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Preface

This data supplement has been compiled to provide
descriptions and references for the observational data
sets used in the separate chapters of this report. We
focus on brief overviews of the measurement charac-
teristics and uncertainties, together with the space-
time sampling for the various instruments. Further
details can be found in the quoted references. Satellite
remote sensing data are grouped together, followed
by ground-based and balloon measurements.

S$2.1 Satellite remote sensing data
ACE-FTS H;O and other trace gases

The Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) provides vertical
profiles of numerous atmospheric trace species, based
on solar occultation measurements (Bernath, 2017;
Boone et al., 2023). Additional information is available
at https://uwaterloo.ca/atmospheric-chemist
ry-experiment/.

ACE-FTS has been making atmospheric measure-
ments since February 2004, observing 15 sunrise
and 15 sunset occultations per day covering a lat-
itude range of approximately 70° N-S. The latitude
sampling progresses slowly over time, and it takes ap-
proximately three months to cover the latitude range
70°S-70°N.

Figure S2.1 shows the ACE-FTS sampling pattern
during January 2020-August 2023, overlaid on the
Hunga water vapour plume as observed by MLS, for
reference. The instrument measures atmospheric ab-
sorption spectra between 750 cm™! to 4400 cm™! at a
spectral resolution of 0.02 cm™!; volumetric mixing
ratio profiles of more than 40 trace gases can be in-
ferred from these spectra. The vertical resolution of
the abundance measurements is approximately 3 km,
and atmospheric retrievals are provided on an over-
sampled 1 km vertical grid. Data used here are from
the Version 5 retrievals of ACE-FTS. Data quality flags
for all species are used to appropriately screen data
quality.

Aura Microwave Limb Sounder (MLS) trace
gases and temperature

The Microwave Limb Sounder (MLS), launched on
NASA’s Aura mission in 2004, measures vertical pro-
files of a range of trace gases from the upper tropo-
sphere to the mesosphere on a daily near-global basis
(Waters et al., 2006). MLS vertically scans the atmo-
spheric limb in front of the Aura spacecraft roughly
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twice per minute and measures thermal emission in
the 118, 190, 240, and 640 GHz spectral regions (the
Aura MLS 2.5 THz observations have not been made
since 2014). Measurements can be made both day
and night, including in regions of significant aerosol
loading and all but the thickest clouds. At the time of
writing, it is anticipated that Aura MLS will continue
observing until around May 2026, at which point re-
duced power availability will dictate the end of the
Aura mission.

Starting in May 2024, the MLS “190 GHz” subsys-
tem, which measures H,O, N,O, HCN, and upper stra-
tospheric HNOs, has only been operated for roughly
one week each month in order to conserve remain-
ing life for this subsystem, which is showing signs
of aging. MLS measurements of other species (e.g.,
03, CO, CIO, HCl, etc.) continue to be made on an
uninterrupted basis.

Findings in this report are derived from MLS
“Level 2” data—vertical profiles of composition and
temperature along the Aura orbit track, with around
3500 profiles reported per day for each product. The
vertical coordinate is pressure, and profiles are spaced
every 1.5° (approximately 165 km) along the orbit
track. Typical vertical resolutions for retrieved pro-
files range over 2-5 km, depending on the product
and altitude region. Published studies of the Hunga
eruption and its impacts discussed in this report have
used a combination of MLS Version 4 (Livesey et al.,
2020) and Version 5 (Livesey et al., 2022) data.

In general, the Version 5 data are recommended
over Version 4, particularly for studies involving the
water vapour (H;0) and nitrous oxide (N;O) products,
as a slow change in behaviour of the MLS 190 GHz
receiver (likely related to the aging issues discussed
above) resulted in observable and statistically signi-
ficant drifts in these products in the Version 4 dataset
(Hurst et al., 2016). The drifts are around 2-10% per
decade (Livesey et al., 2021), depending on (1) pres-
sure level, with the strongest drifts seen in the lower
stratosphere, (2) species, with N,O more strongly
affected than H,O, and (3) the basis of comparison
(with comparisons to ACE-FTS showing about half
as much drift as seen in comparisons to in-situ frost-
point sondes).

The Version 5 algorithms and software correct for
the slow instrumental changes such that no statistic-
ally significant drift is seen in comparisons between
MLS and ACE-FTS H;O, although drifts remain in
N,O and in comparisons of H,O to the frost-point
record.
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Figure $2.1: ACE-FTS sampling locations during January 2020-August 2023 overlaying the Hunga water vapour plume
as observed by MLS, as a function of time and latitude. The water vapour is expressed in terms of vertically integrated
mass (Tg) over 100-1 hPa, calculated in 2.5° latitude bins using anomalies from the 2004-2021 average MLS background.

Figure courtesy of Jon Starr at NSF NCAR.

The only case where the MLS Version 4 data are
recommended over Version 5 is in the immediate af-
termath (within 2-3 weeks) of the Hunga eruption
(Millan et al., 2022). During this period, the strong
abundances of H,O and SO, in the core of the stra-
tospheric plume were larger than any seen before
in the MLS record. These gave rise to microwave
spectra that were very different from those for which
the MLS retrievals are designed and optimised. The
retrieval algorithms were not able to fit these spectra
as well as is typical, resulting in many of the most
Hunga-affected profiles being marked as unsuitable
for scientific use. Extensive study of this period by
the MLS team has concluded that (1) owing to subtle
differences in the respective retrieval algorithms, the
older Version 4 data are recommended over Version 5
in this specific case, and (2) in this one specific circum-
stance (and no other), users may waive consideration
of the MLS data quality flags and use profiles marked
“do not use.”

CALIOP space-borne lidar

The Cloud-Aerosol Lidar with Orthogonal Polar-
ization (CALIOP) space-borne lidar (Winker et al.,
2007) was launched on the NASA Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite in April 2006; observations ceased
in July 2023. Together with other satellites in the
NASA A-train constellation (Stephens et al., 2002),
CALIPSO flew in a 705 km altitude sun-synchronous
polar orbit with equator-crossing times of about 01:30
and 13:30 local solar time, with the polar orbit ground-
track repeating every 16 days.

The CALIOP lidar provided high vertical-
resolution measurements of the Hunga aerosol
cloud (e.g., Legras et al., 2022; Khaykin et al., 2022),
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and measurements of polar stratospheric clouds
(PSCs) (Pitts et al., 2018), along with a wide range
of other aerosol and cloud information over its
mission lifetime. The CALIOP PSC type classification
followed algorithms developed and validated for
ground-based lidar (e.g., Adriani et al., 2004).

Aerosol scattering ratio and derived optical
depth The CALIOP lidar measures backscattered
light from two lasers, emitting at 532 nm and 1064 nm,
with the two principal measurement quantities be-
ing total backscatter and backscatter ratio (referred
to in this report as the “scattering ratio”). The latter
represents the ratio of total backscatter to that from
an aerosol-free atmosphere (i.e., total backscatter to
Rayleigh backscatter), and thus quantifies the relative
enhancement due to aerosol (or clouds).

Figures in this report mainly show backscatter ratio
rather than extinction or optical depth, because de-
rivation of the latter quantities hinges on an aerosol-
type-dependent conversion from aerosol backscatter
to aerosol extinction (and thence optical depth). In
practice, such conversions require the assumption of
an aerosol “extinction-to-backscatter ratio” — some-
times referred to as the “lidar ratio” (see, e.g., Antufa-
Marrero et al., 2021 and section 1 of the supplement
to Dhomse et al., 2020) — an unsafe assumption in the
Hunga plume, where aerosol properties are poorly
known.

The CALIOP aerosol type algorithms (Young et
al., 2013) are designed to identify a specific aerosol
classification that can be used to ascribe a corres-
ponding lidar ratio, and the retrieval methods include
a stratospheric aerosol type (e.g., Kar et al., 2019).
For Version 4.2 of the CALIOP aerosol-type retrievals
(Tackett et al., 2023), a sub-typing of the stratospheric
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aerosol better resolves periods of enhanced smoke
aerosol from strong PyroCb events (e.g., Khaykin et
al., 2018).

During strong volcanically elevated stratospheric
conditions, variations in aerosol particle size distri-
bution modify the extinction-to-backscatter ratio, as
seen, for example, by Vaughan et al. (1994) in their
analysis of ground-based lidar measurements taken
following the 1991 Pinatubo eruption. Research has
also employed CALIOP measurements to assess in-
dividual eruptions for their varying volcanic sulfate
and ash mix (e.g., Prata et al., 2017).

Even for the relatively moderate and low-ash
Hunga aerosol, the substantial range in effective ra-
dius (e.g., 0.25 — 0.40 um; Duchamp et al., 2023) affects
derived aerosol optical depth from CALIOP during
this period. For Pinatubo, tabulated time-varying
lidar ratios (e.g., Jager and Deshler, 2002) have been
used to derive aerosol extinction from ground-based
lidar backscatter ratio consistently with progress-
ing aerosol microphysical properties (e.g., Shallcross,
2020).

Analyses of derived optical depths from CALIOP
(Kim et al., 2018; Ryan et al., 2024) have indicated
a general low bias compared to other observations.
It is important to note that CALIOP only retrieves
aerosol extinction where the particulate attenuated
backscatter exceeds the layer detection thresholds
(Young and Vaughan, 2009).

CALIOP depolarisation The detector for the
CALIOP 532 nm channel is configured to separately
measure the parallel and perpendicular polarised
backscatter. The ratio of the two is referred to as
“depolarisation,” expressed either as a percentage or
fraction. A large depolarisation value indicates non-
spherical particles. This measure is a key discrimin-
ator for different types of PSCs (e.g., Adriani et al.,
2004), with low depolarisation indicating spherical
particles—either liquid aerosol or ternary solution
“Type-1b” PSCs—with a stronger backscatter indicat-
ing the latter. More highly depolarised backscatter is
indicative of either “Type-2” (solid ice) or “Type-1a”
(solid nitric acid trihydrate, NAT) PSCs.

Based on the depolarisation information, the
CALIOP lidar backscatter measurements can be sub-
sampled to exclude Type-2 (ice) and Type-1a (solid
NAT) PSCs, enabling the quantification of backscat-
ter from liquid particles (sulfate aerosol and Type-1b
PSCs). The liquid Type-1b PSCs are supercooled tern-
ary solution (STS) droplets that have formed at low
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temperatures (approximately 3 K below the threshold
for NAT PSC formation), growing much larger from
the uptake of nitric acid vapour and additional water
vapour into existing “binary-solution” sulfuric acid
aerosol particles (e.g., Carslaw et al., 1994; Carslaw
et al.,, 1995).

GloSSAC aerosol extinction

The Global Space-based Stratospheric Aerosol Cli-
matology (GloSSAC) was developed in 2018 to provide
a best-estimate global dataset for variations in the stra-
tospheric aerosol layer. The main driver for GloSSAC
was to provide a stratospheric aerosol dataset for cli-
mate models within the CMIP6 (Coupled Model In-
tercomparison Project phase 6; Eyring et al., 2016)
project, and also for use within chemistry—climate
models in the CCMI initiative (Chemistry—Climate
Modeling Initiative; Morgenstern et al., 2017).

GloSSAC builds on earlier global gridded strato-
spheric aerosol datasets, notably the Pinatubo “gap-
filled dataset” generated for the SPARC ASAP re-
port (Assessment of Stratospheric Aerosol Properties;
SPARC, 2006) that was geared primarily to provide
Surface Area Density (SAD) information (e.g., Thoma-
son et al., 1997; Thomason et al., 2008) for chem-
istry—climate models (CCMs) to represent volcanic
impacts on the ozone layer (CCM-Val and CCM-Val2,
see, e.g., Eyring et al., 2005).

The GloSSAC product is a global and gap-free data-
set providing aerosol extinction coefficients at two ref-
erence wavelengths (525 and 1020 nm). The 2018 ver-
sion dataset incorporates an improved post-Pinatubo
gap-filling approach (for 1991-1993) that combines
the lidar-aligned SAGE-II with data from the Cryo-
genic Limb Array Etalon Spectrometer (CLAES) on
NASA’s Upper Atmosphere Research Satellite to fill
any gaps. The global dataset also used an approach
to address the SAGE-II gap at wintertime high latit-
udes via equivalent latitude, which is a polar-vortex-
oriented coordinate system. For the 2005-2017 period
between the end of SAGE-II and the start of SAGE-
MI/ISS, the v1.0 GloSSAC dataset is primarily based
on a merge of the 750 nm OSIRIS aerosol extinction
with the 532 nm CALIOP aerosol extinction.

Results discussed in this report are taken from the
latest v2.2 GloSSAC record (Kovilakam et al., 2025).
This incorporates the latest v5.3 SAGE retrieval and
OSIRIS version 7.2, rather than the version 5.07 used
in GloSSAC v1.0. GloSSAC v2.2 also benefits from key
advances made during the development of the earlier
v2.0 dataset, including an improved monthly clima-
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tology of Angstrom exponent (used for converting
OSIRIS extinction to 525 nm) and improved conver-
sion of CALIOP 532 nm backscatter coefficient to 532
nm aerosol extinction (see Kovilakam et al., 2020).

IASI (Infrared Atmospheric Sounding
Interferometer) SO, and sulfate aerosol

Information on the IASI observations is taken from
Sellitto et al. (2024). The RAL (Rutherford Appleton
Laboratory) Infrared/Microwave Sounder (IMS) re-
trieval core scheme (Siddans, 2019) uses an optimal
estimation spectral fitting procedure to retrieve at-
mospheric and surface parameters jointly from co-
located measurements by IASI, AMSU (Advanced Mi-
crowave Sounding Unit), and MHS (Microwave Hu-
midity Sounder) on the MetOp-B spacecraft, using
RTTOV-12 (Radiative Transfer for TOVS; Saunders
et al.,, 2018) as the forward radiative transfer model.

The use of RTTOV-12 enables the quantitative re-
trieval of sulfate aerosols (SA) and trace gases (SO,);
the bulk of the information on SO, and SA in the IMS
scheme comes from the IASI observations (Clerbaux
etal., 2009). The IMS scheme simultaneously retrieves
SO, and SA spectroscopic information, which is cru-
cial for avoiding the large uncertainties on both due
to their co-existence in volcanic plumes and overlap-
ping spectral signatures (Sellitto et al., 2019). Total
uncertainties in individual IMS SO, and SA retrievals
are estimated at 0.3 DU (SO;) and 0.002 (SA optical
depth) (Siddans, 2023).

MISR aerosol extinction

The Multi-angle Imaging Spectro-Radiometer
(MISR) instrument was launched aboard the NASA
Terra satellite in December 1999 (e.g., Kahn et al,,
2005; Limbacher et al., 2022) and measures upwelling
shortwave radiance in four spectral bands centred at
446, 558, 672, and 866 nm. The instrument design has
nine viewing angles and derives additional aerosol
characterisation information (e.g., Kahn et al., 2010),
for example regarding light absorption and particle
sphericity, and has developed a sophisticated typo-
logy algorithm from the multi-wavelength informa-
tion (e.g., Kahn and Gaitley, 2015).

From analysis of the MISR products during the
initial Hunga aerosol plume (Kahn et al., 2024), the
volcanic aerosol was predominantly spherical and
non-absorbing, except for the earliest phase of the
cloud monitoring. This initial monitoring (21 Janu-
ary 2022) showed that the main northern portion
of the plume had a substantially absorbing and non-
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Figure $2.2: OMPS-LP daily coverage from the S—NPP
satellite, illustrating retrieval locations for the left and
right slits (red and yellow circles) relative to the central
slit (white circles) following the main orbital path. Fig-
ure adapted from Loughman et al. (2018).

spherical signature, consistent with that seen in the 23
and 26 January LOAC observations from La Réunion
(Kloss et al., 2022), this being during the 10-day period
when CALIOP could not measure due to a solar flare
(personal communication D. Winker, NASA LaRC).

OMPS-LP aerosol extinction

The Ozone Mapping and Profile Suite Limb Profiler
(OMPS-LP; Loughman et al., 2018; Taha et al., 2021)
is a component of the Suomi National Polar-orbiting
Partnership (NPP) satellite, launched in October 2011.
A second OMPS-LP instrument is now operational on
the NOAA-21 mission, launched in 2022, and further
launches are planned. OMPS-LP uses a limb-scatter
technique to retrieve vertical profiles of aerosol ex-
tinction at multiple wavelengths, alongside ozone
retrievals. The vertical resolution is approximately
1-2 km. The S-NPP satellite is in a sun-synchronous
orbit and provides more than 7000 profiles per day
(Figure S2.2). Although OMPS-LP has three vertical
slits that make measurements separated horizontally
in the cross-track direction by 250 km, only the centre
slit, which has the best stray-light performance, is
used in the retrievals analysed here.

There are several different retrievals of aerosol ex-
tinction from OMPS-LP measurements available, of-
fering somewhat different results. The “NASA OMPS”
v2.1 retrieval from the NASA GSFC team uses a
single image of the limb radiance to perform a one-
dimensional (altitude) retrieval for aerosol extinction.
This is performed for six spectral bands spanning
510-997 nm, and profiles are reported from cloud top
to 38 km (Taha et al., 2021). The basic approach, which
requires an assumption of the particle size distribu-
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tion to derive the scattering phase function, follows
from the original algorithm developed for limb-scatter
aerosol retrievals using OSIRIS measurements (Bour-
assa et al., 2007). The OMPS v2.1 uses a model-derived
gamma function particle size distribution (Chen et al.,
2018).

Near the completion of this report, an updated ver-
sion (v2.5) of NASA OMPS has become available. The
v2.5 algorithm improves convergence by increasing
the number of iterations, enhancing retrieval per-
formance. Short-wavelength aerosol profiles at 510,
600, 675, and 745 nm were filtered for unrealistic
values (mainly at lower altitudes and large scatter-
ing angles) using the colour ratio relative to 869 nm.
Additional filtering removed profiles with extinction
greater than 0.1 km™! or retrieval residuals greater
than 50%. Compared with v2.1, v2.5 aligns more
closely with GloSSAC data (see Figure S2.3) and cap-
tures a pronounced SAOD maximum in late Janu-
ary—early February 2022, linked to rapid SO;-to-SO4
conversion in the Hunga cloud driven by elevated
water vapour. This feature is absent in both GloSSAC
and SAGE records.

A separate retrieval of OMPS-LP is available from
the University of Saskatchewan (Bourassa et al., 2023),
known as the USASK product. The USASK retrieval
employs a tomographic method (Degenstein et al.,
2003) to improve limb-scattering aerosol extinction
retrievals, as described in Zawada et al. (2018). The
tomographic two-dimensional inversion combines
successive limb images from the OMPS-LP central
slit. Aerosol extinction is reported at 745 nm on a
retrieval grid of 1 km vertically and 125 km hori-
zontally, which approximately matches the OMPS-LP
sampling. A single-mode lognormal particle size dis-
tribution is assumed. The USASK retrieval improved
characterisation of some early-phase Hunga aerosol
layers (Bourassa et al., 2023) compared to the v2.1
NASA OMPS-LP aerosol extinction.

Although an additional OMPS-LP aerosol product
developed by the University of Bremen (IUP) is avail-
able (Rozanov et al., 2024), those data are not used for
analysis in this report but are included in the meas-
urement uncertainty discussion in Chapter 3.

OSIRIS aerosol extinction

The Optical Spectrograph and Infrared Imager Sys-
tem (OSIRIS) is a limb-scatter instrument launched
aboard the Odin satellite in 2001 that continues to op-
erate at the time of writing. The Optical Spectrograph
(OS) is the primary instrument, measuring scattered
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Figure $2.3: Comparisons of near-global average
(60°S—60°N) stratospheric aerosol optical depths (SAOD)
from OMPS v2.1, v2.5, and GloSSAC. SAOD for the
first two years after the Hunga eruption are shown
with background SAOD removed. (a) NASA OMPS-LP
v2.5 1020 nm values are derived by converting 745 nm
SAOD using the SAGE III/ISS 745-to-1020 nm Angstrom
exponent; NASA OMPS-LP v2.5 997 nm SAOD shown
directly, without any conversion, and GloSSAC 1020 nm
SAOD. (b) NASA OMPS-LP v2.1 1020 nm values are
derived by converting 745 nm SAOD using the same
SAGE III/ISS Angstrém exponent; NASA OMPS-LP v2.1
997 nm SAOD shown directly, without any conversion,
and GloSSAC 1020 nm SAOD.

sunlight between 284 and 810 nm with approximately
1.0 nm spectral resolution. The OSIRIS inversion re-
trieves aerosol extinction at 750 nm on a 1 km grid,
with the profile information having approximately
2 km vertical resolution (Bourassa et al., 2007). The
inversion requires an assumption of the particle size
distribution to derive the scattering phase function.
The OSIRIS sampling generally provides between 100
and 400 profiles per day over 82°S-82°N (excluding
polar night), depending on the time of year, with a
slight bias toward the Northern Hemisphere.

Radio occultation stratospheric H,O

Radio Occultation (RO) measures the bending angle
of radio waves propagating through the atmosphere,
from which vertical profiles of atmospheric refractiv-
ity (N) can be derived with high vertical resolution
(approximately 1 km). The refractivity is dependent
primarily on temperature and water vapour (H;0) in
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the atmosphere according to:

N:7N%£)+&Bx1&(iy
T T2

(S2.1)
where p is pressure, T is temperature, and e is H,O
partial pressure.

Under normal conditions, the H,O term makes vir-
tually no contribution to N at altitudes above 10 km,
and thus H,O is not detectable by RO measurements
in the stratosphere. However, in the case of extremely
large stratospheric H,O concentrations in the early
Hunga plume (>1000 ppmv), the RO measurements
can be combined with independent temperature ob-
servations to derive estimates of stratospheric H;O.
Details of these calculations are described in Khaykin
et al. (2022) and Randel et al. (2023).

Radio occultation ionospheric electron density
profiles

Radio occultation also measures the phase advance
and group delay on two Global Navigation Satel-
lite System (GNSS) frequencies, which—like ground-
based GNSS measurements—can be used to measure
the path-integrated electron density of the ionosphere
between the transmitter and receiver satellites. Dur-
ing occultations, time series of this path-integrated
electron density can then be inverted using an Abel
transform to derive profiles of the ionospheric elec-
tron density. These profiles are often attributed to the
tangent point of the occultation measurement and are
frequently used for ionospheric event remote sensing
(Syndergaard et al., 2006).

Some limitations of the technique are discussed in
Shaikh et al. (2014), Pedatella et al. (2015), and Currie
et al. (2021).

SAGE 1lI/ISS

Water vapour and ozone The Stratospheric Aer-
osol and Gas Experiment (SAGE) III provides strato-
spheric water vapour, ozone, nitrogen dioxide, and
aerosol extinction coefficient profiles using solar oc-
cultation observations from the International Space
Station (ISS). SAGE III/ISS is in a mid-inclination orbit
(51.6°) and provides 15 sunrise and 15 sunset measure-
ments per day, covering the latitude range between
50°S and 50°N for most months of the year. The latit-
ude sampling progresses slowly over time, such that it
takes approximately one month to cover the latitude
range 50° N-S.

Figure S2.4 shows the sampling of SAGE III/ISS dur-
ing January 2020—-August 2023, overlaying the Hunga
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H,0 plume observed by MLS for reference. Data used
here are based on retrieval version v5.2. The ver-
tical resolution of all data products is approximately
0.75 km, with profile retrievals reported on a 0.5 km
grid.

The trace gas profile data are provided in units of
number density on altitude and are converted to mix-
ing ratio using the temperature and pressure profiles
reported in the SAGE III/ISS data files, which ori-
ginate from the Modern-Era Retrospective Analysis
for Research and Applications, Version 2 (MERRA-2;
Gelaro et al., 2017).

Data quality for the v5.1 retrieval of the
SAGE III/ISS ozone data (the “AO3” product) is dis-
cussed in Wang et al. (2020). Water vapour retrievals
for v5.1 were validated in Davis et al. (2021) and Park
et al. (2021).

Aerosol extinction and derived aerosol paramet-
ers SAGE III/ISS also measures aerosol extinction
at nine wavelengths (384, 449, 521, 602, 676, 756, 864,
1022, and 1544 nm). By directly measuring the extinc-
tion of the solar radiation, SAGE III/ISS provides meas-
urements with high accuracy and precision (Thoma-
son et al., 2021). The vertical resolution is approx-
imately 1 km, with profiles reported in 0.5 km incre-
ments from 0.5 to 40 km altitude (Damadeo et al.,
2013).

The “half-to-one-micron extinction ratio” gives a
general indicator of variations in particle size distri-
bution (e.g., Thomason et al., 2021) based on the mid-
visible (525 nm) to near-infrared (1020 nm) SAGE-
IT aerosol extinctions. The multi-wavelength aero-
sol extinction coefficient measurements also provide
derived aerosol parameters for variations in the
stratospheric aerosol layer particle size distribution
(Thomason et al., 2008; Knepp et al., 2024), within lim-
itations discussed by Savigny and Hoffmann (2020).

The latest v5.3 SAGE III/ISS data release includes,
for the first time, a suite of aerosol size distribu-
tion parameters (Knepp et al., 2024). Applying the
so-called “three-lambda method” (Thomason et al.,
2008), the approach relates aerosol extinction at three
wavelengths to aerosol surface area density (SAD)
and volume concentration, the ratio of the latter to
the former then providing the effective radius.

The aerosol particle size distribution is a key factor
driving the radiative and stratospheric chemistry im-
pacts of major volcanic eruptions, and variants on
the three-lambda method have been applied to gener-
ate global datasets for coordinated chemistry—climate
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Figure $2.4: SAGE III/ISS sampling locations overlaying the Hunga water vapour plume as observed by MLS, as a function
of time and latitude. The MLS water vapour contours are the same as in Figure S2.1. Figure courtesy of Jon Starr at

NSF NCAR.

modelling assessments (Luo, 2016; Revell et al., 2017).
For the Hunga HTHH-MOC experiments (Zhu et al.,
2025), the CMIP6 methods from Luo (2016) were ap-
plied to generate SAD and waveband-mapped aerosol
optical properties for the two years of the post-Hunga
re-analysis experiment 2b (see Jérimann et al., 2025).

SSU stratospheric temperatures

Satellite data for studying long-term temperature
changes in the middle and upper stratosphere in-
clude the operational Stratospheric Sounding Unit
(SSU) covering 1979-2006 (Steiner et al., 2020). The
SSU data represent broad-layer (approximately 15 km
thick) averages centred around 30, 37, and 43 km.
The SSU data originate from seven separate opera-
tional instruments, and a merged climate data record
was developed by Zou et al. (2014), taking account
of instrument calibration, satellite orbit drifts, and
evolving CO; concentration.

The SSU data record beyond 2006 was extended
by Zou and Qian (2016) using Advanced Microwave
Sounding Unit (AMSU) measurements (the so-called
SSU+AMSU data). MLS temperatures were used in
Randel et al. (2016) to create an independent update to
the SSU time series beyond 2006, based on construct-
ing vertically weighted MLS averages to optimally
match SSU for the overlap period 2004-2006 (the so-
called SSU+MLS data).

SABER temperatures

The Sounding of the Atmosphere using Broad-
band Emission Radiometry (SABER) instrument on
the Thermosphere, Ionosphere, Mesosphere Energet-
ics and Dynamics (TIMED) satellite has measured
temperature and chemical species in the middle at-
mosphere since January 2002 (Russell et al., 1999).
Temperatures are retrieved from measurements of
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infrared CO, emissions from the atmospheric limb
over altitudes from approximately 16 to 100 km, with
a vertical resolution of 2 km (Remsberg et al., 2008).

Data used here are from retrieval version v2.08,
available online at https://saber.gats-inc.com.
SABER temperature profiles are available at two local
times each day, with measurements from 53° latitude
in one hemisphere to 83° latitude in the other. The
local times of the measurements shift gradually from
one day to the next as the TIMED orbit precesses, and
this sampling pattern flips approximately every 65
days. Further data analysis details are described in
Yu et al. (2023).

TROPOMI SO,

SO, column abundances have been measured by
the Tropospheric Monitoring Instrument (TROPOMI)
operating on ESA’s Sentinel-5 Precursor (S5P) satellite
since 2017 (Veefkind et al., 2012). The polar-orbiting
S5P satellite enables daily temporal resolution for
TROPOMI SO, measurements at the tropical latitudes
of the Hunga eruption.

TROPOMI uses observations of backscattered UV
radiation to retrieve vertical column densities (VCDs)
of volcanic SO, and is capable of detecting VCDs of
less than 1 Dobson Unit (DU; 1 DU = 2.69 x 10'® mo-
lecules cm™?) in a single pixel (Li et al., 2017; Theys
et al., 2017). TROPOMI provides a spatial resolution
of 5.5 x 3.5 km, and the total uncertainty of the TRO-
POMI stratospheric SO, measurements is approxim-
ately 35 % (Carn et al., 2022).

Reanalysis meteorological and constituent data
sets

An atmospheric reanalysis system consists of a
global forecast model, input observations, and a data
assimilation scheme used in combination to produce
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best estimates (gridded analyses) of past atmospheric
states—including temperature, wind, geopotential
height, and other meteorological fields.

An overview and description of atmospheric reana-
lysis systems, with a focus on the stratosphere, is
provided by Fujiwara et al. (2017), and comprehensive
evaluations of current reanalysis data in the strato-
sphere can be found in SPARC (2022). Stratospheric
composition reanalysis is also available from the
MERRA-2 Stratospheric Composition Reanalysis of
Aura Microwave Limb Sounder (M2-SCREAM), which
provides globally gridded analyses of the MLS con-
stituents based on MERRA-2 winds (Wargan et al.,
2023).

AIRS, IASI, CrIS temperatures, and airglow

There are several data sets used briefly in Chapter 6
regarding measurements of upper atmospheric waves
observed after the initial Hunga eruption. These in-
dividual data sets are not described in detail in this
Supplement, but further information can be found in
Wright et al. (2022).

S2.2 Ground-based and balloon measurements
AERONET particle size distribution

The AErosol RObotic NETwork (AERONET) pro-
ject (Holben et al., 1998; Zhang et al., 2006) was estab-
lished to provide a harmonised network of ground-
based sun photometers. AERONET observations are
used to derive column-integrated aerosol parameters
(Dubovik and King, 2000) and for satellite validation
(e.g., Kahn et al.,, 2005; Remer and Kaufman, 2006),
and contribute to a quantitative understanding of aer-
osol radiative effects (Kinne et al., 2003; Schulz et al.,
2006).

The automatic Sun-tracking and sky-scanning ra-
diometers make measurements every 15 minutes
across multiple wavelengths (340, 380, 440, 500, 675,
870, 940, and 1020 nm). The detailed spectral inform-
ation enables the derivation of a column particle size
distribution (King et al., 1978; Eck et al., 1999). For
example, Holben et al. (1996) demonstrated how meas-
urements in the Amazon Basin during 1993 revealed a
change in aerosol size distribution, transitioning from
a background distribution (with modest Pinatubo en-
hancement) into a clear signature of biomass-burning
aerosol during the dry season.

For the analysis of the Hunga aerosol size distri-
bution in this report, the cloud-screened Level 1.5
observations are used, applying version 3 of the spec-
tral inversion algorithm (Dubovik et al., 2006; Boichu
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et al., 2023).

COBALD backscatter sonde

The COBALD (Compact Optical Backscatter Aero-
sol Detector) instrument is a lightweight backscatter
sonde designed to be flown on operational weather
balloons. COBALD provides high-precision in situ
measurements of aerosol backscatter coefficient at
two wavelengths (455 and 940 nm), and detects backs-
cattered light from air molecules, aerosol, or cloud
droplets. These measurements provide detailed in-
formation on aerosol (or cloud) particle size and num-
ber density.

Ground-based GNSS Total Electron Content
(TEC)

Ground-based networks of thousands of geodetic
Global Navigation Satellite System (GNSS) receivers
measure the phase advance and group delay on two or
more frequencies, which can be used to estimate the
path-integrated electron density of the ionosphere
between transmitter and receiver satellites—referred
to as the Total Electron Content (TEC) (Themens et
al., 2013; Rideout and Coster, 2006).

This TEC is, by a wide margin, the most abund-
ant ionospheric measurement available. While it
can be subject to limitations from receiver and satel-
lite bias calculation, for studies of the Hunga event
and other mesoscale ionospheric structuring, relative
TEC—where detrending has been applied—is gener-
ally accurate, albeit subject to some limitations de-
pending on the signal ray geometry with respect to
the orientation of the phase fronts of wave structures
(Guerra et al., 2024).

Without projection to vertical, TEC can be determ-
ined with a precision as high as 0.005-0.02 TECU,
depending on the phase stability of the receiver.

Ground-based lidar: aerosol extinction and
scattering ratios

Réunion Island lidars (Maido observatory) A
lidar facility has operated at Réunion Island (21°S,
55°E) since 1994 (Baray et al., 2013). Originally located
at the coastal Université de La Réunion site in Saint-
Denis (80 m a.s.l.), the system was relocated in 2012
to the Maido mountain observatory (2160 m a.s.l.).
The original Rayleigh—Mie 532 nm Nd:YAG lidar
was upgraded in 1998 to a DIAL system to enable
measurements of tropospheric ozone profiles (Baray
et al., 1999). It was further adapted in 2002, incor-
porating Raman channels providing measurements
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of water vapour profiles (Baray et al., 2013). A second
aerosol-measuring DIAL lidar has been operational
at Maido since June 2000.

As part of the NOAA Tonga Rapid Response Ex-
periment (TR?Ex), Baron et al. (2023) analysed the
initial detections of the sheared Hunga aerosol layers,
comparing results from both systems. They repor-
ted, among other findings, somewhat different lidar
ratio (extinction-to-backscatter ratio) measurements
between the two systems.

Lauder lidar The Lauder Atmospheric Research
Station of the National Institute of Water and Atmo-
spheric Research (NIWA), located on the South Island
of New Zealand (45.0°S, 169.7°E, 370 m a.s.1.), has been
operating a lidar at 532 nm since 1992 on a regular
basis, with a mean measurement rate of one or two
nights per week.

It provides measurements of both scattering ra-
tio and particle depolarisation ratio. To retrieve ver-
tical profiles of scattering ratio, a Fernald inversion
method is used, assuming an aerosol extinction-to-
backscatter ratio of 46 sr. The molecular backscatter-
ing coefficient is derived from the JRA-55 meteorolo-
gical analysis (Nagai et al., 2010; Sakai et al., 2016).

Dumont d’Urville lidar The French Antarctic sta-
tion Dumont d’Urville (66.6°S, 140°E; DDU) has hos-
ted an aerosol and cloud lidar since April 1989, op-
erating in the Network for the Detection of Atmo-
spheric Composition Changes (NDACC). The main
focus of the instrument is the study of polar strato-
spheric clouds with nighttime setup; the recent focus
on aerosol plumes originating from either volcanic or
biomass burning activity extended the measurement
calendar to the summertime.

The Nd:YAG laser source emits at 532 nm at 10 Hz
frequency with an emitted power of approximately
250 mJ. Backscattered photons are collected on a col-
located 80 cm diameter Newton telescope. A polar-
ising cube at the reception splits the beam into two
components polarised parallel and perpendicular to
the laser emission for the 532 nm wavelength, each
component is recorded and inverted to calculate the
depolarisation ratio. The Rayleigh/Mie/Raman lidar
also acquires the N, vibrational Raman scattering at
607 nm. As the OHP lidar, the signal inversion is per-
formed using the Klett-Fernald formalism derive scat-
tering ratio profiles, which have a 60 m vertical resolu-
tion. ECMWF meteorological data is also used for the
molecular backscattering calculation. A detailed de-
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scription of the instrument, measurements processing
method as well as error estimation is provided by
Tencé et al. (2022).

Mauna Loa Lidar The NOAA Mauna Loa Obser-
vatory (19.5°N, 155.6°W, 3396 m a.s.l.) established a
ruby laser-based lidar in the early 1970s, which op-
erated until 1998. A Nd:YAG laser-based lidar began
operation in 1994. The YAG system operates about
once per week and retrieves aerosol profiles at 532
and 1064 nm at 300 m altitude resolution. Molecular
profiles needed for analysis are calculated from radio-
sondes launched at Hilo, HI (56 km distant) and the
NASA/MSIS model for altitudes above the radiosonde.
The signal is usually normalised between 38 and 40
km and the Fernald-Klett inversion method is used
(Barnes and Hofmann, 1997).

OHP lidar The Observatoire de Haute-Provence
(OHP) located in southern France (43.9° N, 5.7° E,
670 m a.s.l.) is equipped with several lidar systems
for atmospheric sounding at a wide range of altitudes.
The aerosol measurements are provided by LTA lidar
operating at 532 nm since 1991 on a regular basis with
a mean measurement rate of 10-12 acquisition nights
per month. For retrieving vertical profiles of stra-
tospheric aerosol, a Fernald-Klett inversion method
is used to provide backscatter and extinction coef-
ficients. The scattering ratio is then computed as
a ratio of total (molecular plus aerosol) to molecu-
lar backscattering, where the latter is derived from
ECMWF meteorological analysis. The resulting ver-
tical profiles of aerosol parameters are reported at 150
m vertical resolution. A more detailed description of
the instruments, aerosol retrieval and error budget
are provided by Khaykin et al. (2017) and references
therein.

Sao Paulo (SPU) and Bauru (IPMET) lidars The
lidar facility at Sdo Paulo (SPU) is a multi-channel
lidar system with elastic channels at 356, 532, and
1064 nm, and Raman channels at 530, 387, 408, and
530 nm (see, e.g., https://www.spulidarstation.
org/instruments). Thanks in part to the coopera-
tion and sharing of Hunga measurement data via the
VolRes mailing list (e.g., Vernier et al., 2022; Vernier
et al., 2024), a field campaign named BraVo took place
in 2022 (Vernier et al., 2023). The campaign included
lidar and balloon measurements from July to August
to characterise and understand the progression of
tropical Hunga aerosol and water vapour (Landulfo
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et al., 2022b; Souza et al., 2025).

For the BraVo campaign, in addition to 13 balloon
flights carried out (from May 24, 2022, to August 13,
2023), progression of the Hunga aerosol was mon-
itored from the lidar facility at the Centro de Met-
eorologia de Bauru (IPMET-UNESP) in Bauru, Brazil
(22.3°S, 49.3° W). The four-channel IPMET lidar meas-
ures at 355, 532, and 1064 nm, with the 532 nm channel
measuring both parallel and perpendicular compon-
ents used to derive depolarisation ratio for indicating
non-spherical particles (Landulfo et al., 2022a).

lonosonde electron density profiles

Ionosondes are ionospheric sounding instruments
that use reflection in the high-frequency (HF) band
(typically 1-25 MHz) to remotely sense the profile of
ionospheric electron density up to the F2 peak of the
ionosphere (Reinisch, 1987). These instruments have
data records extending back to as early as 1932 and
make up the majority of the ionospheric climate re-
cord. While these instruments are very reliable, auto-
mated processing of the radar data is challenging and
often suffers critical errors during disturbed events
that are not well characterised by the available quality
control measures supplied with the automatically pro-
cessed products (Stankov et al., 2023; Themens et al.,
2022). Because of this limitation it is essential that the
data from these instruments be manually processed
during severe events, such as Hunga. When follow-
ing the International Union of Radio Science (URSI)’s
guidelines for data scaling and annotation, manually
processed ionospheric peak critical frequency (f,F2)
can be taken, at the highest confidence level, as ac-
curate to within 0.05 MHz, while h,,,F2 can achieve
a precision of between 5 km and 15 km, depending
on ionospheric conditions and the competency of the
manual scaler.

LOAC particle counter

The Light Optical Aerosol Counter (LOAC) is an
optical particle counter instrument that can be op-
erated on weather balloons for observations in the
stratosphere (Renard et al.,, 2016). LOAC measures
the number of aerosol particles at different particle
sizes and additionally derives information about the
absorption of the aerosol from two detectors (photodi-
odes) at two different angles from the light source (12
and 60 degrees). This design of the LOAC instrument
allows calculation of a “particle typology” classific-
ation (Renard et al., 2016) based on the number of
particles present and their light-absorbing properties.
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In addition to the initial Réunion Island campaign
(Kloss et al., 2022), the later Hunga aerosol was also
profiled with the LOAC from South Africa in Septem-
ber 2022 (Cummins et al., 2023), and from Chile during
2023.

Lightweight aerosol filter samplers

A series of balloon soundings from Sio Paulo,
Brazil deployed a lightweight filter sampling instru-
ment to sample in-situ the composition of the Hunga
aerosol. As part of the BraVo field campaign (Landulfo
et al., 2022b), two phases of the campaign saw dedic-
ated balloon soundings combining the filter sampler
and POPC instrument to analyse the Hunga aerosol.

An initial series of soundings in May 2022 (Ver-
nier et al., 2023), later soundings in August 2022 hav-
ing a longer duration of sampling the Hunga aerosol
(Vernier et al., 2024; Vernier et al., 2025), with the
use of a radio-controlled device able to remain at a
constant altitude to sample volcanic layers (personal
communication Hazel Vernier, Dec 2023). The ion
chromatography analysis for the samples from these
two phases was carried out in two different laborat-
ories (personal communication H. Vernier, December
2023), and the two instruments also differed in their
detection limits.

For the August 2022 soundings analysed by Ver-
nier et al. (2025), polytetrafluoroethene (PTFE) filters
with a pore size of 0.45 pm were used. A key uncer-
tainty remains regarding the collection efficiency of
the finest particles, as to whether the sampler may
have been unable to capture the smaller volcanic
sulfate particles.

Ozonesondes and SO, sondes

Ozonesondes are small, lightweight, and compact
balloon-borne instruments developed for measuring
the vertical distribution of atmospheric ozone up
to an altitude of about 30 km. Data used here are
from the Electrochemical Concentration Cell (ECC)
Ozonesonde, which provides ozone profile observa-
tions with an uncertainty of 10% (Tarasick et al., 2021).
These measurements have a high vertical resolution
of 5 m. The SO, sonde provides SO, profile measure-
ments based on modification of an ECC ozonesonde,
as described in Yoon et al. (2022). SO, measurements
have an uncertainty of 20%.

POPS optical particle spectrometer

The Portable Optical Particle Spectrometer (POPS)
is a lightweight, low-power, and relatively low-cost
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research-grade optical particle counter that measures
the number concentration of aerosol particles with
diameters between 140 nm and 2.5 pm (Gao et al.,
2016).

Since 2020, a global network of POPS launches has
been established under the Balloon Baseline Strato-
spheric Aerosol Project (B%SAP; e.g., Todt et al., 2023;
Asher et al., 2024). Quarterly launches were conduc-
ted during 2022 from both the northern and south-
ern tropics (Hilo, Hawaii, and Maido, Réunion Island,
respectively) and from both northern and southern
mid-latitudes (Boulder, USA, and Lauder, New Zeal-
and).

Asher et al. (2023) use these data to study particle
size variations within the Hunga volcanic cloud.

POPC Particle Counter

The BraVo balloon soundings used a POPC particle
counter, a commercially available OPC instrument
(Particle Plus 8306) that measures aerosol concen-
trations within 8 size channels, between 0.15 and 5
microns (Vernier et al., 2025).

The newer NPOPC, used on some flights, is an
improved POPC instrument (Particle Plus, with sim-
ilar laser, but improved signal-processing to provide
30 size channels). The POPC was also used in the
DCOTSS field campaign, involving soundings from
Kansas in August 2021 measuring volcanic aerosol
from the La Soufriére eruption (Li et al., 2023).

STAC and L-OPC particle counters

The longest record of in-situ measurements of the
stratospheric aerosol layer is from the continuing
program of balloon soundings begun from Laramie,
Wyoming in 1971 (Deshler et al., 2003; Deshler et
al,, 2019). The main basis of this record is the op-
tical particle counter (OPC), measuring the number
of scattering pulses of white light, corresponding to
particles larger than approximately 300 nm diameter.

Since 2016, the Laramie record has continued with
a smaller lighter-weight LASP OPC (LOPC, Kalnajs
and Deshler, 2022), superseding the OPC40 that
provided the Wyoming record since the late 1980s
(Deshler et al., 2003). The earlier record used a sim-
ilar 25 degree scattering OPC (Pinnick and Hofmann,
1973), also measuring from Minneapolis back to Au-
gust 1963, originally known as a “dust-sonde” (Rosen,
1964).

In addition to the OPC, the Wyoming system also
measures total particle number concentration using a
condensation particle counter (CPC), counting ultra-
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fine particles down to 10nm diameter. Now known
as the Stratospheric Total Aerosol Counter (STAC;
Deshler et al., 2024; Norgren et al., 2024), the instru-
ment grows ultrafine particles to optically active sizes
within a growth chamber (Rosen and Hofmann, 1977).

Soundings with the LOPC and STAC from
McMurdo in 2019 and 2023 (Deshler et al., 2024) meas-
ured the long-range transport of the Hunga aerosol
in April to June 2023. The LOPC has multiple size
cuts, up to super-micron sizes, measuring also the
size distribution of polar stratospheric clouds (Rosen
et al.,, 1988; Deshler et al., 1994).

Radiosonde water vapour

Data from the operational upper-air network using
the Vaisala RS41 radiosonde provide in situ observa-
tions of the large amounts of water vapour injected
into the stratosphere by the Hunga eruption and allow
a description of the early development of the volcanic
plume as it dispersed.

Details regarding the Vaisala RS41 radiosonde ob-
servations here follows Vomel et al. (2022). The Vais-
ala RS41 humidity sensor relies on an integrated tem-
perature sensor, which measures the sensor temper-
ature in addition to air temperature, and the sensor
temperature is used to eliminate any solar radiation
dry bias. Furthermore, the sensor is heated to re-
duce icing and contamination. This allows direct
exposure of the sensor to the atmosphere without
any protective cap, which would otherwise reduce
the ventilation around the sensor and allow for other
artifacts. The Vaisala processing algorithm corrects
the measured relative humidity (RH) for the differ-
ence between sensor and ambient temperature. The
response time of the RS41 sensor increases strongly
with decreasing temperature, reaching more than one
minute at temperatures below —-60 °C. The Vaisala
algorithm compensates for the slow sensor response
in addition to the correction due the elevated sensor
temperature. The estimated detection limit of en-
hanced stratospheric water vapour based on these
data lies around 100 ppmv at 30 km, 50 ppmv at 28
km and 15 ppmv at 25 km. Based on experience with
tropospheric observations and extensive comparisons
with other measurements, relative uncertainty values
are in the range of 2 to 5% of the measured value. The
vertical resolution of the measurements is better than
100 m.
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