated on individual profiles with direct extinction measurements by solar occultations from SAGE III when it detects the

plume, and with Mie theoretical calculations. CALIOP values are higher than those of the various OMPS-LP products. In terms280

of daily averaged AOD, the NASA product shows the closest match during the early, concentrated stage of the plume (until

March 2022). For individual extinction profiles, the IUP product provides slightly better agreement than the other OMPS-LP

products.

Data availability. CALIPSO Lidar Level 1B profile data, V4-51 are available at: https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_

L1-Standard-V4-51. SAGE III/ISS L2 Solar Event Species Profiles V053 data set is available from https://doi.org/10.5067/ISS/SAGEIII/285

SOLAR_NetCDF4_L2-V5.3. OMPS-LP V2.1 aerosol extinction coefficient data product from the IUP is available at https://www.iup.

uni-bremen.de/DataRequest. OMPS-NPP L2 LP Aerosol Extinction Vertical Profile swath daily 3slit V2 data from NASA are available

at https://doi.org/10.5067/CX2B9NW6FI27. OMPS-NPP L2 LP USask Aerosol Extinction Vertical Profile swath daily V1.3 data are avail-

able at sftp://odin-osiris.usask.ca. OSIRIS L2 V7.3 data are available at https://arg.usask.ca/docs/osiris_v7/. miepython is a free package

available from https://miepython.readthedocs.io/en/latest/ and https://doi.org/10.5281/zenodo.11135148. We used version 2.5.4 in this study.290

AERIS has provided access to the GEISA database at https://geisa.aeris-data.fr.

Appendix A: NASA Standard CALIOP L2 Product

NASA has developed standard L2 level products derived from the attenuated backscatter and offers orbital files of type

‘05kmAPro’ (https://doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_05kmAPro-Standard-V4-51) and ‘05kmALay’ (https:

//doi.org/10.5067/CALIOP/CALIPSO/CAL_LID_L2_05kmALay-Standard-V4-51) containing variables we retrieve as part of295

our study such as the 532 nm extinction coefficient, the 532 nm stratospheric AOD (SAOD), the initial and final 532 nm LR

and associated quality flags, among others (Young et al., 2008).

The Figure A1 presents NASA L2 data for 3 orbits containing the Hunga SA plume on 17 (a, C2), 19 (b, C1) and 27 January

(c). Most of the time, the LR is not constrained and its value does not change from that set at the outset, which is 50 sr. When

the value is constrained, the algorithm seems to produce abnormally low LR values under 50 sr and sometimes close to 0 sr.300

In comparison, the values we obtain in the plume are respectively 72.5 ± 3.5 sr, 62.6 ± 4.6 sr and 54.7 ± 12.4 sr for orbits

from panel (a), (b) and (c). This can lead to important differences for the retrieval of extinction and SAOD. For instance, mean

NASA SAOD is around 0.4 (maximum around 0.7) while we find 1.01 in averaging inside the plume for orbit from panel (a).
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Figure A1. 3 CALIOP night orbits on January 17 (a, C2), 19 (b, C1) and 27 (c). For each panel, from left to right, are represented the 532

nm extinction coefficient, the 532 nm LR (extinction/backscatter), whether the LR is constrained (1) or not (0) to retrieve the extinction and

the 532 nm stratospheric AOD (SAOD).
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Figure B1. Same as Figure 5c with error bars for CALIOP 532 nm daily AOD.

Appendix B: Error Calculation of an Averaged Variable

To calculate the error bars for an averaged variable, on a daily basis or over several weeks, we use the following formula, which305

applies when the data are independent:

σX̄ =
1√
N

√√√√ 1
N

N∑

i=1

σ2
i (B1)

with σX̄ the standard deviation of the variable X , σi the standard deviation of each element i of X and N the number of

elements in X .

Figure B1 shows the error bars for the averaged 532 nm CALIOP retrieved AOD. The error bars can be large in the first

few days because we do not take into account orbits with no plume (no retrieval possible, so no associated error) in the error310

calculation so as not to bias the results, whereas we do take them into account as a zero value in the calculation of the mean

in order to make the best possible comparison with the other instruments. Between late January and early March, errors are

between 15 and 50%. After, errors increase again as a result of signal attenuation and noise.

Author contributions. CD and BL conceived the study. CD, BL and AP developed the code. CD, BL, AP and PS conducted the analyses

and wrote the original draft. AEB and DJZ provided support regarding the usage of the OSIRIS and OMPS-LP USASK data products. AR315

provided support regarding the usage of the OMPS-LP IUP data product. GT provided support regarding the usage of the OMPS-LP NASA

data product. All authors contributed to the discussion and improvement of the initial paper.

18

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Competing interests. The authors declare no competing interests.

Acknowledgements. This study has been supported by the Agence Nationale de la Recherche under Grant 21-CE01-0007-01 (ANR ASTuS)

and the Centre National d’Études Spatiales (CNES) under Grant N° 5100020313 and Grant EXTRA-SAT. OSIRIS operations and data320

processing are supported by the Swedish National Space Agency and the Canadian Space Agency. The University of Bremen team was

funded in part by the European Space Agency (project CREST), by the German Research Foundation (VolImpact, FOR2820), and by the

University of Bremen and state of Bremen. The calculations for this study were done at NHR@ZIB and NHR@Göttingen (project hbk00098).

Ghassan Taha has been supported by the National Aeronautics and Space Administration, Earth Science Division grant no. 80NSSC23K1037.

19

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



References325

Armante, R., Scott, N., Crevoisier, C., Capelle, V., Crepeau, L., Jacquinet, N., and Chédin, A.: Evaluation of spectroscopic databases through

radiative transfer simulations compared to observations. Application to the validation of GEISA 2015 with IASI and TCCON, Journal of

Molecular Spectroscopy, 327, 180–192, https://doi.org/10.1016/j.jms.2016.04.004, 2016.

Asher, E., Todt, M., Rosenlof, K., Thornberry, T., Gao, R.-S., Taha, G., Walter, P., Alvarez, S., Flynn, J., Davis, S. M., Evan, S., Brioude, J.,

Metzger, J.-M., Hurst, D. F., Hall, E., and Xiong, K.: Unexpectedly rapid aerosol formation in the Hunga Tonga plume, Proceedings of330

the National Academy of Sciences, 120, e2219547 120, https://doi.org/10.1073/pnas.2219547120, 2023.

Baron, A., Chazette, P., Khaykin, S., Payen, G., Marquestaut, N., Bègue, N., and Duflot, V.: Early Evolution of the Stratospheric Aerosol

Plume Following the 2022 Hunga Tonga-Hunga Ha’apai Eruption: Lidar Observations From Reunion (21°S, 55°E), Geophysical Research

Letters, 50, e2022GL101 751, https://doi.org/10.1029/2022GL101751, 2023.

Biermann, U. M., Luo, B. P., and Peter, T.: Absorption Spectra and Optical Constants of Binary and Ternary Solutions of H2SO4,335

HNO3, and H2O in the Mid Infrared at Atmospheric Temperatures, The Journal of Physical Chemistry A, 104, 783–793,

https://doi.org/10.1021/jp992349i, 2000.

Boichu, M., Grandin, R., Blarel, L., Torres, B., Derimian, Y., Goloub, P., Brogniez, C., Chiapello, I., Dubovik, O., Mathurin, T., Pascal, N.,

Patou, M., and Riedi, J.: Growth and Global Persistence of Stratospheric Sulfate Aerosols From the 2022 Hunga Tonga–Hunga Ha’apai

Volcanic Eruption, Journal of Geophysical Research: Atmospheres, 128, e2023JD039 010, https://doi.org/10.1029/2023JD039010, 2023.340

Bourassa, A. E., Degenstein, D. A., Gattinger, R. L., and Llewellyn, E. J.: Stratospheric aerosol retrieval with optical spec-

trograph and infrared imaging system limb scatter measurements, Journal of Geophysical Research: Atmospheres, 112,

https://doi.org/10.1029/2006JD008079, 2007.

Bourassa, A. E., Zawada, D. J., Rieger, L. A., Warnock, T. W., Toohey, M., and Degenstein, D. A.: Tomographic Retrievals of Hunga Tonga-

Hunga Ha’apai Volcanic Aerosol, Geophysical Research Letters, 50, e2022GL101 978, https://doi.org/10.1029/2022GL101978, 2023.345

Bruckert, J., Chopra, S., Siddans, R., Wedler, C., and Hoshyaripour, G. A.: Aerosol dynamic processes in the Hunga plume in January 2022:

Does water vapor accelerate aerosol aging?, preprint, 2025, 1–36, https://doi.org/10.5194/egusphere-2024-4062, 2025.

Carn, S. A., Krotkov, N. A., Fisher, B. L., and Li, C.: Out of the blue: Volcanic SO2 emissions during the 2021–2022 eruptions of Hunga

Tonga—Hunga Ha’apai (Tonga), Frontiers in Earth Science, 10, 976 962, https://doi.org/10.3389/feart.2022.976962, 2022.

Carr, J. L., Horvath, A., Wu, D. L., and Friberg, M. D.: Stereo Plume Height and Motion Retrievals for the Record-350

Setting Hunga Tonga-Hunga Ha’apai Eruption of 15 January 2022, Geophysical Research Letters, 49, e2022GL098 131,

https://doi.org/10.1029/2022GL098131, 2022.

Cisewski, M., Zawodny, J., Gasbarre, J., Eckman, R., Topiwala, N., Rodriguez-Alvarez, O., Cheek, D., and Hall, S.: The Stratospheric Aerosol

and Gas Experiment (SAGE III) on the International Space Station (ISS) Mission, in: Sensors, Systems, and Next-Generation Satellites

XVIII, edited by Meynart, R., Neeck, S. P., and Shimoda, H., vol. 9241, p. 924107, International Society for Optics and Photonics, SPIE,355

https://doi.org/10.1117/12.2073131, 2014.

de Leeuw, J., Schmidt, A., Witham, C. S., Theys, N., Taylor, I. A., Grainger, R. G., Pope, R. J., Haywood, J., Osborne, M., and Kristiansen,

N. I.: The 2019 Raikoke volcanic eruption – Part 1: Dispersion model simulations and satellite retrievals of volcanic sulfur dioxide,

Atmospheric Chemistry and Physics, 21, 10 851–10 879, https://doi.org/10.5194/acp-21-10851-2021, 2021.

20

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Duchamp, C., Wrana, F., Legras, B., Sellitto, P., Belhadji, R., and von Savigny, C.: Observation of the Aerosol Plume From360

the 2022 Hunga Tonga—Hunga Ha’apai Eruption With SAGE III/ISS, Geophysical Research Letters, 50, e2023GL105 076,

https://doi.org/10.1029/2023GL105076, 2023.

Fernald, F. G., Herman, B. M., and Reagan, J. A.: Determination of Aerosol Height Distributions by Lidar, Journal of Applied Meteorology

and Climatology, 11, 482 – 489, https://doi.org/10.1175/1520-0450(1972)011<0482:DOAHDB>2.0.CO;2, 1972.

Firstov, P. P., Popov, O. E., Lobacheva, M. A., Budilov, D. I., and Akbashev, R. R.: Wave perturbations in the atmosphere ac-365

companying the eruption of the Raykoke volcano (Kuril Islands) 21–22 June, 2019, Geosystems of Transition Zones, 4, 82–92,

https://doi.org/10.30730/2541-8912.2020.4.1.071-081.082-092, 2020.

Guo, S., Bluth, G. J. S., Rose, W. I., Watson, I. M., and Prata, A. J.: Re-evaluation of SO2 release of the 15 June 1991 Pinatubo eruption

using ultraviolet and infrared satellite sensors, Geochemistry, Geophysics, Geosystems, 5, https://doi.org/10.1029/2003GC000654, 2004.

Gupta, A., Mittal, T., Fauria, K., Bennartz, R., and Kok, J.: The January 2022 Hunga eruption cooled the southern hemisphere in 2022 and370

2023, Communications Earth & Environment, 6, 240, https://doi.org/10.1038/s43247-025-02181-9, 2025.

Gupta, A. K., Bennartz, R., Fauria, K. E., and Mittal, T.: Eruption chronology of the December 2021 to January 2022 Hunga Tonga-Hunga

Ha’apai eruption sequence, Communications Earth & Environment, 3, 314, https://doi.org/10.1038/s43247-022-00606-3, 2022.

Hostetler, C. A., Liu, Z., Reagan, J. A., Vaughan, M., Winker, D., Osborn, M., Hunt, W. H., Powell, K. A., and Trepte, C.: CALIOP Algorithm

Theoretical Basis Document. Calibration and Level 1 Data Products, Tech. Rep. Doc. PS-SCI-201, NASA Langley Res. Cent., Hampton,375

VA, https://www-calipso.larc.nasa.gov/resources/pdfs/PC-SCI-201v1.0.pdf, 2006.

Jaross, G., Bhartia, P. K., Chen, G., Kowitt, M., Haken, M., Chen, Z., Xu, P., Warner, J., and Kelly, T.: OMPS Limb Profiler instrument

performance assessment, Journal of Geophysical Research: Atmospheres, 119, 4399–4412, https://doi.org/10.1002/2013JD020482, 2014.

Khaykin, S., Podglajen, A., Ploeger, F., Grooß, J.-U., Tence, F., Bekki, S., Khlopenkov, K., Bedka, K., Rieger, L., Baron, A., Godin-

Beekmann, S., Legras, B., Sellitto, P., Sakai, T., Barnes, J., Uchino, O., Morino, I., Nagai, T., Wing, R., Baumgarten, G., Gerding,380

M., Duflot, V., Payen, G., Jumelet, J., Querel, R., Liley, B., Bourassa, A., Clouser, B., Feofilov, A., Hauchecorne, A., and Ravetta,

F.: Global perturbation of stratospheric water and aerosol burden by Hunga eruption, Communications Earth & Environment, 3, 316,

https://doi.org/10.1038/s43247-022-00652-x, 2022.

Kim, M.-H., Omar, A. H., Tackett, J. L., Vaughan, M. A., Winker, D. M., Trepte, C. R., Hu, Y., Liu, Z., Poole, L. R., Pitts, M. C., Kar, J., and

Magill, B. E.: The CALIPSO version 4 automated aerosol classification and lidar ratio selection algorithm, Atmospheric Measurement385

Techniques, 11, 6107–6135, https://doi.org/10.5194/amt-11-6107-2018, 2018.

Kloss, C., Sellitto, P., Renard, J.-B., Baron, A., Bègue, N., Legras, B., Berthet, G., Briaud, E., Carboni, E., Duchamp, C., Duflot, V., Jacquet,

P., Marquestaut, N., Metzger, J.-M., Payen, G., Ranaivombola, M., Roberts, T., Siddans, R., and Jégou, F.: Aerosol Characterization of the

Stratospheric Plume From the Volcanic Eruption at Hunga Tonga 15 January 2022, Geophysical Research Letters, 49, e2022GL099 394,

https://doi.org/10.1029/2022GL099394, 2022.390

Knepp, T. N., Kovilakam, M., Thomason, L., and Miller, S. J.: Characterization of stratospheric particle size distribution uncertainties using

SAGE II and SAGE III/ISS extinction spectra, Atmospheric Measurement Techniques, 17, 2025–2054, https://doi.org/10.5194/amt-17-

2025-2024, 2024.

Legras, B., Duchamp, C., Sellitto, P., Podglajen, A., Carboni, E., Siddans, R., Grooß, J.-U., Khaykin, S., and Ploeger, F.: The evolution

and dynamics of the Hunga Tonga–Hunga Ha’apai sulfate aerosol plume in the stratosphere, Atmospheric Chemistry and Physics, 22,395

14 957–14 970, https://doi.org/10.5194/acp-22-14957-2022, 2022.

21

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Llewellyn, E. J., Lloyd, N. D., Degenstein, D. A., Gattinger, R. L., Petelina, S. V., Bourassa, A. E., Wiensz, J. T., Ivanov, E. V., McDade,

I. C., Solheim, B. H., McConnell, J. C., Haley, C. S., von Savigny, C., Sioris, C. E., McLinden, C. A., Griffioen, E., Kaminski, J., Evans,

W. F., Puckrin, E., Strong, K., Wehrle, V., Hum, R. H., Kendall, D. J., Matsushita, J., Murtagh, D. P., Brohede, S., Stegman, J., Witt, G.,

Barnes, G., Payne, W. F., Piché, L., Smith, K., Warshaw, G., Deslauniers, D. L., Marchand, P., Richardson, E. H., King, R. A., Wevers,400

I., McCreath, W., Kyrölä, E., Oikarinen, L., Leppelmeier, G. W., Auvinen, H., Mégie, G., Hauchecorne, A., Lefèvre, F., de La Nöe, J.,

Ricaud, P., Frisk, U., Sjoberg, F., von Schéele, F., and Nordh, L.: The OSIRIS instrument on the Odin spacecraft, Canadian Journal of

Physics, 82, 411–422, https://doi.org/10.1139/p04-005, 2004.

Lopes, F. J. S., Silva, J. J., Antuña Marrero, J. C., Taha, G., and Landulfo, E.: Synergetic Aerosol Layer Observation After the 2015 Calbuco

Volcanic Eruption Event, Remote Sensing, 11, https://doi.org/10.3390/rs11020195, 2019.405

Loughman, R., Bhartia, P. K., Chen, Z., Xu, P., Nyaku, E., and Taha, G.: The Ozone Mapping and Profiler Suite (OMPS) Limb Pro-

filer (LP) Version 1 aerosol extinction retrieval algorithm: theoretical basis, Atmospheric Measurement Techniques, 11, 2633–2651,

https://doi.org/10.5194/amt-11-2633-2018, 2018.

Martinsson, B. G., Friberg, J., Sandvik, O. S., and Sporre, M. K.: Five-satellite-sensor study of the rapid decline of wildfire smoke in the

stratosphere, Atmospheric Chemistry and Physics, 22, 3967–3984, https://doi.org/10.5194/acp-22-3967-2022, 2022.410

Millán, L., Santee, M. L., Lambert, A., Livesey, N. J., Werner, F., Schwartz, M. J., Pumphrey, H. C., Manney, G. L., Wang, Y., Su, H., Wu,

L., Read, W. G., and Froidevaux, L.: The Hunga Tonga-Hunga Ha’apai Hydration of the Stratosphere, Geophysical Research Letters, 49,

e2022GL099 381, https://doi.org/10.1029/2022GL099381, 2022.

Müller, D., Ansmann, A., Mattis, I., Tesche, M., Wandinger, U., Althausen, D., and Pisani, G.: Aerosol-type-dependent lidar ratios observed

with Raman lidar, Journal of Geophysical Research: Atmospheres, 112, https://doi.org/doi.org/10.1029/2006JD008292, 2007.415

Noel, V., Chepfer, H., Hoareau, C., Reverdy, M., and Cesana, G.: Effects of solar activity on noise in CALIOP profiles above the South

Atlantic Anomaly, Atmospheric Measurement Techniques, 7, 1597–1603, https://doi.org/10.5194/amt-7-1597-2014, 2014.

Palmer, K. F. and Williams, D.: Optical constants of sulfuric acid; application to the clouds of Venus?, Applied Optics, 14, 208–219,

https://doi.org/10.1364/AO.14.000208, 1975.

Podglajen, A., Le Pichon, A., Garcia, R. F., Gérier, S., Millet, C., Bedka, K., Khlopenkov, K., Khaykin, S., and Hertzog, A.: Strato-420

spheric Balloon Observations of Infrasound Waves From the 15 January 2022 Hunga Eruption, Tonga, Geophysical Research Letters,

49, e2022GL100 833, https://doi.org/10.1029/2022GL100833, 2022.

Poli, P. and Shapiro, N. M.: Rapid Characterization of Large Volcanic Eruptions: Measuring the Impulse of the Hunga Tonga Ha’apai

Explosion From Teleseismic Waves, Geophysical Research Letters, 49, e2022GL098 123, https://doi.org/10.1029/2022GL098123, 2022.

Prata, A. T., Young, S. A., Siems, S. T., and Manton, M. J.: Lidar ratios of stratospheric volcanic ash and sulfate aerosols retrieved from425

CALIOP measurements, Atmospheric Chemistry and Physics, 17, 8599–8618, https://doi.org/10.5194/acp-17-8599-2017, 2017.

Rieger, L. A., Zawada, D. J., Bourassa, A. E., and Degenstein, D. A.: A Multiwavelength Retrieval Approach for Improved OSIRIS Aerosol

Extinction Retrievals, Journal of Geophysical Research: Atmospheres, 124, 7286–7307, https://doi.org/10.1029/2018JD029897, 2019.

Rozanov, A., Pohl, C., Arosio, C., Bourassa, A., Bramstedt, K., Malinina, E., Rieger, L., and Burrows, J. P.: Retrieval of stratospheric aerosol

extinction coefficients from sun-normalized Ozone Mapper and Profiler Suite Limb Profiler (OMPS-LP) measurements, Atmospheric430

Measurement Techniques, 17, 6677–6695, https://doi.org/10.5194/amt-17-6677-2024, 2024.

Sawamura, P., Vernier, J. P., Barnes, J. E., Berkoff, T. A., Welton, E. J., Alados-Arboledas, L., Navas-Guzmán, F., Pappalardo, G., Mona, L.,

Madonna, F., Lange, D., Sicard, M., Godin-Beekmann, S., Payen, G., Wang, Z., Hu, S., Tripathi, S. N., Cordoba-Jabonero, C., and Hoff,

22

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



R. M.: Stratospheric AOD after the 2011 eruption of Nabro volcano measured by lidars over the Northern Hemisphere, Environmental

Research Letters, 7, 034 013, https://doi.org/10.1088/1748-9326/7/3/034013, 2012.435

Schoeberl, M. R., Wang, Y., Ueyama, R., Dessler, A., Taha, G., and Yu, W.: The Estimated Climate Impact of the Hunga Tonga-Hunga

Ha’apai Eruption Plume, Geophysical Research Letters, 50, e2023GL104 634, https://doi.org/10.1029/2023GL104634, 2023a.

Schoeberl, M. R., Wang, Y., Ueyama, R., Taha, G., and Yu, W.: The Cross Equatorial Transport of the Hunga Tonga-Hunga Ha’apai Eruption

Plume, Geophysical Research Letters, 50, e2022GL102 443, https://doi.org/10.1029/2022GL102443, 2023b.

Sellitto, P., Podglajen, A., Belhadji, R., Boichu, M., Carboni, E., Cuesta, J., Duchamp, C., Kloss, C., Siddans, R., Bègue, N., Blarel, L.,440

Jegou, F., Khaykin, S., Renard, J. B., and Legras, B.: The unexpected radiative impact of the Hunga Tonga eruption of 15th January 2022,

Communications Earth & Environment, 3, 288, https://doi.org/10.1038/s43247-022-00618-z, 2022.

Sellitto, P., Siddans, R., Belhadji, R., Carboni, E., Legras, B., Podglajen, A., Duchamp, C., and Kerridge, B.: Observing the SO2 and Sulfate

Aerosol Plumes From the 2022 Hunga Eruption With the Infrared Atmospheric Sounding Interferometer (IASI), Geophysical Research

Letters, 51, e2023GL105 565, https://doi.org/10.1029/2023GL105565, 2024.445

Sellitto, P., Belhadji, R., Legras, B., Podglajen, A., and Duchamp, C.: The optical properties of the stratospheric aerosol layer perturba-

tion of the Hunga Tonga–Hunga Ha’apai volcano eruption of 15 January 2022, Atmospheric Chemistry and Physics, 25, 6353–6364,

https://doi.org/10.5194/acp-25-6353-2025, 2025.

Serdyuchenko, A., Gorshelev, V., Weber, M., Chehade, W., and Burrows, J. P.: High spectral resolution ozone absorption cross-sections

ndash; Part 2: Temperature dependence, Atmospheric Measurement Techniques, 7, 625–636, https://doi.org/10.5194/amt-7-625-2014,450

2014.

Tabazadeh, A., Toon, O. B., Clegg, S. L., and Hamill, P.: A new parameterization of H2SO4/H2O aerosol composition: Atmospheric impli-

cations, Geophysical Research Letters, 24, 1931–1934, https://doi.org/10.1029/97GL01879, 1997.

Taha, G., Loughman, R., Zhu, T., Thomason, L., Kar, J., Rieger, L., and Bourassa, A.: OMPS LP Version 2.0 multi-wavelength aerosol

extinction coefficient retrieval algorithm, Atmospheric Measurement Techniques, 14, 1015–1036, https://doi.org/10.5194/amt-14-1015-455

2021, 2021.

Taha, G., Loughman, R., Colarco, P. R., Zhu, T., Thomason, L. W., and Jaross, G.: Tracking the 2022 Hunga Tonga-Hunga Ha’apai Aerosol

Cloud in the Upper and Middle Stratosphere Using Space-Based Observations, Geophysical Research Letters, 49, e2022GL100 091,

https://doi.org/10.1029/2022GL100091, 2022.

Vaughan, G., Wareing, D., and Ricketts, H.: Measurement Report: Lidar measurements of stratospheric aerosol following the 2019 Raikoke460

and Ulawun volcanic eruptions, Atmospheric Chemistry and Physics, 21, 5597–5604, https://doi.org/10.5194/acp-21-5597-2021, 2021.

Vaughan, M. A., Young, S. A., Winker, D. M., Powell, K. A., Omar, A. H., Liu, Z., Hu, Y., and Hostetler, C. A.: Fully automated analysis of

space-based lidar data: an overview of the CALIPSO retrieval algorithms and data products, in: Laser Radar Techniques for Atmospheric

Sensing, vol. 5575, pp. 16 – 30, International Society for Optics and Photonics, SPIE, https://doi.org/10.1117/12.572024, 2004.

Winker, D. M., Pelon, J., Coakley, J. A., Ackerman, S. A., Charlson, R. J., Colarco, P. R., Flamant, P., Fu, Q., Hoff, R. M., Kittaka, C.,465

Kubar, T. L., Treut, H. L., Mccormick, M. P., Mégie, G., Poole, L., Powell, K., Trepte, C., Vaughan, M. A., and Wielicki, B. A.: The

CALIPSO Mission: A Global 3D View of Aerosols and Clouds, Bulletin of the American Meteorological Society, 91, 1211 – 1230,

https://doi.org/10.1175/2010BAMS3009.1, 2010.

Wiscombe, W. J.: Mie scattering calculations: Advances in technique and fast, vector-speed computer codes, vol. 10, National Technical

Information Service, US Department of Commerce, 1979.470

23

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Wrana, F., Niemeier, U., Thomason, L. W., Wallis, S., and von Savigny, C.: Stratospheric aerosol size reduction after volcanic eruptions,

Atmospheric Chemistry and Physics, 23, 9725–9743, https://doi.org/10.5194/acp-23-9725-2023, 2023.

Wrana, F., Deshler, T., Löns, C., Thomason, L. W., and von Savigny, C.: Spatiotemporal variations of stratospheric aerosol size between 2002

and 2005 from measurements with SAGE III/M3M, Atmospheric Chemistry and Physics, 25, 3717–3736, https://doi.org/10.5194/acp-25-

3717-2025, 2025.475

Wu, J., Cronin, S. J., Brenna, M., Park, S.-H., Pontesilli, A., Ukstins, I. A., Adams, D., Paredes-Mariño, J., Hamilton, K., Huebsch, M.,

González-García, D., Firth, C., White, J. D. L., Nichols, A. R. L., Plank, T., Vongsvivut, J., Klein, A., Ramos, F., Latu’ila, F., and Kula, T.:

Low sulfur emissions from 2022 Hunga eruption due to seawater–magma interactions, Nature Geoscience, https://doi.org/10.1038/s41561-

025-01691-7, 2025.

Young, S. A., Winker, D. M., Vaughan, M. A., Hu, Y., and Kuehn, R. E.: CALIOP Algorithm Theoretical Basis Document. Part 4: Extinction480

Retrieval Algorithms, Tech. Rep. Doc. PS-SCI-202 Part 4, https://www-calipso.larc.nasa.gov/resources/pdfs/PC-SCI-202_Part4_v1.0.pdf,

2008.

Yuen, D. A., Scruggs, M. A., Spera, F. J., Zheng, Y., Hu, H., McNutt, S. R., Thompson, G., Mandli, K., Keller, B. R., Wei, S. S.,

Peng, Z., Zhou, Z., Mulargia, F., and Tanioka, Y.: Under the surface: Pressure-induced planetary-scale waves, volcanic lightning, and

gaseous clouds caused by the submarine eruption of Hunga Tonga-Hunga Ha’apai volcano, Earthquake Research Advances, 2, 100 134,485

https://doi.org/10.1016/j.eqrea.2022.100134, 2022.

Zhu, Y., Bardeen, C. G., Tilmes, S., Mills, M. J., Wang, X., Harvey, V. L., Taha, G., Kinnison, D., Portmann, R. W., Yu, P., Rosenlof,

K. H., Avery, M., Kloss, C., Li, C., Glanville, A. S., Millán, L., Deshler, T., Krotkov, N., and Toon, O. B.: Perturbations in strato-

spheric aerosol evolution due to the water-rich plume of the 2022 Hunga-Tonga eruption, Communications Earth & Environment, 3, 248,

https://doi.org/10.1038/s43247-022-00580-w, 2022.490

24

https://doi.org/10.5194/egusphere-2025-3355
Preprint. Discussion started: 16 July 2025
c© Author(s) 2025. CC BY 4.0 License.


