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Abstract. On January 15, 2022, a highly explosive eruption of the submarine Hunga volcano (Kingdom of Tonga) generated 28 

the largest stratospheric hydration event ever observed and the largest aerosol perturbation since the 1991 Pinatubo eruption. 29 

Here, we develop a novel method for satellite retrieval of stratospheric aerosol optical depth (AOD) and layer peak height (𝑧!) 30 

using solar backscattered ultraviolet (BUV) radiation; this is made possible by the exceptional mid-stratospheric altitude of 31 

the Hunga aerosols. We analyze BUV observations of the Hunga stratospheric aerosol cloud on January 17, 2022 (47 hours 32 

after the eruption), using BUV band 1 measurements from the TROPOspheric Monitoring Instrument (TROPOMI) on board 33 

the ESA/Copernicus Sentinel-5 precursor (S5P) satellite, and the Ozone Mapping and Profiling Suite- Nadir Profiler (OMPS-34 

NP) on board the National Oceanic and Atmospheric Administration (NOAA)-20 satellite. We retrieve AOD and 𝑧! by fitting 35 

hyperspectral BUV radiance ratios in a narrow spectral window restricted to 289–296 nm, chosen in order to reduce 36 

interference from tropospheric clouds while highly sensitive to stratospheric aerosols located above ozone peak altitude. The 37 
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retrieval employs radiative transfer calculations from the Vector Linearized Discrete Ordinate Radiative Transfer (VLIDORT) 38 

forward model. We assume a single Hunga aerosol layer composed of polydisperse sulfuric acid spherical particles embedded 39 

in a Rayleigh atmosphere with a known ozone profile. The ozone profile is supplied from a version of the Modern-Era 40 

Retrospective analysis for Research and Applications, version 2 (MERRA-2) Stratospheric Composition Reanalysis of the 41 

Microwave Limb Sounder (MLS) on board NASA Earth Observing System-chemistry (EOS Aura) satellite — produced by 42 

NASA's Global Modeling and Assimilation Office using a stratospheric chemistry model and MERRA-2 meteorology. We 43 

also include SO2 layer, which coincides spatially with the retrieved aerosol vertical profile, and with the total loading 44 

normalized to the stratospheric SO2 vertical column density from the operational TROPOMI SO2 product. We validate our 45 

AOD retrievals against ground-based AErosol RObotic NETwork (AERONET) direct-sun AOD measurements, and 𝑧! 46 

retrievals against Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) overpasses using Lagrangian trajectory 47 

modeling. We estimate the total Hunga stratospheric wet aerosol mass (sulfuric acid solution droplets, including water uptake) 48 

to be  𝑀"#$~0.5 ± 0.05 Tg. This value is consistent with our previous BUV estimates of Hunga sulfur dioxide (SO2) emissions 49 

(~0.4–0.5 Tg SO2) and rapid conversion of SO2 to sulfate aerosol. Based on these BUV retrievals we can also estimate the 50 

sulfuric acid (H2SO4) mass fraction 𝑤~0.4 and H2SO4/H2O solution density: 𝜌~1.34	𝑔	𝑐𝑚%&. These new values represent an 51 

extreme departure from the stratospheric background sulfate aerosol (Junge layer), which is typified by values of 𝑤~0.75 and 52 

𝜌~1.7	𝑔	𝑐𝑚%& supported by decades of observations of the lower stratosphere during both quiescent and volcanically impacted 53 

periods. The new low values, inferred from BUV observations and backed up by microphysical modeling, are a result of the 54 

uniquely water-rich conditions in the early Hunga plume. Relative humidity in the plume, as modeled by the NASA Goddard 55 

Earth Observing System Chemistry-Climate Model with the Community Aerosol and Radiation Model for Atmospheres 56 

(CARMA), reached values as high as 60%, compared to background values closer to 1%. These findings are unique in the 57 

long-term observational record of the stratosphere; similar relative humidities only otherwise occur in overshooting clouds or 58 

cold winter hemisphere vortices.  59 

1 Introduction 60 

A paroxysmal eruption of the submarine Hunga volcano (Kingdom of Tonga; 20.550°S, 175.385°W) at ~04:15 UTC on 61 

January 15, 2022 produced a steam-driven eruption column up to ~58 km altitude (APARC, 2025; Carr et al., 2022; Millán et 62 

al., 2022) and injected a massive plume of water vapor (H2O), sulfur dioxide (SO2), and aerosols directly into the Southern 63 

tropical stratosphere (Carn et al., 2022; Coy et al., 2022; Khaykin et al., 2022; Millán et al., 2022; Legras et al., 2022; Schoeberl 64 

et al., 2023; Sellitto et al., 2022; Taha et al., 2022; Vömel et al., 2022). This was the largest volcanic explosion observed from 65 

space since Pinatubo in 1991, with a designated Volcanic Explosivity Index (VEI) of 5–6 (APARC, 2025). The Hunga eruption 66 

produced enormous umbrella cloud(s) with diameter(s) >500 km, global Lamb waves (Kubota et al., 2022; Matoza et al., 67 

2022), regional volcanic ash fall (Kelly et al., 2024), and Pacific-wide tsunamis (Lynett et al., 2022; Shrivastava et al., 2023). 68 

 69 
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Although volcanic ash ejecta remained at relatively low altitudes and quickly fell out over the Tonga area (Kelly et al., 2024), 70 

sub-micron non-absorbing, non-depolarizing sulfuric acid (sulfate)-type aerosol particles persisted in the mid-stratosphere 71 

(Khaykin et al., 2022; Sellitto et al., 2022; Taha et al., 2022; Baron et al., 2023; Bernath et al., 2023; Bian et al., 2023; Boichu 72 

et al., 2023; Bourassa et al., 2023; Duchamp et al., 2023; Manney et al., 2023; Kahn et al., 2024; Stocker et al., 2024; Sicard 73 

et al., 2025). Discussions on the H2O-accelerated conversion of volcanic SO2 to sulfate aerosol may be found in previous 74 

studies (Carn et al., 2022; Legras et al., 2022; Sellitto et al., 2022,2024; Zhu et al., 2022; Asher et al., 2023, Boichu et al., 75 

2023; Bruckert et al., 2025; Sadeghi et al., 2025; Stenchikov et al., 2025) summarized in the Hunga volcanic eruption 76 

atmospheric impacts report (APARC, 2025). 77 

 78 

Initial estimates of the Hunga SO2 emissions from solar backscatter ultraviolet (BUV) near-nadir satellite measurements did 79 

not account for interference from stratospheric aerosols; indeed, unexpectedly low amounts were reported for an eruption of 80 

this magnitude: ~0.4–0.5 Tg SO2 (Carn et al., 2022). Infrared (IR) satellite measurements from the Cross-track Infrared Sounder 81 

(CrIS) instrument (Hyman and Pavolonis, 2020) retrieved a similar amount: ~0.4 Tg SO2 (Sadeghi et al., 2025); however, 82 

retrievals from the Infrared Atmospheric Sounding Interferometer (IASI) reported roughly double this amount, i.e., >1 Tg SO2 83 

(Sellitto et al., 2022, 2024; Bruckert et al., 2025). These conflicting estimates provide a strong motivation to re-analyze BUV 84 

SO2 measurements with explicit consideration of Hunga aerosol interference. To do this, we need first to introduce a suitable 85 

Hunga aerosol optical model in the UV and then develop a new quantitative BUV retrieval of non-absorbing stratospheric 86 

aerosol particles. Such nadir-BUV aerosol retrievals were not thought to be possible prior to the Hunga event; indeed, this is 87 

the first eruption in the modern satellite era to inject particles directly into the mid-stratosphere above the tropical ozone (O3)  88 

density peak at ~25 km (Carr et al., 2022; Taha et al., 2022). This unique geophysical event provides access to solar 89 

backscattered shortwave UVB radiation (< 300 nm wavelength) that is strongly absorbed by ozone before reaching the lower 90 

stratospheric altitudes typical of volcanic aerosol injections. Another motivation for the present study is that during the early 91 

dispersion phase, the presence of Hunga aerosols significantly affected the BUV satellite retrievals of stratospheric ozone 92 

(Bhartia et al., 1993; Torres and Bhartia, 1995; Kramarova et al., 2024), as well as ocean color retrievals (Franz et al., 2024).  93 

 94 

Figure 1 shows a Visible Infrared Imaging Radiometer Suite (VIIRS) true color map from January 17, 2022, two days after 95 

the main Hunga eruption. The approximate locations of two distinct Hunga plumes are outlined over the Queensland region 96 

of Australia (Aerosol-rich plume; C1) and over the Coral Sea (SO2–rich plume; C2) – see Fig. 5d in Carn et al. (2022) and 97 

Figs. 4b–d in Legras et al. (2022). These two plumes showed different altitudes and compositions and evolved differently 98 

during the first weeks after the eruption before eventually mixing. The aerosol-rich C1 plume was also water-rich, which likely 99 

accelerated the SO2-to-sulfate conversion and enhanced radiative cooling, thus contributing to its more rapid descent compared 100 

to that of the SO2-rich C2 plume. Also indicated in Fig. 1 are the overpass times of key satellite tracks: the National Oceanic 101 

and Atmospheric Administration (NOAA)-20 Ozone Mapping and Profiler Suite (OMPS) Nadir Profiler (NP) swath (~4:00–102 

4:09 UTC), the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) daytime track (~5:23–5:34 UTC), and nighttime 103 
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tracks (~16:14–16:25 UTC and ~17:54–18:05 UTC). These times indicate that the observations were not simultaneous, but 104 

together they provide a complementary view of the rapidly evolving plume (≈20° longitude per day; see also Fig. 7). The 105 

OMPS nadir profiler sensor (OMPS-NP), which has a spatial resolution of 50 km at nadir, is designed to measure stratospheric 106 

ozone profiles using BUV wavelengths above and below 300 nm, but as a nadir-sounding sensor it does not provide adequate 107 

horizontal coverage of the Hunga aerosol plume. Nevertheless, the well-placed OMPS-NP overpass of the Hunga plume on 108 

January 17 (Fig. 1) did provide the first spectral observations of significantly enhanced BUV radiances produced by the Hunga 109 

aerosols at wavelengths around 300 nm. 110 

          

 
Figure 1: (a) Shortwave BUV radiances (270–310 nm) of aerosol-rich and background (aerosol-free) regions. (b) Spectral radiance 
ratios (aerosol/background). (c) True-color NOAA-20 VIIRS map of Australia and the Coral Sea on January 17, 2022. The solid 
line with colored segments shows the suborbital track of the NOAA-20 OMPS-NP (~4:00–4:09 UTC). The inset panel at bottom 
left shows the variation of spectral radiance ratio with latitude measured by OMPS-NP in the Hunga aerosol plume. Dashed lines 
are CALIOP ground tracks—blue for daytime (~5:21–5:32 UTC) and black for nighttime (left: ~17:54–18:05 UTC, right: ~16:14–
16:25 UTC). The yellow star indicates the location of the Aerosol Robotic Network (AERONET) Lucinda site (18.5198°S; 
146.3861°E; elevation: 8.0 m). 
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 111 

Accordingly, to estimate total Hunga aerosol optical depth (AOD), layer peak height (𝑧!), and column mass, we have analyzed 112 

BUV observations taken by an imaging spectrometer — TROPOspheric Monitoring Instrument (TROPOMI) on board the 113 

Copernicus Sentinel-5 precursor (S5P) satellite. TROPOMI is eminently suitable for this task, because of its contiguous daily 114 

coverage and high spatial resolution (nominally 5.5 km by 28 km below 300 nm in band 1) (Veefkind et al., 2012; Ludewig et 115 

al., 2020). On January 17 at ~03:16 UTC (47 hours after the January 15 eruption) the bulk of the Hunga aerosol was observed 116 

over Northeast Australia (Fig. 1), while the bulk of the attendant SO2 plume was trailing over the Coral Sea (see also Fig. 5d 117 

of Carn et al., 2022).  118 

 119 

We use such BUV spectral enhancements to develop a new algorithm for retrievals of non-absorbing aerosol optical depth 120 

(AOD) and peak-height (𝑧!) as well as estimates of column wet aerosol mass (i.e., sulfuric acid solution droplets, H2SO4/H2O 121 

including water uptake),  𝑚"#$, sulfate (H2SO4) mass fraction, 𝑤, and solution density, 𝜌. The retrieval algorithm is based on 122 

spectral fitting of hyperspectral BUV radiance ratios with the forward model driven by the Vector Linearized Discrete Ordinate 123 

Radiative Transfer (VLIDORT) model (Spurr and Christi 2019) and combined with polydisperse Mie calculations of aerosol 124 

optical properties (i.e., spectral extinction and scattering matrices). Based on collocated Cloud-Aerosol Lidar with Orthogonal 125 

Polarization (CALIOP) backscatter measurements (Fig. 1), we have assumed a single aerosol layer composed of spherical 126 

polydisperse homogeneous H2SO4/H2O solution particles embedded in a Rayleigh-scattering atmosphere with known ozone 127 

and temperature profiles. We also included SO2 vertical profile, assumed spatially coincident with the retrieved aerosol plume, 128 

but normalized to the TROPOMI operational stratospheric SO2 column density (Theys et al., 2017). 129 

 130 

This paper begins by summarizing the TROPOMI UV band 1 (UV1) measurements (Section 2). Section 3 describes our 131 

retrieval algorithm, comprising an overview of the retrieval strategy (Section 3.1), deployment of the VLIDORT-based forward 132 

model component (3.2), the inverse model (3.3), a discussion on aerosol optical properties and trace gas parameterization (3.4), 133 

and a validation of the retrieval algorithm using synthetic data. In Section 4, we present our results on the retrieval and 134 

validation of aerosol peak height (Section 4.1) and AOD (Section 4.2), followed by estimates of the column wet aerosol mass, 135 

𝑚"#$ and total aerosol mass including water uptake, 𝑀"#$ (Section 4.3). In addition, we estimate H2SO4 (sulfate) mass fraction, 136 

𝑤 and H2SO4/H2O particle mass density, 𝜌 (Section 4.4). Section 4.5 contains comparisons with recent IR-based retrievals of 137 

SO2 and Hunga aerosol mass from other studies of this unique event. Section 5 concludes with a summary of the paper along 138 

with final remarks. 139 
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2. Solar Backscatter Measurements in the UV (BUV) 140 

This section describes measurement data. First, we focus on the TROPOMI band 1 backscatter measurements used for the 141 

aerosol plume retrieval; this is followed by a discussion on anomalies in the satellite BUV ozone record caused by the Hunga 142 

eruption. 143 

2.1 TROPOMI Band 1 radiances and radiance ratios 144 

A detailed description of the current version of the TROPOMI Level 1B radiance product (L1B_RA_BD1), including the data 145 

file format in NETCDF-4 and the data fields, is given in the TROPOMI Level 1B product “readme” file 146 

(https://doi.org/10.5270/S5P-kb39wni, Ludewig et al., 2023). TROPOMI provides excellent spatial resolution and daily global 147 

coverage in the shortwave BUV band 1 (267–300 nm); however, TROPOMI has known radiometric and sensor degradation 148 

issues in band 1 (Ludewig et al., 2020), and it has proved necessary to apply soft calibration techniques to improve the data 149 

quality. The TROPOMI soft calibration is computed from characterization of the differences between measured and modelled 150 

radiances (absolute residuals), following a similar approach to that described in Mettig et al. (2021). Since this soft calibration 151 

is designed to correct input radiances for the TROPOMI ozone profile data product, forward Radiative Transfer (RT) model 152 

calculations were performed over the combined spectral range of band 1 and 2 (270–330 nm). Pressure, temperature, and ozone 153 

profiles from the Copernicus Atmosphere Monitoring Service (CAMS) were used as inputs to the RT model. Additionally, 154 

CAMS ozone profiles were scaled to match total ozone columns derived from the independent OMPS Nadir Mapper gridded 155 

column ozone data (Jaross 2017). The modelled atmosphere does not contain clouds or aerosols, but particulate scattering 156 

effects are compensated through adjustment of the surface albedo. With this in mind, we have fitted the scene albedo in a small 157 

spectral window (328–330 nm) and assumed this albedo to be representative for the entire fitting window. Radiance residuals 158 

(measurement to model) are computed for single seasonal TROPOMI orbits over the Pacific Ocean. To compute correction 159 

parameters, the radiance residuals are compiled separately for each year and then applied to the radiance measurement in that 160 

year. Correction parameters are provided as a function of the TROPOMI across-track position (i.e., CCD detector row), 161 

wavelength and radiance level; they are applied to the uncorrected radiance signal (Runcorr) by subtracting the bias (Rcorr = 162 

Runcorr−bias). For TROPOMI orbits 22086 and 22087 affected by Hunga aerosols on January 17, 2022 we apply the fixed 163 

correction available for the highest radiance. 164 

One option for constructing the retrieval measurement vector is to use sun-normalized radiances, or the “N-values” (defined 165 

as 𝑁(𝜆) = −100𝑙𝑜𝑔'(	(
)(+)
-(+)

) where 𝑅 denotes BUV absolute radiance and 𝐹 incoming solar irradiance), as shown in Fig. 2 166 

for two TROPOMI orbits (22086 and 22087) overpassing Hunga aerosol plume on January 17, 2022 (eastern orbit 22086 and 167 

the following orbit 22087) at four wavelengths, representative of the selected spectral fitting window: 𝜆 =168 

287.9𝑛𝑚, 292.5𝑛𝑚, 295.1𝑛𝑚, 297.9𝑛𝑚.  169 

https://doi.org/10.5270/S5P-kb39wni
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Figure 2: Maps of the Hunga aerosol plume on January 17, 2022, using TROPOMI band 1 sun-normalized radiances before 
applying soft-calibration at four wavelengths at (a) 287.9 nm, (b) 292.5 nm, (c) 295.1 nm, and (d) 297.9 nm in orbits 22086 (right-
hand swath) and 22087 (left-hand swath). Plotted are the N-values, defined as 𝑁(𝜆) = 	−100𝑙𝑜𝑔!" -

#(%)
'(%)

., where  𝑅(𝜆) denotes 
BUV radiance, and 𝐹(𝜆) the incoming solar irradiance. Note the different N-value scales for different wavelengths. 

 170 
However, in order to emphasize the Hunga aerosol spectral signal and to reduce its dependence on TROPOMI band 1 171 

calibration and degradation issues, we prefer to use BUV radiance ratios, in which the radiance values from the orbit 22086 172 

and 22087 pixels are normalized to background radiances for the same cross-track pixels from an adjacent Hunga aerosol-free 173 

orbit, in this case background TROPOMI orbit 22085. These radiance ratios are plotted in Fig.3. The advantage of normalizing 174 

to background radiances is that this pixel-wise division leads to a partial cancellation of known radiometric and degradation 175 

interferences from the TROPOMI band 1, as reported in Ludewig et al. (2020) and reduces sensitivity to ozone absorption. 176 

We do account for the ozone profile differences between the background (o22085) and Hunga (o22086 and o22087) orbits 177 

using modified MERRA-2 Stratospheric Composition Reanalysis of the Microwave Limb Sounder (MLS) on board NASA 178 

EOS Aura satellite as described later in section 2.2. The normalization requires correction for tropospheric clouds if one uses 179 

longer band 2 wavelengths (see example for background pixel 1 in Fig. 3). Therefore, in this study we only use a short spectral 180 

fitting window from 289 nm to 296 nm which is not affected by tropospheric clouds.    181 
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Figure 3: (a) Map of normalized TROPOMI radiance at 300 nm on January 17, 2022. Normalized TROPOMI radiance spectra 
for (b) a background (Hunga aerosol-free) Pixel 1 and (c) a Pixel 2 in the Hunga aerosol plume. The spectral radiance ratio plots 
indicate the coverage of TROPOMI UV bands 1 and 2 (with an overlap around 300 nm), as well as the ‘short’ and ‘full’ 
wavelength windows used for aerosol retrievals. Pixel 2 shows the typical enhancement of the radiance-ratio signal in the presence 
of stratospheric aerosols, whereas Pixel 1 shows the effect of tropospheric clouds, but only at longer wavelengths (>297 nm). Note 
that tropospheric clouds do not appear at short wavelengths (< 296 nm) (Pixel 1; lower left). We note that the separation between 
bands 1 and 2 occurs around ~300 nm, but it also depends on the across-track location. 

 182 

For the 2-parameter (AOD and aerosol peak height, 𝑧!) aerosol retrievals in Section 4, we restrict the spectral fitting window 183 

from 289 nm to 296 nm (hereafter, denoted as the ‘short’ window) to reduce interference from bright tropospheric clouds. 184 

Figure 3 shows radiance ratios (using TROPOMI orbit 22085 as background) over a large part of Australia, with six- to ten-185 

fold enhancements of the radiance-ratio signal in the presence of stratospheric aerosol. Background pixel ratios show signals 186 

from tropospheric clouds, but ratios in the short wavelength window are free of such signals (Fig. 3; this is also seen in Fig. 187 

2d, where cloud signals at wavelength 297.9 nm are apparent in the Australian Bight near the south-central coast). 188 

 189 

Figure 4 presents spectral radiance ratio measurements at four selected wavelengths. At wavelengths shorter than 288 nm there 190 

is no Hunga aerosol signature because of strong absorption by ozone above the Hunga plume altitude. The major plume 191 

signature over Northeast Australia becomes much clearer for the longer wavelengths, 296 to 298 nm, but even at 292 nm (top 192 

right) there is evidence of a forward plume streamer at high altitude over Northwest Australia. Also of interest are the 193 
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tropospheric cloud echoes near the south-central Australian coast, evident at the two longer wavelengths (lower plots), but not 194 

present at shorter wavelengths. This indication has allowed us to set a cloud screening threshold at 296 nm. In Supplement S1, 195 

we present an animated video of the full spectral scan of TROPOMI band 1 and band 2 combined radiance ratios from 280 to 196 

330 nm in steps of 0.5 nm (https://doi.org/10.5446/70186).  197 

 198 

We contour the Hunga stratospheric aerosol plume using a Cloud Screening Index (CSI), which is defined as a radiance ratio 199 

at 296 nm (see Appendix C for the CSI determination). Hereafter, we only consider TROPOMI pixels with CSI > 1.1 for 200 

Hunga aerosol retrievals. 201 

Note that we have also considered 3-parameter retrievals, with the third state vector element being the total column of SO2 202 

emitted simultaneously in the Hunga eruption; for this retrieval, we use the larger spectral fitting window (289–310 nm), 203 

denoted as the ‘full’ window in Figure 3. This retrieval takes advantage of strong SO2 absorption features present in TROPOMI 204 

Band 2 radiances (306–310 nm) but it does require the application of a cloud-correction step. This retrieval is currently under 205 

investigation.  206 

      
Figure 4: Radiance ratios (orbits 22086/22085 and 22087/22085) at (a) 288 nm, (b) 292 nm, (c) 296 nm, and (d) 298 nm. See the full 
spectral movie in Video Supplement S1 (https://doi.org/10.5446/70186).  

https://doi.org/10.5446/70186
https://doi.org/10.5446/70186
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 207 

2.2 Ozone Anomalies  208 

As noted in the Introduction, we are motivated here to discuss the disruption in the BUV stratospheric ozone record due to the 209 

Hunga aerosols. Anomalies in a number of total ozone column (TOC) products were observed in the presence of the Hunga 210 

eruption plume; notably, enhanced BUV scattering signals due to high-altitude aerosol from the Hunga plume were mistakenly 211 

interpreted as TOC depletion in BUV ozone retrievals from all instruments (OMI, OMPS, GOME-2, as well as TROPOMI). 212 

Mid-stratospheric aerosols are not represented in the forward models used for the operational TOC retrievals, resulting in 213 

artificial TOC depletion during episodes of elevated volcanic aerosol loading. In this regard, it was necessary to re-analyze 214 

raw BUV spectra to flag pixels affected by the Hunga aerosols. Indeed, the presence of such ‘bad-quality’ ozone data will 215 

contaminate assimilation products that rely on BUV TOC data. For instance, artificially low BUV TOC data affected by Hunga 216 

plume resulted in anomalous assimilation outcomes in released M2-SCREAM reanalysis data (MERRA-2 Stratospheric 217 

Composition Reanalysis of Aura Microwave Limb Sounder (MLS) produced by NASA's Global Modelling and Assimilation 218 

Office using a stratospheric chemistry model and MERRA-2 meteorology (Gelaro et al., 2017; Wargan et al., 2023), as shown 219 

in Fig. 5a. 220 

 221 

In contrast, ozone profile measurements from Microwave Limb Sounder (MLS) on board NASA Earth Observing System -222 

chemistry (EOS Aura) satellite were not affected by the Hunga sub-micron aerosols with effective radii 𝑟#..~0.2–0.4 𝜇𝑚 223 

(Boichu et al., 2023; Duchamp et al., 2023). Although stratospheric ozone profiles are strongly constrained by MLS, 224 

anomalously low OMI total ozone affects the ozone profile to some degree in the assimilated system, because data assimilation 225 

distributes the analysis increments in vertical levels according to a prescribed amount of background uncertainty. Also in this 226 

regard, there is some evidence (Evan et al. 2023; Zhu et al., 2023) of an actual physical ozone depletion inside the plume 227 

within days after the eruption. 228 

 229 

For BUV aerosol plume retrievals, it is clear from the above discussion that we cannot use aerosol-contaminated BUV ozone 230 

data. Instead, for the air density, temperature, and ozone profiles, we have used specially-processed M2-SCREAM reanalysis 231 

data. This special processing involves the removal of erroneous OMI-retrieved total ozone columns in the Hunga plume from 232 

this reanalysis (both OMI and MLS are on the Aura platform) for the 10 day period of 15–25 January 2022. Figure 5b illustrates 233 

the total ozone map obtained from this special reprocessing and compares it to the original assimilated product. Assimilated 234 

ozone columns show a marked low anomaly over Northeast Australia when the assimilation system includes erroneous OMI 235 

TOC data (Fig. 5a). Filtering out the anomalous OMI TOC and performing the necessary reanalysis gives rise to a much 236 

smoother total ozone map (Fig. 5b). Assimilated ozone profiles have also shown low anomalies in the stratosphere when 237 

erroneous OMI TOC values were included (Fig. 5c). Regarding M2-SCREAM temperature profiles, early-January 238 

temperatures may be less reliable due to sparsely assimilated H2O and partial GPS radio-occultation contamination under 239 
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conditions of extreme moisture (Randel et al., 2023). To assess the reliability of these temperatures, we validated the M2-240 

SCREAM temperature profiles using radiosonde data from stations in Australia and New Caledonia (University of Wyoming 241 

archive; https://weather.uwyo.edu/upperair/sounding.shtml). We selected eight cases in which the relative humidity exceeded 242 

10% at least once above 15 km, including the January 17, 2022, 00 UTC sounding. The M2-SCREAM temperatures agreed 243 

with the radiosonde measurements within ~4 K over 15–30 km range, supporting that the re-analyzed M2-SCREAM 244 

temperature profiles are sufficiently reliable for interpreting the early Hunga plume conditions. 245 

 246 

      
Figure 5: Spatial distribution of TOC in M2-SCREAM reanalysis data on January 17, 2022 at 6 UTC. (a) Assimilation using 
anomalous OMI V3 TOC retrievals. (b) Assimilation after filtering out the anomalous OMI TOC re-processed M2-SCREAM. (c) 
Ozone profiles from the original M2-SCREAM reanalysis data (orange), and from the assimilation that omitted anomalous OMI 
TOC (blue) on January 17, 2022 at 12 UTC. 

3. The Hunga Nadir-BUV Aerosol Retrieval Algorithm 247 

In Section 3.1 we introduce measurement and state vectors, focusing on the use of ratioed BUV radiances from adjacent orbits; 248 

this section deals with parameterization of the Hunga plume in terms of a pseudo-Gaussian profile shape. We summarize the 249 

deployment of the VLIDORT Radiative Transfer (RT) model in the forward model component in Section 3.2, with special 250 

emphasis on the linearized optical property set-ups required by VLIDORT to generate analytically-derived Jacobians with 251 

respect to AOD and peak height. The least-squares inversion model is outlined in Section 3.3, and in Section 3.4, we discuss 252 

the preparation of aerosol optical properties, parameterization of the SO2 vertical profile, and the use of input ozone profiles 253 

from the modified MERRA-2 reanalysis. Section 3.5 is concerned with algorithm validation using synthetic data. 254 

https://weather.uwyo.edu/upperair/sounding.shtml


 

12 
 

3.1 Retrieval Algorithm: State and Measurement Vectors  255 

Measurement vectors for the retrieval 𝑀/#"0(𝜆1) are ratios of two BUV radiance spectra measured in discrete wavelength 256 

channels, 𝑖 = 1,𝑁2 (with associated measurement uncertainties):  257 

 258 

𝑀/#"0(𝜆1) =
)!"#$
(&'())(++)

)!"#$
(,-./)(++)

        (3.1) 259 

 260 

In the following, the 𝑅/#"0
(3456)(𝜆1) is a discretized BUV spectrum with a distinct Hunga aerosol signal (e.g., from TROPOMI 261 

orbit 22086 or 22087), and 𝑅/#"0
(789:)(𝜆1) is a background BUV spectrum (e.g., from TROPOMI orbit 22085) with similar 262 

observational angles and wavelength grid. The dimension of the measurement vector, 𝑁2, is variable – this depends on the 263 

choice of spectral fitting window and the application of spectral smoothing (if any). For the short spectral fitting window (289–264 

296 nm), there are typically 𝑁2 = 107 spectral points without smoothing. For measurement random errors we use radiance 265 

noise levels from the TROPOMI Level 1B product, assuming that individual spectral measurement errors are uncorrelated. 266 

The uncertainty in the radiance ratio is then calculated using error propagation, combining the relative uncertainties of each 267 

scene in quadrature and scaling the result by the radiance ratio.  268 

 269 

The number of retrieved quantities determines the dimension of the state vector, 𝑥. The Hunga aerosol loading profile {𝐸(𝑧)} 270 

as a function of altitude 𝑧 is taken to have a ‘pseudo-Gaussian’ shape (this analytic parameterization is sometimes called a 271 

Generalized Distribution Function), characterized by three parameters H𝐴(, 𝑧!, ℎ;K. Here, 𝐴( is the Hunga stratospheric AOD 272 

at a fixed reference wavelength 𝜆$#. (taken to be 312 nm), 𝑧! is the plume peak height in [km], and ℎ; is the half-width-half-273 

maximum of the plume profile (also in [km]). For a 2-parameter retrieval, the state vector is 𝑥 = H𝐴(, 𝑧!K, with ℎ; treated as 274 

a known model parameter (see Section 3.4 for more on this quantity). Appendix A contains a description of this pseudo-275 

Gaussian parameterization, including explicit analytic expressions for 𝐸L𝑧; 𝐴(, 𝑧!, ℎ;N in terms of the three parameters of 276 

interest, and a determination of analytic derivatives !𝜕!(#)
%&!

, %!(#)
%#"

# necessary for deriving analytical layer Jacobian output from the 277 

forward model component of the retrieval algorithm. 278 

 279 

As noted in Section 2.2, ozone, pressure, and temperature profiles are assumed to be accurately known from the re-processed 280 

M2-SCREAM reanalysis, independent of Hunga aerosols. We also evaluated the potential impact of air-density variations on 281 

Rayleigh scattering (Bodhaine et al., 1999) and ozone absorption (Guo and Lu, 2006), which may not be fully captured by the 282 

M2-SCREAM reanalysis during the initial days following the eruption. For a given set of TROPOMI BUV radiances, the 283 

following tests were conducted: 284 

● The original atmospheric temperature and pressure profiles were perturbed while maintaining a fixed ozone profile. 285 
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● The original atmospheric ozone profile was perturbed while maintaining fixed temperature and pressure profiles. 286 

● All three original profiles were replaced to observe their combined influence. 287 

Representative retrievals were performed for each of these combinations of forward model input parameters to assess the 288 

impact of these variations on retrieval results. The replacement of the ozone profile generated the greatest influence; hence, 289 

particular attention was given to defining this profile for each TROPOMI scene. However, differences in atmospheric density 290 

profiles due to changes in temperature and pressure produced only minor effects on the aerosol retrievals. 291 

3.2 Forward Model Radiative Transfer (RT) and Analytic Jacobians  292 

Next, we consider the forward-model RT simulation of the ratioed BUV spectra. The retrieval algorithm requires forward-293 

model Jacobians with respect to state vector elements; here, the 2-parameter vector 𝑥 = H𝐴(, 𝑧!K. In general, the forward model 294 

will generate simulations 𝑀01/(𝜆1) to match the measured vector in Eq. (3.1). This requires two RT simulations: 𝑅01/
(789:)(𝜆1) 295 

is the RT calculation for a background atmospheric scenario, and 𝑅01/
(3456)(𝜆1) is RT simulation with similar geometry, but 296 

including volcanic plume. In addition to 𝑀01/(𝜆1), the forward model must also generate Jacobians with respect to the aerosol 297 

parameters: 298 

 299 

𝐾(𝜆1) ≡ Q=>$+!(++)
=?0

, =>$+!(++)
=@1

R = '

)$+!
(,-./)(++)

. S
=)$+!

(&'())(++)

=?0
, =	)$+!

(&'())(++)

=@1
T.  (3.2) 300 

 301 

We use the VLIDORT discrete-ordinate RT model for simulating polarized multiple scattering BUV radiance spectra (Spurr, 302 

2006; Spurr and Christi, 2019) for the two forward-model calculations required. 𝑅01/
(789:)(𝜆1) is a simulation for a Rayleigh 303 

scattering atmosphere with O3 absorption, and no aerosols or SO2; the O3 profile is from re-processed M2-SCREAM reanalysis 304 

as described in Section 2.2. The major advantage with VLIDORT is its ability to generate not only the radiance fields, but also 305 

any set of analytically-derived layer Jacobians (weighting functions) with respect to atmospheric or surface parameters.  306 

 307 

Aerosol optical properties are required for the 𝑅01/
(3456)(𝜆1) simulation based on a pseudo-Gaussian Hunga aerosol plume 308 

loading; for this, we use a linearized Mie scattering model (Spurr et al., 2012) to develop these properties from assumed 309 

knowledge of Hunga aerosol microphysical quantities (refractive index, particle size distribution parameters). Details of the 310 

aerosol optical property Mie derivations are found in Section 3.4, along with a discussion of other atmospheric constituent 311 

profiles (in particular, O3 and SO2). VLIDORT requires total optical properties and their corresponding linearization to 312 

compute the Jacobians (see Appendix B for details). 313 
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     3.3 Inverse model  314 

The retrieval inverse model is an iterative damped non-linear least-squares minimization using a modified version of the 315 

Levenberg-Marquardt (L-M) algorithm (LMA) (Marquardt, 1963) with variable step-size (see e.g., Chong and Zak, 2001). If 316 

𝒙/ is the state vector at iteration 𝑚, then the estimate for the state vector at the next iteration is given by: 317 

 318 

𝒙/B' = 𝒙/ + 𝛼/(𝑲𝑻𝑺𝝐%𝟏𝑲+ 𝜇/𝑰)%'𝑲𝑻𝑺𝝐%𝟏(𝒚𝒎𝒆𝒂𝒔 − 𝑭(𝒙/))   (3.3) 319 

 320 

Here, 𝑲 is the Jacobian matrix which has row vector 𝐾(𝜆1) for wavelength 𝜆1 in the fitting window as seen in Eq. (3.2), 𝒚𝒎𝒆𝒂𝒔 321 

is the measurement vector with entries 𝑀/#"0(𝜆1) (Eq. (3.1)), 𝑭(𝒙/) is the forward-model simulated measurement vector with 322 

entries 𝑀01/(𝜆1) of the same form as that in Eq. (3.1), 𝑺𝝐	is the measurement and forward-model error covariance matrix (here 323 

considered diagonal), and 𝑰 is the identity matrix. The “T ” superscript denotes matrix transpose. This inversion scheme is a 324 

form of the maximum-likelihood (ML) method (Rodgers, 2000).  325 

 326 

The L-M damping parameter 𝜇/ is adjusted as needed at each iteration in order to ensure the approximation to the Hessian 327 

matrix (𝑲𝑻𝑺𝝐%𝟏𝑲+ 𝜇/𝑰) in Eq. (3.3) remains positive definite. This ensures that the shape of the cost-function approximation 328 

we are seeking to minimize during that iteration is “bowl-shaped”, and that the negative of the gradient 𝑲𝑻𝑺𝝐%𝟏(𝒚𝒎𝒆𝒂𝒔 −329 

𝑭(𝒙𝒎)) in Eq. (3.3) points in a direction to descend into the bowl. 330 

 331 

The step-size 𝛼/ is sometimes determined by a line search, in order to guarantee the cost function approximation is minimized 332 

at each iterative step; however, this procedure would be too numerically expensive in our retrieval. Instead, in order to ensure 333 

that 𝐴( and 𝑧! remain in physical parameter space at each iteration step, we simply halve the step size repeatedly until this 334 

physicality condition is satisfied (starting at 𝛼/ = 1).  335 

 336 

Convergence is reached when relative differences in state-vector elements between adjacent iterations are all below a threshold 337 

criterion (10−2 in our case), and/or when the cost-function itself reaches a clear minimum in fitting space. Spectral points are 338 

{𝜆1}, 𝑖 = 1, . . 𝑁0, where the number of points 𝑁0 depends on the selection of TROPOMI measurements in UV band 1.  With 339 

two parameters (𝐴( and 𝑧!), matrix 𝐾 in Eq. (3.3) has dimension 𝑁0 × 2. 340 

 341 

In addition to the above, to obtain better estimates of uncertainties on the retrieved state vector elements 𝐴( and 𝑧!, a facility 342 

was implemented to modify the original standard deviations from the measurement and forward-model error covariance matrix 343 

𝑺𝝐 used in retrieval (which is often based initially on measurement characteristics alone such as signal-to-noise ratio (SNR)). 344 

This was done as follows. As part of each original retrieval, a chi-square diagnostic 𝜒J = [𝒚𝒎𝒆𝒂𝒔 − 𝑭(𝒙)]K𝑺𝝐%𝟏[𝒚𝒎𝒆𝒂𝒔 −345 

𝑭(𝑥)] is produced. If the value of chi-square for the retrieval is too large - indicating that the estimated mismatch in actual 346 
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measurements 𝒚𝒎𝒆𝒂𝒔 versus forward-model-simulated measurements 𝑭(𝒙) is generally too large relative to that assumed using 347 

the original standard deviations in 𝑺𝝐 - then the expected value of chi-square for the retrieval (i.e., the number of measurements 348 

𝑁0 used in the retrieval minus one), along with 𝒚𝒎𝒆𝒂𝒔 , the final values of 𝑭(𝒙) from the original retrieval, and the original 349 

standard deviations used in 𝑺𝝐, are used to compute an additional contribution to the estimated standard deviation of 350 

measurement/forward model error for each measurement. These contributions account for the influence of unknown sources 351 

of measurement and/or forward model error. These values are then added to the original measurement standard deviations on 352 

the diagonal of 𝑺𝝐 and the retrieval is then re-run using the more realistic combined standard deviations of measurement and 353 

forward-model error. With this procedure, retrieved values of the state vector elements often do not change significantly, but 354 

their estimated uncertainties are often more realistic (i.e., larger), along with improved chi-square diagnostics. 355 

 356 

3.4 Aerosol optical properties, trace gas profiles and parameterizations, forward-model setups 357 

Background profiles 358 

As noted in Section 2.2, we use specially-processed ozone and temperature assimilated vertical profiles (reprocessed M2-359 

SCREAM) – this data set contains pressure, temperature and ozone volume mixing ratios specified for a 72-layer vertical grid 360 

at 1–2 km vertical resolution in the stratosphere. This 72-layer grid forms the basis for the atmospheric stratification. We have 361 

imposed a finer vertical resolution for the Hunga aerosol plume (typically 0.25 km is sufficient), in order to properly 362 

characterize the pseudo-Gaussian plume shape. Baseline retrievals are done assuming the aerosol peak height 𝑧! to be between 363 

24 and 34 km, in general above the ozone density peak at ~25 km. We performed a sensitivity study allowing the minimum 364 

value of 𝑧! to be 20 km; we found that this had a negligible impact on the total aerosol mass retrieval. Figure 6 illustrates the 365 

assumed aerosol and ozone profile distributions, along with CALIOP overpasses from January 17, 2022. In particular, the 366 

CALIOP daytime overpass at 5:29 UTC shows a narrow plume at 30 km (Fig. 6c, see also the CALIOP nighttime overpass at 367 

~16:20 UTC (Fig. 6d) and ~17:59 UTC (Fig. 6e)); based on this, we estimate a plume half-width of ~0.4 km, and this value 368 

was assumed throughout the retrievals discussed in the paper. The CALIOP data were used to validate our retrievals (see 369 

Section 4.4).  370 

 371 
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Figure 6: (a) Ozone and temperature profiles from the reprocessed M2-SCREAM reanalysis data on January 17, 2022, at 12 UTC. 
(b) Example of a modelled aerosol profile assuming a Gaussian-like shape with fixed half-width ~0.41 km (see Appendix A). (c) Total 
attenuated backscatter at 532 nm measured by CALIOP during daytime (~5:29 UTC) on January 17, 2022. Same as Fig. 6c but for 
nighttime measurements at (d) ~16:20 UTC and (e) ~17:59 UTC. 

Optical Properties 372 

The Mie code is an integral part of the forward model; we use the code to generate aerosol optical properties in the UV range, 373 

based on microphysical inputs typical for stratospheric sulfuric acid solution spherical droplets (Palmer and Williams, 1975; 374 

Beyer et al., 1996). These inputs include laboratory measurements of complex index of refraction at a reference wavelength 375 

of 312 nm, for a binary sulfuric acid H2SO4/H2O solution. We have chosen two values for the real part of the refractive index 376 

(nr =1.39 and nr =1.47), which represent the lower and upper limits of the laboratory measurements (Beyer et al., 1996) which 377 

correspond to low (𝑤 = 0.291) and high (𝑤 = 0.765) acid mass fractions of the binary water-sulfuric acid solutions (Myhre 378 

et al., 1998). This wide range for the real part of the refractive index reflects the plume composition simulated by NASA 379 

Goddard Earth Observing System (GEOS) Earth system model (see Appendix F), i.e., H2SO4 wt% spanning roughly 40–70% 380 

(core values ~40%) and thus reasonably bracketing the ~30–80% range. We assumed nr values to be spectrally constant in the 381 

UV spectral fitting window. The imaginary part of the refractive index can be neglected in the UV, visible and near infrared 382 

wavelengths (Beyer et al., 1996); this was set to a value of 10−4 throughout.  383 

 384 

Besides complex refractive index values {nr, ni} = {1.39 – 1.47, 10−4 }, two parameters — the fine mode radius (𝑟9~0.14	𝜇𝑚) 385 

and the standard deviation (𝑆9 = 1.545) of the particle number size distribution — were chosen to characterize the unimodal 386 

lognormal particle number size distribution of the Hunga aerosol; these parameters were derived from the Lucinda AERONET 387 

level 1.5 (Holben et al., 1998) sun-sky radiance inversions (Dubovik and King 2000) during Hunga cloud overpass (Boichu et 388 

al., 2023). An initial call to the Mie program is required to generate the extinction coefficient 𝑄#LM(𝜆() at reference wavelength 389 

𝜆( =	312 nm, and this is followed by more calls to the Mie code at every wavelength 𝜆1 , 𝑖 = 1,𝑁2 to generate the full set of 390 
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aerosol optical properties (spectral extinction, single scattering albedo, elements of the scattering matrix) required as input to 391 

the VLIDORT optical setup. The deployment of these Mie properties in the VLIDORT setup is discussed in Appendix B.  392 

 393 

Ozone cross-sections and temperature dependence are taken from laboratory measurements (Brion et al., 1993). The original 394 

high-spectral resolution data are pre-convolved with pixel-specific spectral response functions and then spline-interpolated to 395 

TROPOMI wavelengths, 𝜆1 , 𝑖 = 1,𝑁2. SO2 cross-sections are taken from Bogumil et al. (2003) and are also pre-convolved and 396 

interpolated. Both cross-sectional data sets exhibit temperature dependencies parameterized by quadratic functions, utilizing 397 

re-processed M2-SCREAM assimilated temperature profiles (Fig. 6a). Rayleigh scattering cross-sections and depolarization 398 

ratios are taken from a standard source (Bodhaine et al., 1999). 399 

 400 

Radiative Transfer Aspects 401 

In the UV spectral region below 300 nm, single scattering (SS) dominates the RT for an aerosol-free stratosphere, with light 402 

penetration depths related to the wavelength-dependent ozone absorption peaks. With high-altitude Hunga aerosols present, 403 

multiple scattering (MS) becomes more important, and it is necessary to run VLIDORT in full scattering mode (SS + MS). 404 

The number of discrete ordinates is set at 8 in the polar angle half space; we have found that this is sufficient for treating the 405 

Hunga aerosol scattering accurately, provided the delta-M scaling approximation is in force. VLIDORT is run in linear 406 

polarization mode (Stokes-vector components 𝐼, 𝑄, 𝑈); circular polarization is neglected.  407 

3.5 Validation with synthetic data 408 

We calculated Hunga BUV synthetic radiances using the NASA OMI spectral simulator software, based on geophysical 409 

conditions for January 17, 2022. Simulations were performed with and without aerosols to develop synthetic radiance ratios, 410 

which were then used as input to the Hunga inversion tool, the purpose being to evaluate the impact of changing the ozone 411 

profile and the Hunga aerosol layer height and AOD. These tests helped to develop confidence in the forward and inverse 412 

models used in the real Hunga retrievals. 413 

 414 

In addition, a number of tests were carried out to obtain a sense of the retrieval's sensitivity to (1) the half width at half 415 

maximum (HWHM) of the ascribed aerosol plume profile, (2) profiles of atmospheric density and ozone, (3) parameters 416 

governing the aerosol particle size distribution [e.g. mode fraction (assuming a bimodal particle size distribution), mode radius, 417 

refractive index (real & imaginary parts)], (4) the spectral window chosen for retrieval, and (5) the influence of the initial state 418 

vector guess on retrieval convergence.  These tests were used as a guide to aspects of the retrieval which demanded further 419 

attention during the process of refining the retrieval algorithm.  420 

      421 



 

18 
 

To further verify the fidelity of the retrieval algorithm itself, we performed a set of closed-loop validation tests using synthetic 422 

radiance spectra generated by the forward model. Each test used a pre-defined state vector 𝒙M$N#=	{AOD,	zp}  to represent 423 

typical Hunga plume conditions. Two cases were examined: (1) a retrieval based on noise-free synthetic spectra to ensure that 424 

the algorithm could reproduce the known state (𝒙$#M≈ 𝒙M$N#), and (2) a retrieval using spectra with added random noise levels 425 

representative of TROPOMI UV band 1 measurements to assess retrieval robustness under realistic conditions. In both cases, 426 

the retrieved parameters converged closely to the true inputs, demonstrating that the Hunga retrieval framework is stable and 427 

internally consistent. The noise-added tests also showed slightly larger retrieval uncertainties, as expected, but without 428 

systematic bias in AOD or 𝑧!. Overall, the results increased confidence in the forward and inverse model configurations used 429 

in the actual Hunga plume retrievals. 430 

4. Hunga Aerosol Retrieval Results 431 

To facilitate Hunga stratospheric aerosol column mass estimation, we have selected TROPOMI measurements from 17 January 432 

2022, taken at ~1:30 pm local time (03:30 UTC), because by that time (~47 hours after the eruption) the SO2/H2SO2 (sulfate) 433 

aerosol clouds have completely separated from the ash and ice clouds (see Fig. 1c from Sellitto et al., 2022), but the volcanic 434 

clouds were still above the ozone density peak at ~25 km. The absence of UV-absorbing ash is confirmed by low values of the 435 

TROPOMI-derived UV absorbing aerosol index. As noted in section 2.1, Hunga plume pixels have been discriminated using 436 

a cloud screening index (CSI) value greater than > 1.1, where CSI is the BUV radiance ratio with the background orbit (22085) 437 

at 296 nm (see Appendix C). 438 

4.1 Aerosol Peak Height Retrievals 439 

Hunga aerosol peak heights 𝑧! were retrieved using both lower (nᵣ = 1.39) and upper (nᵣ = 1.47) bounds of the real part of the 440 

refractive index; these values provide an uncertainty range for Hunga 𝑧! retrievals. Figure 7a shows 𝑧! retrieved using the 441 

upper-bound index (nᵣ = 1.47). The highest values of 𝑧! > 30 km were retrieved in the western part of the plume from orbit 442 

22087. The lower 𝑧! values (~25 km) were retrieved in the eastern part from orbit 22086. This west–east contrast is consistent 443 

with previous studies distinguishing the western aerosol- and water-rich cloud (C1) and the eastern SO2 -rich cloud (C2) (Carn 444 

et al., 2022; Legras et al., 2022). The C1 cloud likely experienced faster SO2-to-sulfate conversion and stronger water-driven 445 

radiative cooling, which contributed to its more rapid descent compared to that for C2, as noted in previous analyses (Legras 446 

et al., 2022; Sellitto et al., 2022). This difference is largely explained by the strong stratospheric easterly wind gradient in the 447 

20–40 km altitude range. This interpretation is supported by the trajectory analysis presented in Appendix D, which uses 448 

assimilated wind data from the MERRA-2 reanalysis. The higher the altitude, the stronger the easterly winds, so those parts of 449 

the C1 cloud at 𝑧! ~30±1 km were advected westward more quickly than the lower parts (Sadeghi et al., 2025). By contrast, 450 
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the C2 cloud, centered near 𝑧! ~25±1 km in the eastern sector, showed slower westward advection consistent with a weaker 451 

easterly wind field at these lower stratospheric levels.  452 

 453 

We compared the TROPOMI aerosol peak heights 𝑧! retrieved from orbit 22086 at ~3:30 UTC and orbit 22087 at ~5 UTC 454 

with the CALIOP daytime overpass at 5:27–5:29 UTC (Fig. 7b) and later nighttime overpass at ~16:16 UTC (Fig. 7c).  455 

Examining the daytime CALIOP data, we see that the average height of the C1 cloud is close to 30 km. The 𝑧! heights retrieved 456 

from TROPOMI orbit 22087, ~30 minutes prior to the CALIOP observations, match within ~1 kilometer. A second validation 457 

was obtained with the CALIOP nighttime overpass at 16:16 UTC (solid magenta line), where matchup between CALIOP and 458 

TROPOMI pixels within the C2 part of the Hunga plume (shown with the dashed magenta line) can be achieved with 13-hour 459 

back trajectories (Appendix D).   460 

 461 

TROPOMI 𝑧! ~30 km over the Northeast part of Australia also agrees with the geometric top height retrievals from the Multi-462 

angle Imaging Spectro-Radiometer (MISR) aboard NASA's Terra satellite. On January 17, 2022, MISR observed the Hunga 463 

aerosol plume off the Northeast coast of Australia at ∼00:25 UTC, with retrieved height of 27–30+ km ASL (30 km is the 464 

maximum allowed retrieval height in the MINX (MISR INteractive EXplorer) stereo-height retrieval (Kahn et al., 2024). 465 

 466 

Figure 7d shows the absolute difference in 𝑧! retrieved using the lower-bound refractive index (nr=1.39) relative to nr=1.47 467 

scenario. The average difference is 0.03 ± 0.8 km, indicating generally low sensitivity to the refractive index assumptions. 468 

Notably, in the central dense part of the plume, most areas fall within a ± 1 km difference range (shaded in gray).  However, 469 

larger localized differences of up to ± 2 km were observed in the eastern part of the plume above the Coral Sea. These 470 

discrepancies may be due to the low altitude of the Eastern part of the plume, close to the assumed plume boundary (24 km). 471 

The differences in 𝑧! up to ~4 km were found in areas with thin aerosol layers, likely due to reduced sensitivity in such cases. 472 

Overall, differences in 𝑧! values retrieved using extreme refractive index assumptions fall within the expected range. 473 
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Figure 7: (a) Retrieved aerosol plume peak height 𝒛𝒑 [km] assuming upper limit sulfate solution concentration 76.5 wt% (nr = 
1.47), from TROPOMI orbits 22086 (~3:20 UTC) and 22087 (~5 UTC) on January 17, 2022. The dashed magenta line shows a 
back-trajectory matchup between nighttime CALIOP measurements and daytime TROPOMI Hunga aerosol retrievals. (b) The 
CALIOP attenuated backscatter during daytime (~5:23–5:34 UTC) with the ground track shown in panel (a) with the solid red 
line. (c) Same as (b) but for a nighttime track (~16:14–16:25 UTC), which is shown with the solid magenta line in panel (a).  
(d)  Difference in retrieved 𝒛𝒑 assuming low limit solution concentration ~30 wt% (nr =1.39) relative to high nr =1.47 retrieval (a).      

4.2 Aerosol Optical Depth Retrievals  474 

To assess the sensitivity of the AOD retrieval to the assumed real part of the aerosol refractive index, we performed retrievals 475 

using low and high values of nᵣ (1.39 and 1.47), which span the plausible range for sulfuric acid aerosols. Figure 8 shows 476 

TROPOMI-retrieved AOD at reference wavelength 𝜆( =312 nm for the upper limit of the refractive index (nr = 1.47) and the 477 

percentage difference in results between the two nr scenarios. The highest AOD values (up to ~5.0) were retrieved over the 478 

Coral Sea (C2 cloud), where the densest portion of the volcanic plume was concentrated at lower plume altitudes around 25 479 
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km (see Fig. 8a). As the plume was transported westward across northern Australia, a secondary maximum in aerosol density 480 

was located over Western Queensland (C1 cloud), with AOD values as high as 3. Further westward, AOD values gradually 481 

decreased over Northeast Australia coinciding with a higher 𝑍! values (> 30 km).  482 

      
Figure 8: (a) Retrieved TROPOMI Aerosol Optical Depth (AOD) assuming nr = 1.47 at 312 nm for orbits 22086 and 22087. The 
location of the Lucinda AERONET site is marked with a triangle. (b) Percentage difference in AOD retrievals using low sulfate 
solution concentration (refractive index nr =1.39) relative to the AOD retrieval using high solution concentration (nr =1.47). 

 483 

The comparison (Fig. 8b) shows that retrieved AODs for low aqueous sulfuric acid solution concentration (nr =1.39) are 484 

generally higher than those AODs for high solution concentration (nr =1.47), with a mean percent difference of ~30%; this 485 

provides an estimate of the AOD systematic retrieval error associated with uncertainties in the refractive index assumptions. 486 

The largest differences were found in regions with optically thick plumes, particularly over the Coral Sea, where the aerosol 487 

peak height was close to the assumed low limit of minL𝑧!N ~24 km — that is, close to the ozone density peak. 488 

 489 
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To validate our TROPOMI AOD retrievals, we compared them with AERONET direct-sun AOD measurements (Holben et 490 

al., 1998) from the Lucinda coastal site (18.5198°S; 146.3861°E; elevation: 8.0 m) during the Hunga plume overpass from 491 

~21 UTC on January 16 to ~03 UTC on January 17 (Fig. 9). The Lucinda site is located ~6 km offshore in the tropical coastal 492 

waters of the Great Barrier Reef, and background AOD at this site is typically very small. Based on AERONET values of 493 

aerosol microphysical parameters and assumed values of refractive index, we used the Mie code to convert our retrieved 494 

TROPOMI AOD at 312 nm to corresponding quantities at 412 nm; this is the shortest AOD wavelength for AERONET 495 

measurements at Lucinda (Fig. 9b). We also subtracted tropospheric AOD contributions of 0.1, as measured by AERONET 496 

on previous days to the Hunga plume overpass.   497 

 498 

Using the NASA Goddard trajectory model (see Appendix D), we calculated the backward movement of air parcels starting 499 

from TROPOMI AOD retrievals from orbit 22087 (overpass at 05:00 UTC) and from 22086 (overpass at 03:15 UTC). We 500 

averaged all TROPOMI AOD retrievals from those parcels that pass within 10 km of the Lucinda site and compared them with 501 

the AERONET AOD measurements averaged over a 15-minute interval (Fig. 9a). We see that average retrieved AOD values 502 

show good qualitative agreement with the AERONET AOD measurements. Quantitatively, the retrievals assuming 𝑛$=1.47 503 

(black dotted curve) showed a median difference of 0.25 (mean: 0.3) relative to AERONET. For the 𝑛$=1.39 (black solid 504 

curve) case, the median difference is similar 0.3 (mean: 0.3). Both TROPOMI and AERONET AODs reached a maximum 505 

(over 2) during the local-time morning hours (21:45–23:00 on Jan 16 UTC) and dropped to ~0.5 after the main part of the 506 

Hunga aerosol cloud passed over the station.   507 

 508 

TROPOMI AOD retrievals also agree qualitatively with MISR-retrieved AOD558 ~ 0.7 ± 0.2	(1𝜎) (Kahn et al., 2024), 509 

accounting for spectral differences in the aerosol extinction between short UV and mid-visible wavelengths (Fig. 9b). Recent 510 

AOD532 retrievals from CALIOP nighttime Hunga overpasses estimate somewhat larger AOD532 values of ~1.24±0.13 (1σ) 511 

for C1 and ~1.01±0.12 (1σ) for C2 on January 17 (Duchamp et al., 2025). These CALIOP-derived AOD532 values are also 512 

consistent with TROPOMI AOD results, considering the spatial heterogeneity of the Hunga plume, the temporal differences 513 

between the satellite overpasses, and the spectral differences between the retrievals. A more comprehensive comparison with 514 

CALIOP will be conducted in a follow-up study. 515 
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Figure 9: Panel (a) red line shows 15-minute averages of the AERONET AOD412 measurements at 412 nm at Lucinda site started 
at 21:45 UTC on 16 January, 2022 (local morning time) and continued until ~ 03:00 UTC on January 17, 2022. The horizontal 
scale is given in hours elapsed from 00:00UTC on January 16. We subtracted a background tropospheric AOD412 of 0.1 measured 
on the previous days. The black dotted (solid) line represents the average of TROPOMI AOD412 retrievals assuming nr=1.47 
(nr=1.39) for pixels affected by Hunga aerosols that pass within 10 km of the Lucinda site. We adjusted TROPOMI retrieved 
AODs	at 312 nm to the AERONET measured AOD412 using theoretical Hunga aerosol extinction spectral dependence shown in 
panel (b) for effective radius reff ~ 0.2μm (black curves).   Panel (b) The red squares show the average spectral dependence of the 
AERONET AOD measurements during Hunga plume overpass shown in panel (a) and normalized to AOD412 at 412 nm. The 
3×standard deviation of the ratios AOD/AOD412 is shown as a vertical bar (±𝟑𝝈). The black solid (dotted) curve shows the 
theoretical extinction ratio from Mie calculations assuming nr=1.39 (nr=1.47) and effective radius reff ~ 0.2  μm.  The blue curves 
show similar extinction ratios using a larger reff ~ 0.4 μm retrieved in March 2022 by the solar occultation SAGE-III instrument 
aboard the International Space Station (Duchamp et al., 2023). It is clear that TROPOMI retrieval assumption of reff ~ 0.2 μm is 
consistent with the AERONET spectral AOD measurements during Hunga plume overpass on January 17 2022.  

We estimated AOD retrieval uncertainties 𝜀!"# theoretically using different approaches: (1) using error estimation by the 516 

Hunga retrieval algorithm diagnostic and comparing retrievals using low and high limits of nr=1.39 and 1.47 as shown in Fig. 517 

10, and (2) comparing AOD retrievals for each Hunga pixel using short (289–296 nm) and extended (289–310 nm) spectral 518 

fitting windows (see Fig. 3). We note the following: 519 

(1) Retrieval 𝜀!"#  uncertainties were initially based on TROPOMI radiance measurement noise (SNR) but were later refined 520 

incorporating additional contributions derived from chi-square diagnostics accounting for discrepancies between 521 

measured and simulated radiance ratios (see Section 3.3). Figure 10 shows the normalized probability density distribution 522 

of the updated 𝜀!"#	for	all	pixel	retrievals	in	Hunga	plume; this distribution has a long non-Gaussian tail; therefore, we 523 

use the median and the interquartile range (IQR; 25th–75th percentile) statistics rather than the mean and the standard 524 

deviation to describe an overall AOD uncertainty. The relative 𝜀!"#	greatly	increases	for	small	AODs.	When restricted 525 

to cases with AOD >0.2, the median 𝜀!"#~0.06 and the corresponding IQRs are 0.02(0.03) – 0.13 for both 𝑛$ cases (Fig. 526 

10). Then normalizing	to	the	retrieved	AOD,	this median absolute error corresponds to a median percentage error of 527 

~15%. 528 
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Figure 10: Normalized probability density function of retrieved AOD uncertainties 𝜀!"# for the Hunga Plume on January 17, 
2022. Results are shown for two limiting refractive index values: nr = 1.47 (red) and nr = 1.39 (blue). The number of valid retrievals 
with AOD > 0.2 (N) and corresponding median and interquartile range (IQR; 25th–75th percentile) are indicated in the legend.  

 

(2) To estimate the upper limit of the 𝜀!"#, we repeated TROPOMI Hunga retrievals using the extended spectral fitting 529 

window (289–310 nm) (see Fig.3) and assuming upper limit of nr = 1.47. With this long fitting window, we obtained AOD 530 

values ~16% lower than those obtained with the ‘short’ window. This reduction is possibly due to increased sensitivity to 531 

tropospheric clouds and uncertainties in assumed gas-phase absorbers such as O3 and SO2. These comparisons indicate 532 

the importance of varying the spectral fitting window to estimate the upper limit of uncertainty of our Hunga aerosol 533 

retrievals. On the other hand, using an extended spectral fitting window would permit retrieval of additional aerosol 534 

parameters (e.g., effective radius) or gases (e.g., O3, SO2), but would require a more complex forward RT model (e.g., 535 

including tropospheric cloud correction).  536 

 537 

Furthermore, to estimate potential instrument specific biases we carried out an inter-sensor comparison against the NOAA-20 538 

OMPS Nadir Profiler (NP) based Hunga retrieval; this was conducted using the same short spectral fitting window (289–296 539 

nm) and specially assimilated O3 profiles (see Appendix E). The retrieved NOAA-20 OMPS-NP AOD values were 540 

approximately ~20% higher than those from our TROPOMI retrievals collocated within six OMPS-NP pixels over Northeast 541 

Australia. Based on these estimates, we adopt 𝜀!"# ± 20% as the total percent uncertainty, considering both retrieval and 542 

instrument specific errors.  543 

 544 

4.3 Aerosol Mass Retrievals  545 

To convert the retrieved AOD to aerosol column mass 𝑚"#$ [g m-2] we need to know particle mass density, 𝜌, effective radius 546 

𝑟#.., and extinction efficiency 𝑄#LM =
PQLMR
PSR

, where < 𝐸𝑥𝑡 >	and < 𝐺 >	are average extinction and geometric cross-sections 547 

(Krotkov et al., 1999ab; Duchamp et al., 2023; Sellitto et al., 2024): 548 
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 549 

𝑚$%& =
'
(
)&)**
*)+,

𝐴𝑂𝐷     (4.1) 550 

We assume that the AERONET-retrieved fine-mode effective radius 𝑟#..~0.22	𝜇𝑚 at Lucinda (Fig. 9b) is representative of 551 

the whole Hunga plume. To compare with the satellite infrared IASI retrievals, we first assume the same mass density 𝜌 =1.75 552 

g cm−3 (Sellitto et al., 2024). This density corresponds to a high sulfuric acid mass fraction 𝑤 = 0.765 at temperature 𝑇 =553 

233	𝐾	(Myhre et al., 1998) and a high value of nr = 1.47 at ~300nm (Beyer et al., 1996). These values are used in Eq. (4.1) to 554 

produce the spatial distribution of Hunga column aerosol mass 𝑚"#$ shown in Figure 11. The column mass spatial distribution 555 

has similar features to those in the AOD map (Fig. 8a). Using a BUV radiance ratio filter at 296 nm (CSI > 1.1) to define the 556 

plume, we estimate a total plume area 𝐴M4M"5~4×106 km2, and a corresponding total wet aerosol mass (𝑀"#$=0.47 Tg), where 557 

“wet” denotes aqueous sulfuric acid solution droplets including water uptake at temperature 𝑇~233𝐾. The maximal  𝑚"#$ up 558 

to ~0.8 g m−2 was found over the densest part of the plume over the Coral Sea, as discussed in Section 4.2, given that the 559 

aerosol column mass values are proportional to the AOD. In the aerosol reach (C1) part of the plume over Northeast Australia, 560 

𝑚"#$ increased in value to ~0.5 g m−2, then decreased to 𝑚"#$ ~0.05 g m−2 over the northwestern part of Australia. 561 

      
Figure 11: Hunga aerosol column mass on January 17, 2022, assuming aqueous acid solution mass fraction 𝒘=0.765, 
corresponding density 𝝆~𝟏. 𝟕𝟓 g cm-3 at T=233K (Myhre et al., 1998), refractive index, nr = 1.47 (Beyer et al., 1996), and an 
AERONET retrieved fine-mode effective radius 𝒓𝒆𝒇𝒇~𝟎. 𝟐𝟐	𝝁𝒎.  

 

Both droplet mass density, ρ, and the refractive index nr are linked to the assumed sulfuric acid (H2SO4) mass fraction (𝑤) in 562 

the aerosol solution droplets. Higher sulfuric acid content results in both higher nr and ρ, and vice versa. To quantify the range 563 

of the total wet aerosol mass 𝑀"#$, we compared the retrieved 𝑚"#$ using two limiting (nr , ρ) pairs:  564 

● for nr = 1.47 and ρ = 1.75 g cm-3 (𝑤/"L =0.765), the integrated total wet aerosol mass 𝑀"#$ is ~0.47 Tg.  565 

● for nr = 1.39 and ρ = 1.25 g cm-3 (𝑤/1T =0.291), the integrated total wet aerosol mass  𝑀"#$ is ~0.50 Tg.  566 
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These results for 𝑀"#$ are close; the increase in AOD and opposite decrease 𝑄#LM =
PQR
PSR

 values are responsible when going 567 

from nr = 1.47 to nr = 1.39 in Eq. (4.1). They represent the lower and upper bounds of the retrieved wet aerosol mass, reflecting 568 

the impact of microphysical assumptions on the retrieval. We provide a representative estimate of the total wet aerosol mass 569 

~0.5 ± 0.05 Tg; this ~10% uncertainty includes the AOD retrieval uncertainties discussed in Section 4.2. 570 

 571 

4.4 Estimate of Hunga sulfate (H2SO4) mass fraction and H2SO4/H2O solution density 572 

The wet aerosol mass 𝑀aer retrieved in our study remains nearly constant (~0.5 ± 0.05 Tg) for a broad range of assumed sulfuric 573 

acid (H2SO4/H2O) solution concentrations in Hunga aerosol droplets. Therefore, it is interesting to independently estimate the 574 

spatially-averaged sulfate (H2SO4) mass fraction 𝑤 and H2SO4 /H2O solution density 𝜌. For this, we assume conservation of 575 

the total Hunga stratospheric sulfur (𝑆) mass 𝑀20 initially emitted in the gas phase as SO2 and an exponential SO2 to sulfate 576 

conversion rate with an e-folding time of 𝜏, to estimate the expected 𝑆 mass in the aerosol phase 𝑀2,"#$ at time 𝑡	(~2 days) 577 

after the main eruption on January 15: 578 

 579 

𝑀2,"#$ = 𝑀20 	[1 − 𝑒
(%	23)]      (4.2) 580 

 581 

We use reported Hunga gaseous sulfur (S) emissions on January 15: 𝑀20~0.21 − 0.24	𝑇𝑔𝑆  (i.e., half the SO2 mass produced 582 

by January 15 eruption) and an e-folding time of 𝜏~6 days as reported in Carn et al. (2022) to calculate the expected S mass 583 

converted to aerosols after ~47 hours of transport to be  𝑀2,"#$~0.061 − 0.068	𝑇𝑔𝑆 and a gaseous S mass (in SO2) to be 	584 

𝑀2,9"0~0.15 − 0.17	𝑇𝑔𝑆. Within uncertainties, the latter estimate agrees with independent operational TROPOMI 585 

stratospheric SO2 retrievals (Theys et al., 2017) integrated within the Hunga aerosol plume on January 17 (~0.14 TgS; CSI > 586 

1.1). The average sulfate (H2SO4) mass fraction 𝑤 can be estimated from the ratio of the 𝑀2,"#$ to the retrieved total wet 587 

aerosol mass 𝑀"#$~0.5	𝑇𝑔, by accounting for their molar weight ratio: (𝑀𝑊$~32 g mol-1) and H2SO4 (𝑀𝑊V42W5~98 g mol-1): 588 

 589 

𝑤 = >6,#"8
>#"8

>X946:5
>X6

      (4.3) 590 

 591 

Applying this approach, we can estimate the Hunga sulfuric acid mass fraction to be w ~0.37–0.42 with an average value of 592 

𝑤	~0.4 and an H2SO4/H2O solution density estimated based on laboratory measurements of Myhre et al. (1998) at Hunga 593 

plume temperature T~235K: 𝜌	~1.34 g cm-3. These new estimates based on Hunga stratospheric 𝑆 mass balance are consistent 594 

with the physics-based sulfate (H2SO4) weight percent (wt%) simulation of Hunga aerosols using the NASA Goddard Earth 595 

Observing System Chemistry Climate Model (GEOS CCM) with the Community Aerosol and Radiation Model for 596 
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Atmospheres (CARMA) similar to Case et al. (2023): H2SO4 ~40 - 60 wt% (i.e., 𝑤~0.4 − 0.6) and 𝜌	~1.3	– 1.4 g cm-3 (see 597 

details in Appendix F).  598 

 599 

4.5 Comparison with Infrared SO2 Measurements 600 

 601 

Sellitto et al. (2024) reported retrievals of SO2 and sulfate aerosol mass in the Hunga plume based on mid-IR IASI 602 

measurements. Their study noted that SO2 and sulfate aerosol have overlapping spectral signatures in the IR, which can lead 603 

to large uncertainties in the co-retrieval of these species in volcanic plumes; however, the potential impact of collocated water 604 

vapor on the IR retrievals was not addressed. In their paper, the equation used to derive sulfate mass from IASI measurements 605 

of mid-IR AOD is identical to that used here (Eq. 4.1) but is based on the measured mid-IR AOD and average extinction 606 

efficiency (Qext) calculated at mid-IR wavelengths (~8.5 µm). Sellitto et al. (2024) also assumed a sulfate aerosol mass density 607 

of 𝜌 =1.75 g cm−3 which corresponds to the upper limit of the sulfuric acid solution concentration 𝑤 = 0.765 at temperature 608 

T = 233K (Myhre et al., 1998). Additional uncertainties arise from the range of possible particle size distributions (𝑟#..~0.25–609 

0.45 µm) in the Hunga aerosol plume (Boichu et al., 2023; Duchamp et al., 2023).  610 

 611 

These authors report a maximum Hunga sulfate aerosol mass loading of 1.6 ± 0.5 Tg, but the peak loading was measured later 612 

in the year (August-September 2022). On January 17, 2022, the IASI-derived sulfate aerosol mass reported in Sellitto et al. 613 

(2024) is ~0.2 Tg, with a large uncertainty (estimates range up to ~0.8 Tg). Our BUV-based wet aerosol mass of 𝑀"#$~0.5 Tg 614 

is thus broadly consistent with these IR retrievals, given the uncertainties on the assumed particle size distribution. In contrast, 615 

a larger discrepancy is apparent in the SO2 retrievals: on January 17, the IASI-based SO2 mass is ~0.75 Tg (range: ~0.4–1.1 616 

Tg), compared to a total BUV SO2 mass of ~0.4 Tg (note that this is the total retrieved SO2 mass on January 17, not the SO2 617 

collocated with the Hunga aerosol plume discussed in section 4.4). Furthermore, the IASI-based SO2 mass reached a maximum 618 

of ~1 Tg (range: ~0.7–1.2 Tg) on January 19, 2022 (Sellitto et al., 2024), whereas the BUV SO2 mass was observed to decrease 619 

after January 17 (e.g., Carn et al., 2022).  620 

 621 

Sadeghi et al. (2025) also retrieved Hunga SO2 mass using CrIS IR measurements in combination with the VOLCAT 622 

(VOLcanic Cloud Analysis Toolkit) framework and HYSPLIT-based trajectory analysis to assess SO2 transport and decay 623 

patterns. On January 16, 2022, Sadeghi et al. (2025) reported a CrIS-derived SO2 mass of ~0.4 Tg, which is consistent with 624 

the BUV SO2 mass reported in Carn et al. (2022).  625 

 626 

The reasons for these discrepancies remain unclear. It is possible that the BUV operational SO2 measurements were more 627 

strongly impacted by the presence of optically thick aerosol; we also propose that the impact of Hunga water vapor on the IR 628 

SO2 and sulfate mass retrievals may also merit further consideration. 629 
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 630 

5. Summary and Conclusions 631 

The January 15, 2022 eruption of the submarine Hunga volcano was a unique volcanic event in the ~50 years since the 632 

beginning of the satellite remote sensing era. This powerful eruption was the largest since Pinatubo in 1991, but unlike the 633 

SO2-rich Pinatubo emissions, Hunga injected a volcanic plume dominated by water vapor, with relatively low SO2 content, to 634 

altitudes as high as the lower mesosphere. Although the Hunga eruption has been studied intensively from a number of remote 635 

sensing perspectives, in this work we present a novel retrieval of Hunga aerosol optical depth (AOD) and layer peak height 636 

(𝑧!) using short ultraviolet (< 300 nm wavelength) solar backscatter (BUV) band 1 radiance measurements from the 637 

TROPOspheric Monitoring Instrument (TROPOMI) on board ESA/Copernicus Sentinel 5 precursor  (S5P) satellite and the 638 

Ozone Mapping and Profiling Suite- Nadir Profiler (OMPS-NP) on board the National Oceanic and Atmospheric 639 

Administration (NOAA-20) satellite. These unique BUV retrievals allow us to detect and characterize Hunga total mass and 640 

sulfuric acid concentration of Hunga sulfate aerosols that moved across the Southwest Pacific and Australia on January 17, 641 

2022, about 47 hours after the January 15 eruption.  642 

 643 

We retrieve AOD and 𝑧! by fitting hyperspectral BUV radiance ratios in a narrow spectral window restricted to 289–296 nm, 644 

chosen in order to reduce interference from tropospheric clouds while highly sensitive to stratospheric aerosols located above 645 

ozone peak altitude. The retrieval employs radiative transfer calculations from the Vector Linearized Discrete Ordinate 646 

Radiative Transfer (VLIDORT) forward model. We assume a single Hunga aerosol layer composed of polydisperse sulfuric 647 

acid spherical particles embedded in a Rayleigh atmosphere with a known ozone profile. The ozone profile is supplied from a 648 

version of the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) Stratospheric 649 

Composition Reanalysis of the Microwave Limb Sounder (MLS) on board NASA Earth Observing System-chemistry (EOS 650 

Aura) satellite — produced by NASA's Global Modeling and Assimilation Office using a stratospheric chemistry model and 651 

MERRA-2 meteorology. We also include SO2 layer, which coincides spatially with the retrieved aerosol vertical profile, and 652 

with the total loading normalized to the stratospheric SO2 vertical column density from the operational TROPOMI SO2 product. 653 

We validate our AOD retrievals against ground-based AERONET direct-sun AOD measurements, and 𝑧! retrievals against 654 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) overpasses using Lagrangian trajectory modeling. 655 

 656 

We use TROPOMI-retrieved AOD to estimate a Hunga sulfate wet aerosol mass (i.e., sulfuric acid (H2SO4) solution droplets, 657 

including water uptake) to be ~0.5 ± 0.05 Tg on January 17,	 just two days after the main eruption. This mass estimate is 658 

consistent with our previous BUV retrievals of Hunga sulfur dioxide (SO2) emissions (~0.4–0.5 TgSO2 from January 15 659 

eruption) and rapid conversion of SO2 to sulfate aerosol (e-folding time ~6 days).  660 

 661 
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Based on these BUV aerosol and SO2 retrievals we can also estimate the sulfuric acid (H2SO4) mass fraction 𝑤~0.4 and 662 

H2SO4/H2O solution density: 𝜌~1.34	𝑔	𝑐𝑚%& in Hunga aerosol droplets. These new values represent an extreme departure 663 

from the stratospheric background sulfate aerosol (Junge layer), which is typified by values of 𝑤~0.75 and 𝜌~1.7	𝑔	𝑐𝑚%& 664 

supported by decades of observations of the lower stratosphere during both quiescent and volcanically impacted periods. These 665 

new low values, inferred from our BUV aerosol and SO2 retrievals and backed up by microphysical modeling, are a result of 666 

the uniquely water-rich conditions in the early Hunga plume. Relative humidity in the plume, as modeled by the NASA 667 

Goddard Earth Observing System Chemistry-Climate Model with the Community Aerosol and Radiation Model for 668 

Atmospheres (CARMA), reached values as high as 60%, compared to background stratospheric values closer to 1%. These 669 

findings are unique in the long-term observational record of the stratosphere; similar relative humidities only otherwise occur 670 

in overshooting clouds or cold winter hemisphere vortices.  671 

 672 

Appendix A. Aerosol Plume Parameterization 673 

The treatment here follows that in (Spurr and Christi, 2014). We use the same pseudo-Gaussian plume parameterization scheme 674 

for aerosols and for the other trace gases (SO2, O3); the exposition here is given just for aerosols but applies equally to the two 675 

trace species. The aerosol plume is characterized by three parameters H𝐴(, 𝑧!, ℎ;K: 𝐴( is the plume total optical depth at a fixed 676 

reference wavelength 𝜆$#. (312 nm), 𝑧! is the plume peak height in [km], and ℎ; is the HWHM in [km] of the plume 677 

distribution. We retrieve the first two of these parameters; the state vector is 𝑥 = H𝐴(, 𝑧!K. The pseudo-Gaussian plume is the 678 

aerosol optical thickness profile at 312 nm, given by: 679 

𝜏(𝑧) = 𝛺	 #L!	[%.(@%@1)]

['B#L!	[%.(@%@1)]\
4.      (A2.1) 680 

Here, 𝑧 is the altitude, 𝑧! is the peak height (“PKH”), 𝛺 is a normalization constant related to total stratospheric aerosol optical 681 

thickness (“AOD”) 𝐴(, and 𝑓 is an exponential constant related to the HWHM parameter ℎ; through 𝑓ℎ; = 𝑙𝑛	�3 + 2√2�	. 682 

At peak height 𝑧 = 𝑧!, the loading is 𝜏L𝑧!N =
'
]
𝛺. 683 

We assume that the plume lies between two limiting heights 𝑧^ and 𝑧M. Integrating the profile between these limits yields the 684 

total AOD: 685 

𝐴( = ∫@2@; 𝜏(𝑧)𝑑𝑧 = 	𝛺𝛤	; 					𝛤	 = (_;%_2)
('B_;)('B_2)

;    (A2.2) 686 

𝑌 = 𝑒𝑥𝑝	�−𝑓L𝑧^ − 𝑧!N�	; 				𝑌M = 𝑒𝑥𝑝	�−𝑓L𝑧M − 𝑧!N�	.   (A2.3) 687 

For a discretization of the atmosphere into vertical layers {𝑧T}, 𝑛 = 0,1, …𝑁`, where 𝑁` is the total number of layers, the 688 

loading profile will be given by: 689 

𝐿T = ∫@<=>@<
𝜏(𝑧)𝑑𝑧 = 	?0

a
𝛤T	;		.     (A2.4) 690 

𝛤T 	=
(_<%_<=>)

('B_<)('B_<=>)
; 	𝑌T = 𝑒𝑥𝑝	�−𝑓L𝑧T − 𝑧!N�	.   (A2.5) 691 



 

30 
 

Here we have used Eq. (A2.2) to show that each layer amount 𝐿T is directly proportional to 𝐴(. The forward model radiative 692 

transfer calculation using VLIDORT requires Jacobians with respect to 𝐴( and 𝑧!, plus ℎ; if the latter is to be included in the 693 

retrieval or is to be considered as a model parameter error in the retrieval. We require partial derivatives of the loading profile 694 

with respect to these parameters. Explicit differentiation of Eq. (A2.4) gives: 695 

 696 
=`<
=?0

=	 a<
a
; 			=`<

=@1
= '

a
. Q=a<
=@1

− 𝐿T
=a
=@1
R ;			 =`<

=b?
= '

a
. �=a<
=b?

− 𝐿T
=a
=b?

�.  (A2.6) 697 

 698 

The 𝐴( derivative is trivial. Derivatives with respect to 𝑧! are harder to establish; after some algebra, we find the auxiliary 699 

derivatives of 𝛤 and 𝛤T through: 700 
=a<
=@1

= 𝑓𝛤T
('%_<_<=>)

('B_<)('B_<=>)
; 									 =a

=@1
= 𝑓𝛤 ('%_;_2)

('B_;)('B_2)
.    (A2.7) 701 

 702 

Similarly, the auxiliary derivative 𝛤T with respect to ℎ; is given by: 703 
=a<
=b?

= − c
.4
𝛤T �𝑧! −

(@<_<%@<=>_<=>)
(_<%_<=>)

+ d@<%@1e_<
('B_<)

+ d@<=>%@1e_<=>
('B_<=>)

�.   (A2.8) 704 

 705 

A similar expression holds for the derivative of 𝛤 with respect to ℎ;, but with 𝑌  and 𝑧^ replacing 𝑌T and 𝑧T, and 𝑌M and 𝑧M 706 

replacing with 𝑌T%' and 𝑧T%'. In Eq. (A2.8), the constant 𝐶 =𝑙𝑛 �3 + √8�	. 707 

Figure A1 (top panel) illustrates three typical pseudo-Gaussian plumes, with total AOD 𝐴( = 1.81, peak height 𝑧! = 31.5 km 708 

and three different values of ℎ; as indicated. The lower panels show the partial derivatives with respect to 𝐴( and 𝑧!. 709 

Treatment of the SO2 trace gas profiles is similar. Plume parameters are the total column 𝛺2WJ in [DU], and the aerosol 710 

parameters 𝑧! and ℎ;, when the plumes are positioned together and have the same shape. In this case, derivatives of the SO2 711 

plume profile with respect to 𝑧! and ℎ; will then have exactly the same form as the expressions in Eqns. (A2.6) to (A2.8).  712 
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Figure A1: (Upper panel) Pseudo-Gaussian aerosol plume profiles over the 28–35 km altitude range, for three different Half-
Width at Half-Maximum (HWHM) values as indicated. (Lower panels) Profile derivatives with respect to AOD and peak height. 

Appendix B. VLIDORT and the Forward Model 713 

For radiance simulations, it is necessary to construct an input set of total optical properties (optical thickness values, single-714 

scattering albedos, spherical-function expansion coefficients, scattering matrices) for VLIDORT. In addition, for calculations 715 

of associated Jacobians with respect to aerosol retrieval parameters, VLIDORT requires an additional set of linearized total 716 

optical property inputs. Determination of VLIDORT optical property inputs is discussed in this Appendix. VLIDORT is a 717 

discrete-ordinate polarized radiative transfer (RT) model in wide use in the remote sensing community. Single scattering in 718 

VLIDORT is treated accurately for line-of-sight and solar paths allowing for the Earth’s curvature, while the multiple-scatter 719 

field is determined through plane-parallel scattering along with the pseudo-spherical approximation (solar beam attenuation 720 

for a curved atmosphere). The great advantage using VLIDORT lies in its ability to return not just the backscattered Stokes-721 

vector radiation field, but also analytically-derived Jacobians of this field with respect to any atmospheric or surface property. 722 

 723 



 

32 
 

To cover all possible retrieval trials discussed in this work and planned sequel papers, we require VLIDORT to calculate 724 

Jacobians with respect to the three aerosol parameters H𝐴(, 𝑧!, ℎ;K, the single SO2 parameter {𝛺2WJ} and the three O3 parameters 725 

H𝛺W&, 𝑧!,W&, ℎ;,W&K. 726 

In VLIDORT, the atmosphere is taken as a series of optically uniform layers. Without loss of generality, the standard set of 727 

input optical properties (IOPs) is {𝛥T, 𝜔T, 𝐵T5}, 𝑛 = 1,…𝑁` , where 𝛥T is the layer optical depth for extinction in layer 𝑛, 𝜔T 728 

the total single scattering albedo in that layer, and 𝐵T5 is a 4x4 matrix of spherical-function expansion coefficients that are used 729 

to develop the total scattering and phase matrices. [Scattering matrices can be specified in advance for the single-scattering 730 

calculations, as an alternative to developing them from sets of expansion coefficients]. For Jacobians, VLIDORT also requires 731 

the set of linearized IOPs H𝑉Tf , 𝑈Tf , 𝑍T5fK, 𝑛 = 1,…𝑁` defined as the double-normalized partial derivatives of the IOPs with 732 

respect to Jacobian parameter 𝜉f. In other words: 733 

𝑉Tf =
g@
h<

=h<
=g@

; 		𝑈Tf =
g@
i<

=i<
=g@

; 		𝑍T5f =
g@
7<(

=7<(
=g@

.   (B2.1) 734 

Here, we determine these IOPs and associated parameter derivatives for the present application. 735 

If the trace gas absorption optical thickness is 𝐺T(𝜆) in layer 𝑛, the Rayleigh scattering optical thickness 𝑅T(𝜆), and the aerosol 736 

extinction optical thickness 𝐸T(𝜆) at wavelength 𝜆, then the IOPs in that layer are: 737 

𝛥T(𝜆) = 𝐺T(𝜆) + 𝑅T(𝜆) + 𝐸T(𝜆);     (B2.2a) 738 

𝜔T(𝜆) =
)<(+)B"(+)Q<(+)

h<(+)
;      (B2.2b) 739 

𝐵T5(𝜆) =
)<(+)7(

(A#B)(+)B"(+)Q<(+)7(
(C"8)(+)

)<(+)B"(+)Q<(+)
.    (B2.2c) 740 

Here 𝑎(𝜆) is the aerosol single scatter albedo, with 𝐵5
()"j) and 𝐵5

(?#$) the coefficient matrices for Rayleigh and aerosol 741 

scattering respectively.  742 

Now the aerosol extinction optical thickness 𝐸T(𝜆) is related to the aerosol loading profile {𝐿T} at reference wavelength 𝜆( 743 

through: 744 

𝐸T(𝜆) = 𝑟(𝜆)𝐿T =
k(+)
k(+0)

𝐿T.      (B2.3) 745 

Here, 𝜖(𝜆) is the coefficient for aerosol extinction at the wavelength of interest, with 𝜖(𝜆() the extinction coefficient at 746 

reference wavelength 𝜆(, with 𝑟(𝜆) the ratio of these two quantities. 747 

 748 

Similarly, the trace gas absorption term (with SO2 included) is 749 

𝐺T(𝜆) = 𝜎T,W&(𝜆)𝐿T,W& + 𝜎T,2WJ(𝜆)𝐿T,2WJ;     (B2.4) 750 

Here, H𝐿T,W&K and H𝐿T,2WJK are trace gas loading profiles, with absorption cross-sections denoted by 𝜎T,W&(𝜆) and 𝜎T,2WJ(𝜆).  751 
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Given the aerosol loading profile {𝐿T} and gas profiles H𝐿T,W&K, H𝐿T,2WJK, we are now in a position to derive the linearized 752 

optical properties in Eq. (B2.1) through explicit chain-rule differentiation of the results In Eq. (B2.2)-B(2.4) with respect to 753 

any of the three aerosol parameters H𝐴(, 𝑧!, ℎ;K, the SO2 parameter {𝛺2WJ} or the three O3 parameters H𝛺W&, 𝑧!,W&, ℎ;,W&K.  754 

Dealing first with the aerosol profile {𝐿T}, and using the symbol 𝜉 to indicate any one of the parameters H𝐴(, 𝑧!, ℎ;K, we find 755 

that: 756 
=h<(+)
=g

= 𝑟(𝜆) =`<
=g

;      (B2.5a) 757 

=i<(+)
=g
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=g
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h<(+)
�;     (B2.5b) 758 
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Dealing next with the O3 profile H𝐿T,W&K and setting 𝜉W& to any of the three O3 parameters H𝛺W&, 𝑧!,W&, ℎ;,W&K, we have: 760 
=h<(+)
=g:D

= 𝜎T,W&(𝜆)
=`<,:D
=g:D

;      (B2.6a) 761 

=i<(+)
=g:D

=	−i<(+)
h<(+)

. =h<(+)
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;       (B2.6b) 762 

=7<((+)
=g:D

= 0.       (B2.6c) 763 

Note that these ozone derivatives are only present for the parameterized part of the profile; outside this range they are zero. 764 

The situation with SO2 is a little more complicated. For the SO2 loading parameter 𝛺2WJ, the derivatives are of the same form 765 

as those in Eqn. (B2.6): 766 
=h<(+)
=l6:4

= 𝜎T,2WJ(𝜆)
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= 0.  (B2.7) 767 

If the SO2 plume is coincident with the aerosol plume, then there will be additional dependencies on the parameters H𝑧!, ℎ;K. 768 

Thus, we now have (in place of (B2.5)): 769 
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This establishes the necessary optical inputs for VLIDORT to return simulated radiances and Jacobians for our retrieval trials. 773 

More details on optical property setups for VLIDORT may be found in the review literature (Spurr and Christi, 2019). 774 

Appendix C. Determination of Cloud Screening Index (CSI) Threshold 775 

To identify Hunga aerosol plume pixels and reduce interference with tropospheric clouds, we use a Cloud Screening Index 776 

(CSI), which is defined as a TROPOMI radiance ratio at a specific wavelength below 300 nm. The CSI wavelength and 777 

threshold were determined empirically. Radiance-ratio maps were generated at 0.5 nm intervals between 280 nm and 330 nm 778 
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and examined (see Supplement S1). We found that short UV1 wavelengths fail to fully capture the Hunga plume, while longer 779 

UV2 wavelengths are affected by tropospheric clouds more than by Hunga aerosols (Figures 2–4). Based on this analysis, 780 

radiance ratios at 296, 297, and 298 nm were selected as candidates for the CSI representative wavelength, since they 781 

minimized interference with tropospheric clouds while retaining good sensitivity to the Hunga volcanic aerosols. Figure C1 782 

shows retrieved Hunga AOD maps filtered using the CSI at the candidate wavelengths (296, 297, and 298 nm) with CSI 783 

thresholds set at 1.05 and 1.1. Areas marked with black circles indicate regions influenced by tropospheric clouds. The 784 

threshold of 1.05 was found to be too low to effectively filter out tropospheric clouds at representative wavelengths. When the 785 

threshold was increased to 1.1, filtering at 297 nm and 298 nm still left some tropospheric cloud pixels, whereas filtering at 786 

296 nm screened out most tropospheric clouds and captured most of the Hunga aerosol plume pixels (see Figure 3). Therefore, 787 

the radiance ratio at 296 nm was selected as the CSI wavelength, with the associated threshold set to be 1.1. 788 

 789 

 
Figure C1: Hunga-retrieved AOD maps generated by filtering pixels based on radiance ratio thresholds (1.05 and 1.1) at three 
candidate CSI wavelengths of 296, 297, and 298 nm. Black circles indicate areas mainly influenced by tropospheric clouds. 

Appendix D. NASA Goddard Trajectory Calculation of Hunga Aerosol Transport  790 

The “ftraj” trajectory model from NASA's Goddard Space Flight Center Atmospheric Chemistry and Dynamics Laboratory 791 

uses a fourth-order Runge–Kutta integration scheme to track parcels isentropically, with optional diabatic adjustments 792 

(Schoeberl and Sparling, 1995). The model is driven with winds at 0.25° horizontal resolution and spaced every 6 hours, from 793 

the Goddard Earth Observing System (GEOS) forward-processing system produced by the NASA Global Modeling and 794 

Assimilation Office (GMAO).  795 
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Figure D1: (a) Wind vertical profile near the Hunga volcano at the time of the eruption. The blue curve shows the speed of the 

meridional wind, the red curve the speed of the zonal wind. Clearly the meridional wind is weak at all altitudes, while the easterly 

winds increase with altitude. (b) Forward trajectories of air parcels that start from a location directly above the Hunga volcano 

at different heights, followed through 24 hours using MERRA-2 reanalysis winds. 
 796 

Figure D1(b) shows several trajectories calculated using the “ftraj” model. Parcels are started from nadir locations above the 797 

eruption point at different heights. In full accordance with the wind field, the tropospheric part of the volcanic plume at altitudes 798 

less than 17 km slowly drifts eastward, while the stratospheric part at altitudes higher than 17 km quickly moves westward.  799 

Appendix E. Hunga Aerosol Retrieval from NOAA-20 OMPS-NP measurements 800 

The NOAA-20 OMPS Nadir Profiler (OMPS-NP) provides backscattered ultraviolet (BUV) radiance spectra in the nadir 801 

viewing direction with a higher SNR, but a lower spectral resolution (FWHM ~1 nm) than correspondingly for TROPOMI in 802 

the UV1 and UV2 spectral regions. Given the high SNR and spectral coverage of OMPS-NP, we conducted independent 803 

retrievals of AOD and aerosol layer height (𝑍!) within the Hunga plume. Figure E1 shows (left) the radiance ratio map (CSI 804 

at 296 nm) and (right) spectral radiance ratios along the Hunga plume orbit (o21577), referenced to a background orbit 805 

(o21575) on January 17, 2022. The enhancements of radiance ratios are consistent with the TROPOMI radiance ratio patterns 806 

presented in Fig. 1. The clear enhancement of OMPS-NP radiance ratios within the Hunga plume and the high SNR of OMPS-807 

NP indicate that OMPS-NP data are sensitive enough to retrieve AOD and 𝑧!. The same forward model inputs as described in 808 

Section 3 (e.g., corrected ozone profiles from M2-SCREAM and aerosol microphysical properties) were used in the OMPS-809 

NP retrievals. Since spectral SNR values are required to construct the measurement and forward-model error covariance matrix 810 

𝑆k (as noted in Section 3.3) and considering the noteworthy stray light rejection characteristics of the OMPS-NP instrument, 811 

the spectral SNR of OMPS-NP was assumed to be five times higher than the TROPOMI UV1 SNR.  812 
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Figure E1: (Left) OMPS-NP CSI map (radiance ratio at 296 nm) for the plume orbit (o21575) on January 17, 2022. (Right) 
OMPS-NP spectral radiance ratios (280–310 nm) along the plume orbit (along-track: 35–46; Latitudes: 29.25°S to 5.12°S) on 
January 17, 2022. Same color scale is applied to both plots. Spectral radiance ratios were derived from the ratio between the 
plume orbit (o21577) and the background orbit (o21575). 

 813 

Figure E2 shows the retrieved AOD and 𝑧! maps from OMPS-NP and TROPOMI along with their absolute and percentage 814 

differences. Both retrievals were performed assuming nr = 1.47. Smaller TROPOMI pixels were aggregated within OMPS-NP 815 

pixels, and to ensure a reasonable comparison, we excluded cases where the number of TROPOMI Hunga pixels with CSI > 816 

1.1 was less than 20% of the total number of collocated pixels. Retrieved AOD and 𝑧! values are compared in Table E1 for 817 

OMPS-NP pixels 37 to 42. As shown in Fig. E2, the spatial distributions of 𝑧! and AOD from OMPS-NP and aggregated 818 

TROPOMI pixels show good agreement. OMPS-NP 𝑧! values are slightly lower than those of TROPOMI with an absolute 819 

difference (OMPS-NP minus TROPOMI) of 0.25 ± 0.15 km, with an averaged absolute percentage difference of ~0.8%, 820 

indicating excellent consistency in 𝑧! retrievals between the two sensors. However, OMPS-NP AOD values are approximately 821 

~20% higher than those from TROPOMI (0.24 ± 0.17). This result suggests that the higher SNR of OMPS-NP better capture 822 

enhanced aerosol signals, while TROPOMI still retrieves 𝑧! values comparable to OMSP-NP. 823 

 824 
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Figure E2: (Upper row) Aerosol peak height (𝑧!) maps retrieved from OMPS-NP and TROPOMI measurements assuming nr = 
1.47, along with absolute and percentage differences between the two retrievals. (Lower row) Same as upper panel, but for the 
AOD. TROPOMI 𝑧! and AOD values were collocated to match each OMPS-NP along-track location.  

 825 
Table E1: Comparison of retrieved Hunga AOD and Aerosol Peak Height (𝒛𝒑) between NOAA-20 OMPS-NP and 826 
TROPOMI, for selected along-track OMPS locations from 37 to 42. 827 

NOAA-20 OMPS-NP TROPOMI (collocated) 

along-track 

(0-based) 
AOD 𝑍! [km] AOD 𝑍! [km] 

37 1.30 30.00 1.11 30.24 

38 2.42 30.52 2.20 30.43 

39 1.36 30.24 1.29 30.31 

40 0.86 29.94 0.78 30.32 

41 1.35 29.46 0.79 29.96 

42 1.35 29.47 1.03 29.68 
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Appendix F. Simulation of Relative Humidity and Sulfate Weight Percent based on NASA Goddard Earth Observing 828 
System Chemistry Climate Model (GEOS CCM) 829 

To quantify the relative humidity and percentage of sulfuric acid (sulfate) by mass in the Hunga aerosol solutions, we used a 830 

version of the GEOS Chemistry Climate Model (GEOS CCM) with the Community Aerosol and Radiation Model for 831 

Atmospheres (CARMA) similar to Case et al. (2023). This version of GEOS CCM: (1) calculates the oxidation of volcanic 832 

sulfur dioxide by online oxidant species and (2) includes a detailed, size-resolved treatment of aerosol microphysics including 833 

diagnosing the amount of water vapor that condenses on hygroscopic aerosols. This model was designed to simulate large 834 

volcanic eruptions and has been validated and used in multiple studies of stratospheric volcanic injections (Case et al., 2023; 835 

Case et al., 2024; Zhu et al., 2025). We initialized this model with 0.5 Tg of SO2 based on Carn et al. (2022), and consistent 836 

with the results of this study, water vapor such that the model retained about 150 Tg within the Hunga plume, as observed by 837 

the Microwave Limb Sounder (MLS). Figure F1 shows a zonal maximum of relative humidity and the associated percentage 838 

of sulfate by mass simulated by the model. In CARMA, the sulfate weight percentage is calculated following the method of 839 

Tabazadeh et al. (1997). Within the Hunga Plume itself, relative humidity values are as high as 60% resulting in a sulfate 840 

weight percent as low as 40%. 841 

 842 
Figure F1: (Left) Zonal maximum relative humidity on January 17, 2022 in NASA GEOS CCM CARMA model. (Right) Sulfate 843 
(sulfuric acid) weight percentage of total aerosol mass associated with zonal maximum relative humidity. 844 

Code availability 845 

The VLIDORT RT model and the Mie code used in this work are publicly available free of charge, and can be obtained by 846 

contacting R. Spurr at RT Solutions, Inc. The retrieval package is governed by the GNU Public License Version 3.0 and is 847 

publicly available on Zenodo (https://doi.org/10.5281/zenodo.17355073) and on GitHub 848 

(https://github.com/cwyh3338/Hunga-Tool-Software.git ). 849 

https://doi.org/10.5281/zenodo.17355073
https://github.com/cwyh3338/Hunga-Tool-Software.git
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Data availability 850 

TROPOMI data are publicly available from the Sentinels portal (https://sentinels.copernicus.eu/data-products ).  851 

The reprocessed M2-SCREAM output used in this paper is available upon request from Krzysztof Wargan 852 

(krzysztof.wargan1@nasa.gov). NASA ground-based AERONET data are available from https://aeronet.gsfc.nasa.gov/ . 853 
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Video supplement. Supplement S1: Spectral Solar Backscattered Ultraviolet (BUV) Radiance Ratios Showing Mid-855 

Stratospheric Aerosols from the January 15 2022 Hunga Eruption, as Observed by the Copernicus Sentinel 5 Precursor 856 
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