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INTRODUCTION: The Hunga Tonga-Hunga
Ha’apai (HT) underwater volcanic eruption of
15 January 2022 was exceptional in that it in-
jected more water (H,O) vapor than has ever
been observed in the satellite era. A rapid
response was initiated that provided the data
needed to explore the early chemical effects
of this rare event. Volcanic eruptions inject
gases and particles into the stratosphere,
potentially influencing climate and ozone
(O3) chemistry. Understanding the intricate
connections between volcanic emissions and
atmospheric chemistry and their broader im-
plications is vital for advancing our capabili-
ties of modeling environmental processes.

RATIONALE: Our research provides new insights
into the initial effects of the HT eruption on
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stratospheric composition. This eruption was
notable for injecting material, including an
unprecedented amount of H,O vapor (10% of
the total global mean stratospheric burden), to
very high altitudes (up to 55 km). Using obser-
vational data, we investigated the speed of
impacts and potential influence on strato-
spheric bromine and chlorine species, nitrogen
oxide (NO), as well as Os.

RESULTS: Our study combined balloon mea-
surements, zenith sky observations, and satel-
lite data to capture the early evolution of the
HT volcanic plume’s impact on Og. In just
1week, the stratospheric O3 above the tropi-
cal southwestern Pacific and Indian Ocean
region decreased by 5%. This change gains
context when compared with the Antarctic
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Eruption-triggered rapid O3 depletion. After the HT eruption, a balloon campaign took place at Réunion
Island (left picture). Plume dynamics showcase the volcanic injection of H,0 vapor, sulfur dioxide (SO,), and
HCI, prompting rapid chlorine activation on hydrated volcanic aerosol and O3 depletion in the stratosphere.
The 22 January 2022 O3 profile (black line) contrasts with Réunion’s climatology (red line), displaying a

notable decline.
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03 hole, where up to 60% of the O is depleted
from September to November. This tropical
O3 decrease exceeds that of previous erup-
tions, underscoring the HT event’s exceptional
nature.

H,0 vapor played a pivotal role in con-
sequences of the HT event. Its increased abun-
dance resulted in higher relative humidity and
radiative cooling in the stratosphere, enabling
chemical reactions on the surfaces of volcanic
aerosols to occur at temperatures warmer
than their typical range. These chemical pro-
cesses on hydrated volcanic aerosols led to the
formation of active chlorine species such as
chlorine monoxide (ClO) from inactive chlorine
(hydrogen chloride, HCI). Combined with a
decrease in nitrogen oxides (NOx), these active
chlorine species catalytically destroyed O
molecules. The decrease in hydrogen chloride
(HCI) by 0.4 parts per billion by volume (ppbv)
and the increase in ClO by 0.4 ppbv provided
compelling evidence for chlorine activation,
leading to rapid O; destruction within this
volcanic plume.

The experimental data reveal the processes
behind the observed O4 depletion, unveiling
the intricate interplay between this volcano’s
emissions and perturbed stratospheric che-
mistry. Enhanced humidity, radiative cool-
ing, and expanded aerosol surface area in
the plume created ideal conditions for rapid
chlorine activation on hydrated volcanic aero-
sols at warm temperatures and subsequent
O3 depletion.

CONCLUSION: Our study sheds light on the
complex interactions between a large volcanic
eruption and tropical stratospheric O3, bridg-
ing a large gap in our knowledge. The HT
eruption’s unusual features, notably its high
injection altitude of aerosol precursors and
large amounts of H,O vapor, yield invaluable
insights into stratospheric chemistry pertur-
bations after this major event.

Beyond its volcanic relevance, our research
offers crucial insights into atmospheric chem-
istry and its implications for climate change.
The comprehensive observational evidence that
we present substantially advances our under-
standing of rapid O3 depletion in certain vol-
canic plumes. Our study also provides new
perspectives on the effects of volcanic eruptions
on stratospheric composition and informs fu-
ture studies and early-response strategies to
assess their aftermath. =
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The eruption of the Hunga Tonga—-Hunga Ha’apai volcano on 15 January 2022 offered a good opportunity
to explore the early impacts of tropical volcanic eruptions on stratospheric composition. Balloon-borne
observations near Réunion Island revealed the unprecedented amount of water vapor injected by the
volcano. The enhanced stratospheric humidity, radiative cooling, and expanded aerosol surface area

in the volcanic plume created the ideal conditions for swift ozone depletion of 5% in the tropical
stratosphere in just 1 week. The decrease in hydrogen chloride by 0.4 parts per million by volume (ppbv)
and the increase in chlorine monoxide by 0.4 ppbv provided compelling evidence for chlorine activation
within the volcanic plume. This study enhances our understanding of the effect of this unusual
volcanic eruption on stratospheric chemistry and provides insights into possible chemistry changes

that may occur in a changing climate.

arge, explosive volcanic eruptions can
affect the climate by injecting gases such
as sulfur dioxide (SO,), water vapor (H50),
and carbon dioxide (CO,) and halogen
compounds such as hydrochloric acid
(HCI) and hydrobromic acid (HBr) into the
stratosphere. Typically, sulfate aerosols form
from sulfur dioxide (SO,) on a timescale of
1 month (7). These aerosols cool the surface by
reflecting some incoming solar radiation and
warm the stratosphere through the absorp-
tion of long-wave radiation. Sulfate aerosol heat-
ing can alter stratospheric transport, affecting
the distribution of stratospheric species (7). The
increase in the aerosol burden also enhances
aerosol surface area density, increasing the rate
of heterogeneous chemical reactions that play a
role in stratospheric ozone (O3) chemistry.
Previous volcanic eruptions had a noticeable
impact on stratospheric O3; examples include
El Chichon in 1982 (2, 3) and Mt. Pinatubo in
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1991 (4, 5). After the eruption of Mt. Pinatubo,
the total O3 column was reduced by ~6% in
northern polar and midlatitude regions (6).
The O3 was destroyed by chemical reactions
on volcanic aerosols transported to high lati-
tudes, which provided additional reactive sur-
face area for the same heterogeneous chemical
reactions that cause polar O3 loss each year.
In the tropics, a 6% decrease in total O; was
observed in satellite and ozonesonde data
(7). It was confined between 24 and 28 km in
altitude and started 1 month after the erup-
tion, consistent with the time needed for SO,
to be converted to sulfate aerosols (8).

To assess the atmospheric impacts of vol-
canic eruptions, in situ observations of H,O
vapor, aerosol size and concentration, trace
gases (e.g., O3 and chlorinated species), and
meteorological conditions (e.g., temperature
and winds) after the eruptions are important
(9). Major eruptions that cause large pertur-
bations to the aerosol loading and O3 chem-
istry of the stratosphere occur sporadically,
so the opportunity to make in situ measure-
ments in these plumes is rare.

The Hunga Tonga-Hunga Ha'apai submarine
volcano (hereafter HT) in the tropical South
Pacific (20.55°S, 175.38°W) was the largest vol-
canic eruption in the past 30 years. The mas-
sive eruption on 15 January 2022 sent material
as high as 50 to 55 km, the greatest height ever
seen by satellites for a volcanic plume (10, 17).
Satellite measurements indicated that the HT
volcano injected into the stratosphere a rela-
tively small amount of SO,, 0.4 Tg (1), com-
pared with 10 to 20 Tg from Mt. Pinatubo
(12, 13). However, unlike past eruptions, it
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injected a massive amount of H,O [~150 Tg, or
10% of the total global mean stratospheric
burden (17)]. The large amount of injected
H,O was confirmed by radiosonde in situ
measurements (14).

Less than 1 week after the eruption, a rapid
response balloon campaign took place at the
Maido Observatory (MO) in Réunion Island
(21°S, 55°E) (I15). Because of zonal easterly
winds in the stratosphere (20 to 50 km),
Réunion Island was ideally located downwind
of the plume. From 20 to 24 January 2022,
multiple meteorological balloons carrying aero-
sol, H,O, SO,, and Oj instruments were
launched each night to provide key measure-
ments of the volcanic plume’s composition
(see the materials and methods). A field cam-
paign resulting in volcanic plume measurements
in the stratosphere by in situ instruments has
never occurred this quickly after an eruption;
as a comparison, a rapid response balloon cam-
paign was deployed to Hawaii within 15 days
of the 2018 Kilauea eruption (9). Herein, we
present unprecedented observations corrobo-
rating the occurrence of fast chemical deple-
tion of Oy inside the volcanic plume in the week
after the HT eruption. The extremely high
H,0 vapor values accelerated the oxidation
of SO, to sulfate aerosols, with much of the
conversion in the densest parts of the plume
occurring within a few days after the eruption
(16), thus facilitating heterogeneous chemical
O3 loss. Additionally, as noted by Anderson et al.
(I7), high stratospheric H,O vapor can change
the catalytic chlorine free radical chemistry by
shifting total available inorganic chlorine (prin-
cipally HCI and chlorine nitrate, CIONQO») into
the catalytically free-radical form, CIO, poten-
tially increasing O loss. Both rapid aerosol
conversion and additional O; loss appeared very
rapidly for the HT eruption. The high vertical
resolution in situ measurements were critical
for observing this loss, which is not easily ap-
parent in the satellite O observations, which
smear features in the vertical.

Results
Balloon-borne profiles of O3 and H>0 vapor

Figure 1 shows the balloon-borne profiles
of O3 and H,0O at MO for the period 20 to
24 January 2022. It took 6 days for the vol-
canic plume to reach Réunion at an ~30-km
altitude. Balloon measurements 5 days after
the eruption indicate typical stratospheric
background values of H,O (4.5 ppmv), an
unperturbed Junge layer backscatter signal,
and a peak in O partial pressure of 15 mPa at
25 km. At Réunion, the highest observed H,O
mixing ratio of 356 ppmv at 27 km, 21 Coor-
dinated Universal Time (UTC), was reported on
22 January 2022. Larger values near 1000 ppmv
were seen in radiosonde measurements closer to
the eruption by Vomel et al. (14). The observed
progression of descending altitude with time in
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Fig. 1. Soundings of O3 and H,0 vapor 1 week after the eruption. Profiles of O3 partial pressure (black) and H,0 vapor mixing ratio (blue) measured at MO
on Réunion Island over the period 20 to 24 January 2022. SHADOZ climatological O3 partial pressure for January for Réunion Island is indicated by the red dashed line.
The red shaded area shows values +1 SD above and below the mean.

the peak of the H,O plume in Fig. 1 can be
explained by the vertical sheer in easterly
zonal winds. The easterly zonal winds linearly
decreased from 30 m s at 30 km to 20 m s
at 20 km, causing the plume to travel ~18° in
longitude per day (11, 14).

The largest O; decrease was observed on 21
and 22 January at 25 to 29 km. The decrease
amounted to a loss of 10 to 45% relative to O3
climatology from 1998 to present (see the
materials and methods). The presence of SO,
inside the volcanic plume could affect the
performance of electrochemical concentration
cell (ECC) ozonesondes by decreasing the sen-
sor signal, resulting in artificially low Og
measurements. During the experiment, SO»
instruments (I8) were launched in tandem
with ECC ozonesondes on three flights (see
the materials and methods). Overall, the data
indicate that SO, interference contributes to
only a small negative bias of 3 to 4% in the O3
decrease observed at >25 km in the week after
the eruption (see the materials and methods).

Satellite measurements of gas-phase
constituents

Satellite measurements of stratospheric gas
profiles from the Aura Microwave Limb Sounder
(MLS), in operation since 2004 (19), were also
used to diagnose the possible mechanisms of
03 decrease after the eruption. Because MLS
measures microwave thermal emission from
the Earth’s limb, its retrievals are largely un-
affected by the presence of volcanic aerosols
that strongly impair visible, ultraviolet, and
infrared measurements. MLS observed the
massive H,O perturbation, as well as anoma-
lous values of several trace gases injected into
the stratosphere by HT, such as SO, and HCl
(I1). Large H,O values >100 SDs (o) above
background levels were observed in the week
after the eruption at between 20 and 30 km,
with a maximum value as high as 350 ppmv

Evan et al., Science 382, eadg2551 (2023)

at 30 km on 16 January 2022. As shown in
Fig. 2, MLS measurements of O3, HCI, and Cl1O
radicals inside the volcanic plume were identi-
fied by selecting data points with H,O vapor
mixing ratios >10 ppmv between 100 and 10 hPa
(see the materials and methods). Then, for each
data point, the climatological average profile
for the month of January from 1998 to 2021
was computed by using MLS profiles in a 5° x 5°
box region around the point (see the materials
and methods). MLS O mixing ratios inside
the volcanic plume decreased at 18 to 21 hPa
(~2710 28 km) in the week after the HT eruption,
from an average value of 6.3 ppmv on 16 January
2022 to a minimum value of 4.6 ppmv on
20 January 2022 (near 18°S, 88°E) at 21 hPa,
which is 27% below climatological values.

Sensitivity of O3 decrease to H,0 conditions

‘We computed average O; anomaly and SE pro-
files inside the plume for the period 16 to
24 January 2022 for two H,O thresholds,
10 and 100 ppmv, to assess the sensitivity of
stratospheric O3 decrease to H,O conditions
(Fig. 2C). The decrease in MLS O3 was more
pronounced for higher H,O mixing ratios,
and the largest average O; drop of 0.4 ppmv
(SE of 0.04 ppmv) at 28 km was observed for
profiles with H,O mixing ratios >100 ppmv.
Thirty percent of the 190 O3 profiles selected
using the 100 ppmv H,O mixing ratio thresh-
old showed O3 dropping below 0.5 ppmv. This
change is larger than the typical range of
variability established by MLS O; measure-
ments for the month of January from 2005
to 2021 period (SD = 0.25 ppmv) or the 2-¢
uncertainty of individual MLS O data points
(0.1 ppmv) (20).

The average O3 decrease in the ozonesonde
profiles was 0.6 ppmv (SE = 0.25 ppmv) near
27 to 29 km, and the strongest decrease was
observed during the night of 22 January 2022,
when H,O vapor mixing ratios were the high-
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est. Thus, the large quantity of H,O vapor
injected by the HT volcano appears to have
played a key role in the stratospheric O; decrease
observed by both ozonesondes and MLS.

Discussion
Comparing the HT eruption with that
of Mt. Pinatubo

The June 1991 Mt. Pinatubo eruption had a
substantial impact on the tropical O; column,
resulting in a reduction of 13 to 20 Dobson
units (DU) within 3 to 6 months (7, 8). This O4
decrease is comparable to the 18.3 DU loss
observed in the 22 January 2022 Oj profile,
but the latter occurred much more rapidly after
the HT eruption, indicating the involvement
of different mechanisms. The observed low O3
levels in the tropics after the Mt. Pinatubo erup-
tion were likely caused by increased trop-
ical upwelling due to the heating of volcanic
aerosols, facilitating the vertical transport of
03-depleted air from the troposphere to the
stratosphere (4). However, the magnitude of
O3 decrease observed after the HT eruption
cannot be attributed to lofting, because the
radiative cooling effect of the injected H,O
into the stratosphere offset the heating caused
by volcanic aerosols (21).

Understanding O3 changes in the
tropical stratosphere

A volcanic plume ascending into the strato-
sphere can incorporate Os-poor tropospheric
air and lead to a localized reduction in column
O;. This effect would have been most promi-
nent in the initial observations of the plume
by MLS on 16 January 2022, and over time, the
dilution of the volcanic plume would have
diminished this apparent loss. However, the
minimum O levels were observed at 27 to 28 km
altitude 5 days after the eruption, indicating
that chemistry played a more prominent role
in the observed O3 changes.
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Fig. 2. MLS satellite measurements inside the volcanic plume. (A to C) MLS
maps of O3 (A), HCI (B), and CIO (C) at 27 km for the period 16 to 24 January
2022. The locations of HT and MO are indicated by green stars. Colored circles
correspond to individual satellite profiles. (D) MLS anomaly profiles (see the
materials and methods) of O3 (in ppmv; red), HCI (in ppbv; orange), and CIO
(in ppbv; blue and purple) inside the volcanic plume averaged over the period
16 to 24 January 2022. Anomalies were computed for MLS measurements
inside the plume using a H,0 vapor threshold of 10 ppmv. (E) Same as (D) for
but H,O mixing ratios exceeding 100 ppmv. The red shaded area in (D) and

The Oj depletion within the HT volcanic
plume exceeded rates observed in previous
major eruptions such as El Chichon and
Mt. Pinatubo. Less than 1 week after the
HT eruption, O3 decreased by 0.5 ppmv (i.e.,
~0.07 ppmv per day) between 25 and 29 km
altitude. The largest seasonal stratospheric
O3 depletion occurs in the polar regions,
specifically over the Arctic and Antarctica (22).
Over the winter months (January to April) in
the Arctic, O3 depletion estimates range from
0.2 to 1.9 ppmv, whereas in Antarctica during
the corresponding season, O3 loss estimates
range from 2.3 to 3 ppmv (23). These O3 loss
estimates are much larger than the one
observed after the HT eruption, although polar
03 depletion spanned a longer period of 3 to
4 months. During the formation of the Antarctic
O3 hole, stratospheric O3 is destroyed at a
maximum rate of 0.08 ppmv per day (24),
which is comparable to the rate of 0.07 ppmv

Evan et al., Science 382, eadg2551 (2023)

Anomalies (ppmv or ppbv)

measurements.

per day observed after the HT eruption. Al-
though the comparison involves processes
occurring in different regions, it provides
valuable context to underscore the substan-
tial and swift O3 loss observed after the HT
eruption.

The stratospheric chemistry behind
03 depletion

Both gas-phase and heterogeneous chemistry
play substantial roles in understanding O3 de-
pletion in the stratosphere (22). Gas-phase
chemistry involves a complex suite of reactions
between Oz and various catalytic cycles,
notably hydrogen (HOx: hydroxyl radical OH
and perhydroxyl radical HO,), nitrogen (NOx:
nitrogen monoxide NO and nitrogen dioxide
NO,), chlorine (ClOx: chlorine Cl and chlorine
monoxide ClO), and bromine (BrOx: bromine
Br and bromine monoxide BrO) oxides (see
the materials and methods). The chemistry

20 October 2023

(E) indicate +1 SD of the O3 climatology. In (E), the average O3 anomaly
profile measured by the balloon sondes in Réunion Island is shown in
magenta (ozonesonde data degraded to MLS vertical resolution; see the
materials and methods).
to +1 SD of the HCI climatology, and the dashed blue lines correspond to +1 SD of
the CIO climatology; numbers indicate how many profiles were used to
compute the average anomaly. For ClO, the averaged anomaly profiles

were computed for daytime (blue) and nighttime (purple) CIO

In (D) and (E), the dashed orange lines correspond

involving NOx is closely intertwined with that
of halogens (ClOx and BrOx) and of HOx
(see the materials and methods).

Reactive halogens, such as chlorine (ClO, Cl)
and bromine (BrO, Br) species, have been
identified as significant agents in Oz deple-
tion (25). Brominated species, in the presence
of elevated Cl, demonstrate higher O destruc-
tion efficiency compared with chlorine species
due to their longer reaction chains (26). The
generation of reactive halogen gases involves
the transformation of halogen reservoir source
gases (HCl, CIONO,, HBr, and BrONO,). Photo-
lysis plays a key role in dissociating bromine
reservoir species (HBr, BrONO,), whereas chlo-
rine reservoir species (HCl, CIONO,) undergo
relatively slow photolysis in the gas phase.
However, more rapid transformations occur
through heterogeneous reactions on solid or
liquid particle surfaces (see the materials and
methods).
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Heterogeneous chlorine chemistry has been
well established in polar regions, where polar
stratospheric clouds form at temperatures
below ~195 K. These clouds, along with cold
sulfate particles, play a crucial role in the con-
version of inorganic chlorine species (CIONO,
and HCI) into chemically active forms of chlo-
rine, namely ClO and Cl (22), which subsequently
initiate catalytic O3 loss in the polar regions.
Activation of CIONO, and HCIl through hetero-
geneous reactions becomes more efficient as
temperature decreases or as increased H,O
dilutes the H,SO, concentration (27).

Some volcanic eruptions have been observed
to emit halogens such as HCl and HBr into the
stratosphere, along with SO, (28). Halogens, par-
ticularly HCI, are highly soluble and can be
scavenged by H,0, ice hydrometeors, and ash
present in the volcanic plume (29). Theoretical
predictions and advanced plume models indi-
cate that 10 to 20%, of the HCI emitted at the
vent during large, explosive volcanic eruptions
could directly reach the stratosphere (28).
Thus, observational examples of significant
HCl and HBr emissions from volcanic events
that directly lead to stratospheric O3 depletion
are limited (30). Depletion of stratospheric O3
observed after volcanic eruptions has been
mainly attributed to heterogeneous reactions
occurring on volcanic sulfate aerosols, based on
modeling studies [e.g., (2, 31)]. Furthermore,
the increased presence of stratospheric sul-
fate aerosols resulting from volcanic eruptions

A

Temperature (K)
190 195 200 205 210 215 220 225 230

Water mixing ratio (ppmv)

can also lead to a reduction in the abundance of
NOx (32), making the ClOx and HOx cycles
more effective at destroying O5 (see the mate-
rials and methods). If less NOx is available,
then the catalytic O5 depletion through NOx
could slow down. However, this effect has pri-
marily been observed at higher altitudes
(>30 km) after the Mt. Pinatubo eruption (33).

Although the impact of volcanic eruptions
on O3 depletion in midlatitude regions is rela-
tively well documented [e.g., (4, 34)], there
have been fewer studies that specifically focus
on the effects of volcanic eruptions and hetero-
geneous chemistry on the distribution of strato-
spheric O in tropical regions, because most
volcanic injections do not reach altitudes high
enough to substantially influence stratospheric
O3 chemistry in the tropics. However, the
case of the HT volcanic eruption is different
because the injection altitude was exception-
ally high.

Role of H,0 vapor and temperature

Most of the evidence for the occurrence of
heterogeneous chemistry in the midlatitude
and tropical stratosphere was provided for the
tropopause region, where low temperatures
are encountered. Modeling studies have indi-
cated the possibility of heterogeneous chemis-
try occurring on cirrus cloud particles near the
midlatitude tropopause (35, 36) or heteroge-
neous chlorine reactions on liquid sulfate aero-
sols near tropical monsoon regions (37).

Modeling studies have also indicated that
enhanced H,O in the stratosphere could lead
to chemical O, depletion through heteroge-
neous chlorine activation and subsequent O3
destruction (38, 39). Low temperatures (<203
K) and elevated H,O mixing ratios (>20 ppmv)
must be maintained for heterogeneous chlo-
rine activation on sulfate aerosols to occur (39).

The largest O loss observed above Réunion
Island on 22 January 2022 coincides with H,O
mixing ratios exceeding 100 ppmv at ~25 and
27 km (Fig. 3). Above 25 km, temperature values
were 2 to 4 K below the climatological mean
temperature profile for January computed
using 1998-2021 SHADOZ data for Réunion
Island (see the materials and methods). Radio-
soundings in the tropics have indicated an
average temperature decrease of 2 K caused
by the large increase of H,O vapor after the HT
eruption (14). Figure 3 shows that O5 decreases
also coincide with the presence of aerosols,
as indicated by peaks in the COBALD back-
scatter measurements. Measurements from
an optical particle counter instrument flown
that night provide additional information on
the aerosol size and concentration, from which
aerosol surface area density can be estimated
(see the materials and methods). In Fig. 3, the
aerosol measurements indicate a peak ambient
surface area density of 286.9 um? cm™? at
26.4 km. This is 4 to 6 times higher than what
was reported 1 month after the Mt. Pinatubo
eruption (40) and ~600 times higher than the
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Fig. 3. Soundings at MO on 22 January 2022. (A and B) Profiles of H,0 vapor
mixing ratio (blue), aerosol backscatter ratios at 940 nm (red) and 455 nm
(blue), aerosol ambient surface area density (brown, in um? cm™>) (A), and O3
partial pressure (magenta) and temperature (green) (B) measured at MO

on 22 January 2022. The horizontal green dashed line shows the location of the
tropopause, and the red dashed line shows the O3 climatology for Réunion Island.
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Surface Area

25 and 30 km.
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Ozone partial pressure (mPa)

The red shaded area illustrates the inferred O3 loss estimated for that night.
The climatological temperature profile for January 1998 to 2021 for Réunion
Island is shown in black in (A) and (B); the temperature anomaly from the
climatology is shown in (B). The gray shaded area illustrates +1 SD of the
temperature climatology. The average temperature anomaly was -2.2 K between
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background stratospheric value of 0.5 pm? cm ™.
The large humidification of the stratosphere
by the HT eruption resulted in rapid aerosol
formation in the volcanic plume and in the
corresponding large aerosol surface area (16).

MLS measurements at 27 km inside the vol-
canic plume indicate that O; decreases (average
03 anomaly of -0.4 ppmv with decreases as
large as -1.5 ppmv) correlated with higher H,O
vapor mixing ratios (mean H,O of 102 ppmv)
and temperatures on average ~2 K below the
climatological average (see the materials and
methods and fig. S1). Figure 2 shows that a
decrease in HCI of 0.4 per million by volume
(ppbv) at 28 km corresponds to an increase
in ClO of 0.4 ppbv. Low HCI and high ClO
reflect the conversion of the halogen reservoir
compounds, such as HCI and CIONO,, to the
reactive form of chlorine, ClO. Above 25 km,
where most of the O3 loss is observed, it is
usually far too warm (>220 K) for heterogeneous
chlorine activation to occur (see the materials
and methods). However, the large stratospheric
humidification, subsequent radiative cooling,
and the added surface area after the HT erup-
tion likely accelerated heterogeneous chlorine
activation on sulfate aerosols and led to O3
decreases. To illustrate the impacts of H,O
vapor increase and subsequent radiative cooling
on chlorine heterogeneous chemistry, we con-
sidered the heterogeneous reactions of CIONO, +
H,0, CIONO, + HCl, and HOC] + HCI on sulfate
aerosols. The rates of heterogeneous reactions
on sulfate aerosols are highly influenced by
temperature and H,O vapor partial pressure,
because these factors determine the compo-
sition of the sulfate aerosols and the solubility
of HCI, CIONO,, and HOCI (41).

When H,O vapor mixing ratios exceed
100 ppmyv, the probabilities of the heteroge-
neous reactions CIONO, + HCI and HOCI +
HCI increase by four orders of magnitude
under warm conditions (see the materials and
methods and fig. S2). The radiative cooling
induced by the large amount of H,O vapor
(-4 K; Fig. 3) can further increase these pro-
babilities by another factor of 10 (see the
materials and methods and fig. S2). An in-
crease in H,O vapor and a corresponding de-
crease in temperature results in more dilute
sulfate aerosols and higher HCI solubility;
therefore, the reaction probability for the
conversion of HCI to active ClOx (Cl, ClO) in-
creases markedly, and catalytic O3 loss becomes
possible under relatively warm conditions.

Evidence of chlorine activation on hydrated
volcanic aerosols

Although the HCI injection into the strato-
sphere by the HT eruption was comparable to
that from previous moderate eruptions ob-
served during the MLS record (1), it reached
an altitude near 24 km (31.6 hPa) on 16 to
17 January 2022, which is well above levels
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previously observed by MLS (77). In Fig. 2, two
main negative HCl anomalies are seen at
24 and 29 km for measurements with large
H,0 vapor mixing ratios (>100 ppmv) inside
the volcanic plume. The first HCI anomaly
value of -0.25 ppbv at 24 km may have been
due to scavenging by ice or ash particles (29),
which were injected up to ~23 km but rapidly
washed out within the first day after the erup-
tion (42). The second, larger HCl anomaly
of -0.4 ppbv at 29 km may indicate HCI het-
erogeneous activation on sulfate aerosols.
Indeed, this negative HCl anomaly coincides
with a positive peak of 0.41 ppbv in CIO radi-
cals that is much more pronounced for daytime
measurements (Fig. 2). This is consistent with
photolysis of Cl, and the subsequent reaction
of Cl with O4 to form CIO.

After the HT eruption, elevated H,O vapor
levels reaching at least 70 times the back-
ground levels were observed. These increased
H-0 concentrations can play a crucial role in
enhancing gas-phase chemistry involving HOx
radicals, particularly OH and HO,. The higher
H>0 concentrations may boost the HOx cycle,
specifically affecting reactions such as OH +
03 and HO, + O3, which in turn can lead to O3
depletion. Additionally, the rise in H,O con-
centrations strengthens the interaction be-
tween the HOx and ClOx cycles (through HO, +
ClO — HOCI + O,), with potential implications
for O, depletion processes (39).

A decrease in the observed NO, radical
abundance indicates slowing of the NO, cycle,
presumably due to N,O5 hydrolysis (see the
materials and methods and fig. S3). At sunset,
the NO, concentration is higher than in the
morning and better approximates baseline
conditions, suggesting that NO, may at least
partially be sustained in the daytime plume.
This reduction in NOx can reinforce the ClOx
and HOx cycles, contributing to O depletion.

BrO and OCIO have been detected in vol-
canic plumes in the upper troposphere to
lower stratosphere region (43, 44), indicating
the activation of bromine and chlorine species
(because the ClO + BrO reaction is the primary
known source of OCIO). Li et al. (45) reported
SO, and BrO vertical column densities from
satellite measurements in the HT volcanic
plume for the period 15 to 19 January 2022.
Most of the injected BrO spread southeast of
the volcano on 16 January 2022, whereas a
smaller portion continued to propagate east-
ward in the subsequent days. Ground-based
differential optical absorption spectroscopy
(DOAS) observations cannot confirm the pres-
ence of elevated BrO in the volcanic plume
beyond 19 January 2022 (see the materials
and methods), when it was last reported near
130°E in northeastern Australia (45). The po-
tential presence of BrO, along with the MLS
detection of CIO in the volcanic plume, sug-
gests the possibility of O3 depletion in the vol-
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canic cloud through the CIO-BrO catalytic
cycle (46) (see the materials and methods).

Insights from modeling

A recent study by Zhu et al. (47) used the
‘Whole Atmosphere Community Climate Model
(WACCM) to investigate the role of chemistry
and transport in O3 depletion after the HT
eruption. The authors simulated the condi-
tions observed by MLS after the eruption by
injecting H,0, CIO (or HCI), and SO, into the
model. One of their simulations focused on the
impact of injecting low O3, which explained
the initial low values observed. However, it was
found that these low O levels did not persist
over time, suggesting that the injection of
tropospheric air poor in O; was not a substan-
tial contributing factor. It was also noted that
inside the volcanic plume, the concentrations
of OH and HO, increased by a factor of 10
compared with background levels, with a cor-
responding enhancement in reaction rates by
a factor of 10, specifically for the O3 loss reac-
tions HO, + O3 and OH + O (see the materials
and methods).

Zhu et al. also confirmed a large enhance-
ment, by several orders of magnitude, of the
heterogeneous reaction rates for CIONO, +
HCI, CIONO, + H,0, and HOCI + HCI (see
the materials and methods) (7). They found
that HOCI + HCI was a major cause of chlo-
rine activation. Additionally, they calculated
a 20-fold increase in the reaction rate of Cl1O +
HO, — HOCI + O, (see the materials and meth-
ods). The authors also concluded that the mas-
sive H,O injection during the HT eruption led
to significant changes in CIOx-HOx interactions
and heterogeneous reaction rates, resulting
in diverse chemical pathways for chlorine ac-
tivation and O3 depletion. HOCI played a cru-
cial role in both in-plume chlorine balance
and heterogeneous processes. Both gas-phase
chemistry and heterogeneous chemistry are
deemed significant factors contributing to O,
depletion (47).

These strengthened ClOx and CIO/HO,
cycles led to an increase in the O3 loss reac-
tion Cl + O3 by a factor of 2, which is suffi-
cient to account for the Og loss observed by MLS,
even if the contribution from the bromine cata-
lytic cycle is not considered.

Potential mechanisms and impacts
on O3 depletion

The large amount of seawater vaporized during
the HT eruption contained sea salt that may
have been transported to the stratosphere, pro-
viding a source of reactive chlorine, bromine,
and iodine species for O destruction. However,
it is unclear whether all components of sea salt
aerosols would survive wet scavenging in the
volcanic plume and be efficiently transported
to the stratosphere. Inorganic chlorine (HCI, CI")
and bromine (HBr, Br") are easily removed by
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wet scavenging, whereas inorganic iodine, the
dominant form of stratospheric iodine injec-
tions, is removed less efficiently (48). Even a
small injection of iodine into the stratosphere
could have accelerated Og loss in the volcanic
plume because of its much larger O;-depleting
efficiency (48-50).

Anderson et al. (38) hypothesized that the
excess midlatitude stratospheric H,O associ-
ated with convection changes caused by global
warming could destroy lower stratospheric Os.
This HT event appears to be an extreme ex-
ample of that mechanism. The quantity of
H,O from HT is significantly larger than
would be expected from overshooting mon-
soon convection but provides observational
evidence that this process could occur (see the
materials and methods). The rapid chemical
O3 loss inside the HT volcanic plume was
primarily triggered by the synergistic effects
of large humidification, radiative cooling, and
added aerosol surface area. All of these effects
acted in concert to accelerate HCl heteroge-
neous activation on sulfate aerosols at warmer
temperatures than have been recorded previ-
ously. The fact that stratospheric O3 loss was
so rapid after the HT eruption calls for ad-
ditional experimental studies of heterogeneous
chemistry on hydrated aerosols (especially
halogen chemistry) to better assess the kinetics
of these reactions. It also identifies the need
to develop atmospheric modeling tools at
finer scales to better understand stratospheric
O3 chemistry in the tropics after extreme
events. The increased stratospheric H,O may
linger for 4 to 5 years, potentially altering O3
chemistry. As noted in Solomon et al. (5I) in
regard to the Australian New Year bush fires
in 2019-2020, which injected 0.9 Tg of smoke
into the stratosphere, there were chemical
shifts associated with heterogeneous reactions
that altered nitrogen, chlorine and reactive
hydrogen species with the potential to cause
midlatitude O loss. For the next few years, con-
tinued monitoring of O3, H,O vapor, aerosols,
and halogens is needed to assess the extended
impacts of this unprecedented HT eruption.

Methods summary
In situ balloon-borne measurements

Balloon-borne measurements at the MO in
Réunion Island in January 2022 included
instruments such as the Cryogenic Frost-Point
Hygrometer (CFH), the Compact Optical Back-
scatter and Aerosol Detector (COBALD), the
Electrochemical Concentration Cell (ECC)
Ozonesonde, SO, sonde, and the Portable Optical
Particle Counter (POPS). The CFH instrument
measures water vapor with an uncertainty of
510 10% or less in the stratosphere. COBALD
characterizes aerosol particles and clouds based
on the backscatter ratio at two wavelengths.
ECC Ozonesonde provides O profile data with
an uncertainty of 10%. The SO, sonde provides
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SO, profile data with an uncertainty of 20%. The
Intermet iMet-4-RSB Meteorological Radio-
sonde supports data telemetering to the ground.
POPS measures aerosol size distribution with an
uncertainty of 5%. These measurements have a
high vertical resolution of 5 m, and all variables
were binned in altitude intervals of 100 m to
reduce measurement noise.

MLS observations and comparison to
high-resolution ozonesonde measurements

The Aura MLS satellite instrument observes
thermal emissions from the atmosphere over a
wide latitude range. MLS measurements within
the volcanic plume were identified by selecting
data points with water vapor mixing ratios
>10 ppmv and between 100 and 10 hPa.
Quality screening criteria were applied to
the MLS data to ensure accuracy. To compare
high-resolution balloon-borne ozonesonde mea-
surements with MLS data, the sonde data
were smoothed to match MLS resolution, and
MLS vertical averaging kernels were applied
using a priori climatological profiles. Overall,
this approach enables the comparison of high-
resolution balloon-borne measurements with
MLS satellite data while accounting for reso-
lution differences and other factors.

Ozonesonde and SO, interference

The presence of SO, in the atmosphere can
interfere with ECC ozonesonde measurements.
ECC ozonesondes measure an electrical current
that is produced when O enters the sensor and
reacts with KI to produce I within the sonde.
By measuring the electron flow and the rate at
which O3 enters the sensor per unit time, the
O3 concentration can be calculated. However,
when SO, is present, it can convert I" back into
I, leading to lower measured O levels. During
the rapid response experiment at MO, SO, in-
struments were launched alongside ECC ozone-
sondes on some payloads. The 21 January 2022
flight reported that SO, interference accounted
for ~3 to 4% of the observed O3 decrease in
the ozonesonde profile between 28 and 30 km
in altitude.

Zenith-Sky DOAS measurements of
stratospheric NO»

Measurements of stratospheric NO, from the
University of Colorado DOAS instrument dur-
ing the plume period (21 January to 1 February
2022) were compared with the clear-sky inter-
annual NO, variability for 3 years (January 2020
to January 2022) above MO to assess whether
the NOx cycle of stratospheric O3 destruction
was significantly affected by dinitrogen pent-
oxide (N5,05) hydrolysis in the humidified
plume. The instrument presents qualitative
evidence for a reduction in stratospheric NO,
during sunrise and sunset, consistent with N,O
hydrolysis, in both geometries overlapping with
the plume. However, no evidence for enhanced
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BrO due to volcanic plume injection was detect-
able in the DOAS data.
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