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6 Upper stratosphere to thermosphere effects and H2O transport in the deep Brewer-Dobson branch

Key points

• The Hunga eruption produced short-term gravity wave and Lamb wave responses unprecedented in
the observational record which traversed the world for several days, reaching the top of the terrestrial
atmosphere and with major impacts as high as the ionosphere-thermosphere system.

• Major ionospheric impacts were recorded which significantly advanced our understanding of TIDs,
including some of the largest amplitude lower atmospherically-driven TIDs ever observed. Neutral
atmospheric impacts were similarly dramatic and have significantly advanced our knowledge of wave
propagation and dynamics in the stratosphere and above.

• Water vapour was initially injected into the stratosphere and by May 2023 was subsequently transported
up to the mesosphere where a large fraction remains at time of writing. The vapour has been distributed
globally since August 2023, and has had significant impacts on the dynamical and chemical state of the
mesosphere.

• Models reproduce the observed water and ozone effects well. Mesospheric water vapour increased by
~3-4 Tg in 2023 via vertical transport from the stratosphere, while HOx chemistry led to depletion of
mesospheric ozone. The resulting reduction in ozone shortwave heating and water vapour cooling led
to a >1K temperature decrease in global mean mesospheric temperatures. Models however had much
more difficulty reproducing the observed dynamical and temperature effects induced by stratospheric
wind changes and gravity wave drag during 2022.

• Model simulations indicate that perturbations to mesospheric temperature, water vapour, and ozone
concentrations are expected to persist beyond 2026. MLS observations substantiate model evidence that
the maximum anomaly occurred in 2023, followed by a gradual decline. By 2027, the residual effects are
likely to fall below statistical significance relative to climatological variability.
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6 Upper stratosphere to thermosphere effects and H2O transport in the deep Brewer-Dobson branch

Preamble

This chapter describes the impact of the Hunga erup-
tion on Earth’s upper-middle and upper atmosphere,
from the upper stratosphere to the thermosphere-
ionosphere system. The explosion and plume
triggered both direct and indirect chemical, radiative
and dynamical impacts on all these layers, providing
a dramatic natural experiment elucidating many key
aspects of their structure and dynamics. In the initial
hours after the eruption, Lamb waves and acoustic-
gravity waves penetrated deep into the upper atmo-
sphere andwere observed propagating at global scales
through the ionosphere and thermosphere. The erup-
tion simultaneously injected large volumes of water
vapour into the stratosphere, and the upward trans-
port and radiative effects of this water proved to be
the longest-term impact in these atmospheric layers:
leading to mesospheric cooling and ozone depletion.
Dynamically, it also led to record-breaking warming
over the extratropical southern hemisphere and cool-
ing throughout the rest of the mesosphere during
boreal summer 2022. Climate models have been able
to reproduce these chemical and dynamic effects of
water vapour, but with varying degrees of success.
Based on these models, we believe that the residual
effects of this injected water vapour are likely to fall
below statistical significance relative to climatological
variability by 2027.

6.1 Introduction

Above the stratosphere lies the Earth’s upper atmo-
sphere, consisting of the mesosphere and thermo-
sphere. Due to incoming solar UV radiation, part of
the thermosphere is ionised, a region known as the
ionosphere.

Air densities in the upper atmosphere are extremely
low, and consequently are often treated as part of
space - indeed, objects in LEO, including the interna-
tional space station, actually fly within the thermo-
sphere. Simultaneously, radio wave communications
and GNSS navigation rely on the propagation of elec-
tromagnetic signals through the ionosphere. As such,
it is important to characterise and quantify the vari-
ability of the upper atmosphere as driven by Earth
system sources such as the Hunga eruption.

A highly unusual feature of the Hunga eruption was
that it penetrated deep into the middle and upper lay-
ers of the atmosphere, with the initial plume reaching
58 km in height, an altitude above the stratopause at
this time of year and location (Proud et al., 2022). At
this altitude the explosion and plume triggered both

direct and indirect chemical, radiative and dynamical
impacts on the middle and upper neutral atmosphere
and on the charged ionosphere, which we discuss in
this chapter.

Within the initial hours after the eruption, Lamb
waves (Lamb, 1881) and acoustic-gravity waves pen-
etrated deep into the upper atmosphere and were ob-
served across the global ionosphere. These immediate
effects, and their implications are discussed in Sec-
tions 6.2 and 6.3. The underlying mechanisms driving
these thermospheric responses remain elusive and
are an object of active research. We next consider the
much longer timescale processes by which water va-
pour injected into the stratosphere reached the lower
mesosphere, taking over a year to reach lower meso-
spheric altitudes via the slow progress of the global
general circulation. This had concomitant impacts
on the temperature structure and chemical composi-
tion of the upper atmosphere, which are discussed in
Sections 6.4 and 6.5.

6.2 Short-term dynamical impacts on the

middle atmosphere

As mentioned in Chapter 2, the initial eruption of
Hunga triggered Lamb, acoustic and gravity waves
which propagated in a period of hours from the sur-
face to the upper thermosphere, coupling directly
into the ionosphere (Wright et al., 2022; Matoza et al.,
2022; Themens et al., 2022). Observations of these
waves provide a dramatic demonstration of deep ver-
tical coupling between atmospheric layers unique in
the long-term satellite observational record, as well
as a key scientific test for large parts of linear wave
theory. In particular, this event represents the first
time a Lamb wave has been observed in the middle
and upper atmospheres by satellite.

6.2.1 Stratosphere and mesosphere

In the stratosphere and mesosphere, an extremely
broad spectrum of waves was seen after the eruption,
produced by generation mechanisms both immediate
and also spread out over most of the day following
the initial eruption.

The initial eruption immediately produced intense
atmospheric waves which became visible in the stra-
tospheric portion of the plume within 20 minutes
of the eruption (Smart, 2022; Proud et al., 2022; Carr
et al., 2022; Wright et al., 2022). The observed spec-
trum at these timescales was dominated by a single
high-amplitude Lamb wave which propagated radi-
ally outwards from the eruptive centre with a phase
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speed of ~318 m s−1. This wave was present through-
out the entire depth of the middle atmosphere. The
Lamb wave rapidly propagated out of the plume but
remained clearly visible in stratospheric radiance (i.e.
emitted atmospheric radiant flux) measurements from
a range of satellite platforms including AIRS, ATMS
CIPS, CRIS, and IASI, and was tracked over a period of
days as it propagated around the Earth multiple times
(Ern et al., 2022; Wright et al., 2022; Lee et al., 2023;
Zhou et al., 2023, Figure 6.1). During these multiple
laps around the Earth, the wave showed no signific-
ant evidence of any dispersion. This ‘primary’ Lamb
wave’s propagation across the globe was almost en-
tirely radial, but with deviations from a purely radial
path consistent with the column-mean atmospheric
state, large-scale winds and surface topography rather
than the state at any specific height level (Inchin et
al., 2023; Sepúlveda et al., 2023; Wright et al., 2022).
At least two lower-amplitude Lamb waves were sub-
sequently produced by later phases of the eruption,
and were also observed propagating through the stra-
tosphere at global scales (Wright et al., 2022). Along
with the Lambwaves, a slower horizontal phase speed
internal Pekeris wave, a resonance oscillation inher-
ent to the Earth’s atmosphere, was excited as a normal
mode of the global atmosphere (Watanabe et al., 2022;
Ohya et al., 2024).

The same initial eruptive burst that produced the
first high-amplitude Lamb wave also produced in-
ternal gravity waves across a broad spectrum of ho-
rizontal wavelengths, all with extremely long ver-
tical wavelengths of comparable depth to the homo-
sphere (i.e. the layer of the atmosphere between the
surface and 100 km where longer-lived atmospheric
gases are well mixed; Liu et al., 2022; Ern et al., 2022;
Wright et al., 2022). These waves propagated rap-
idly outwards at their upper-bound phase speed in
a radial direction. On planetary scales, the waves
separated out by horizontal wavelength as a result of
fundamental physical limits on their horizontal phase
speeds, which covered an extremely broad range from
near-zero up to a "speed limit" of ~270 m s−1 (Wright
et al., 2022). Within hours, a clear spatial gap was
visible between the initial-burst Lambwaves and grav-
ity waves, consistent with a theoretically-forbidden
phase speed range between Lamb waves and grav-
ity waves which had not previously been observed
but which is consistent with linear wave theory (Fig-
ure 6.1). Gravity waves were subsequently gener-
ated by the plume over a period of hours, which
propagated visibly across the entire Pacific basin but

at slower speeds than the theoretical limit of the ini-
tial gravity wave burst emitted along with the initial
Lamb wave. Despite their large amplitudes, these
waves transferred very little momentum to the back-
ground, and no short-term impact was seen on strato-
spheric dynamics due to their passage (Wright et al.,
2022). No significant evidence of these waves being
refracted by the large-scale background winds was
seen, likely due to their very high phase speed.

Globe-spanning gravity and Lamb waves are com-
pletely unprecedented in the satellite record from any
source. For comparison, gravity waves generated by
large-scale hurricanes typically dissipate within a few
thousand kilometres at most (Wright, 2019), while
waves refracted into the polar night jet streams travel
shorter distances than this. The lack of observations
of this type of wave could partly be due to the limited
length of the data record, since satellite instruments
of the types used to study the Hunga-produced atmo-
spheric waves by e.g. Ern et al. (2022), Matoza et al.
(2022), Wright et al. (2022) and Lee et al. (2023) have
only been available since the 2000s, i.e. well after the
1991 Pinatubo eruption.

Ground-based data records of atmospheric waves ob-
served by airglow imagers, radar and lidar extend
back some decades with no evidence of similar wave
activity. The lack of an atmospheric dataset record
of such events is also consistent with long-term sur-
face pressure measurements, which would be able to
measure the surface aspect of a Lamb wave of the
magnitude seen after the Hunga eruption. Such fea-
tures have previously been seen in ionospheric data,
e.g. by Liu et al. (1982) for the 1980 Mt. St. Helens
eruption.

Smaller convective waves of the type seen at stra-
tospheric and mesospheric levels in the plume have
however been seen after previous volcanic eruptions,
consistent with our broader knowledge of convective
gravity wave physics. In particular, previous studies
have discussed internal gravity waves seen in air-
glow after the smaller-magnitude La Soufriere (2021,
VEI 4) and Calbuco (2015, VEI 4) eruptions (Miller
et al., 2015; Yue et al., 2022). Retrospective analysis of
AVHRR radiances measured during the 1991 eruption
of Pinatubo carried out after the Hunga eruption also
shows evidence of gravity wave phase fronts in the
plume (Wright et al., 2022). It is thus likely that smal-
ler gravity waves are generated in the plumes of many
large volcanic eruptions, albeit with a much smaller
magnitude and propagation range relative to those
observed after the 2022 Hunga eruption (e.g. Wright
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Figure 6.1: Atmospheric waves from the initial eruption observed across the Pacific Ocean by a range of instruments.

Coloured outlines of swaths identify each instrument using the key at right, with observation times overlaid in white boxes.

Reproduced with minor modifications from Wright et al. (2022).

et al., 2022). However, in contrast to Hunga, such
wave activity seen in the stratosphere after previous
20th and 21st century eruptions has been signific-
antly more spatially-localised, lower-amplitude and
of shorter duration, and the waves have not propag-
ated long distances from the initial eruptive source
(e.g. Yue et al., 2022).

6.2.2 Impacts on the thermosphere

The Hunga-triggered atmospheric disturbances also
reached above the middle atmosphere, extending as
high as the upper thermosphere (Li et al., 2023a;
Wright et al., 2022). These disturbances in turn
coupled into the overlapping charged ionosphere, and
we discuss these ionospheric impacts separately in
Section 6.3 below.

In the neutral (i.e. uncharged) thermosphere, global-
scale variations in wind and temperature associated
with the Hunga eruption were captured by ICON-
MIGHTI and GOLD (Aryal et al., 2023; Harding et al.,
2022) and bymethods including theMANGO network
(Inchin et al., 2023) and hydroxyl airglow (Wright
et al., 2022). Additionally, eruption-induced meso-

spheric local wind changes were also detected by
ground-based meteor radars (Poblet et al., 2023; Sto-
ber et al., 2023). Furthermore, Li et al. (2023b) derived
thermospheric mass densities from GRACE-FO (Lan-
derer et al., 2020) satellite accelerometer data, and
demonstrated the existence of globally-propagating
post-eruption thermospheric waves and subsequent
mass density redistributions. The underlying mech-
anisms driving these thermospheric responses remain
elusive and are an object of active research.

Various physical models have been employed to elu-
cidate the upper atmospheric reaction to the eruption
(Huba et al., 2023; Liu et al., 2023; Wu et al., 2023; Va-
das et al., 2023a; Vadas et al., 2023b). Liu et al. (2023)
used WACCM-X to replicate the global propagation
of the L0 and L1 modes (i.e. two leading-order modes)
of the Lamb waves emitted in the initial eruption, and
demonstrated consistency with ICON-MIGHTI wind
observations in terms of wind perturbations, wave-
front tilting, and propagation speeds. Moreover, a
large observedwind perturbation along the northwest
coast of South America coincided with the simulated
L1 mode (Poblet et al., 2023; Chau et al., 2024).
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Studies such as those of Vadas et al. (2023a) and Sto-
ber et al. (2023) and Stober et al. (2024) have instead
argued for a significant role for ‘secondary’ gravity
waves (i.e. gravity waves triggered within the at-
mospheric column due to the breakdown of other
‘primary’ waves from near-surface sources) instead
of Lamb waves in generating the observed large-scale
fluctuations inwind. Vadas et al. (2023a) employed the
MESORAC to compute primary gravity waves, sub-
sequently utilising the associated local body forces as
input into the HIAMCM to simulate secondary grav-
ity waves, with results aligning with far-field wind
observations. However, the scarcity of thermospheric
measurements makes it challenging to elucidate the
primary energy transformation process from the erup-
tion epicentre to a global scale, and the exact transfer
mechanism thus remains an open question.

6.3 Impacts on the ionosphere

Waves generated in the thermosphere by the Hunga
eruption generated a wide range of different waves
in the ionosphere and produced a global-scale iono-
spheric response (Themens et al., 2022; Wright et al.,
2022; Zhang et al., 2022). Ionospheric responses to
the eruption included gravity wave-induced MSTIDs
with wavelengths of tens to hundreds of kilometres
and LSTIDs with wavelengths greater than a thou-
sand kilometres, strong electrical currents, magnetic-
ally conjugate disturbances, and a deep ionospheric
depletion near the location of the eruption.

MSTIDs were among the first documented features
of the event, where waves in the ionosphere of sim-
ilar scale and propagation characteristics to the grav-
ity waves generated in the stratosphere and meso-
sphere were observed in ionospheric observations of
the column integrated plasma density of the iono-
sphere, i.e. TEC (Themens et al., 2022; Wright et al.,
2022; Zhang et al., 2022). MSTIDs were observed glob-
ally (Themens et al., 2022) across all continents (e.g.,
Asia: Li et al., 2023b; Europe: Verhulst et al., 2022;
North America: Zhang et al., 2022; South America:
Takahashi et al., 2023; Pacheco et al., 2024; Africa:
Themens et al., 2022), and for several days following
the eruption (Zhang et al., 2022).

The exact nature of the coupling mechanisms through
which the gravity waves in the lower atmosphere gen-
erated waves in the thermosphere, and correspond-
ingly in the ionosphere, is still a subject of extensive
research. Themens et al. (2022) and Zhang et al. (2022)
observed these TIDs propagating globally. However,
studies such as Vadas et al. (2023a) and Vadas et al.

(2023b) and Stober et al. (2023) and Stober et al. (2024)
argue through both modelling and ionospheric and
mesospheric observations, that these TIDs, as with
the Lamb waves discussed above, are the result of
secondary gravity waves generated by wave break-
ing in the mesosphere. Meanwhile, other modelling
studies by (Wu et al., 2023; Liu et al., 2023; Miyoshi
and Shinagawa, 2023) suggest Lamb waves as their
origin, Ohya et al. (2024) discuss their relationship to
Pekeris waves, and Inchin et al. (2023) highlight the di-
versity of potential mechanisms and the importance
of the Hunga event as a natural laboratory for ex-
panding our understanding of wave source processes,
atmospheric gravity wave (AGW) propagation, and
coupling across scales. To this end, the TIDs gener-
ated by the Hunga eruption are some of the most
broadly modelled ionospheric responses to lower at-
mospheric external forcing, with studies carried out
using WACCM-X (Liu et al., 2023), GAIA (Miyoshi
and Shinagawa, 2023), grid-refined TIE-GCM (Wu
et al., 2023), and SAMI3 coupled to HIAMCM and
MESORAC (Huba et al., 2023; Vadas et al., 2023a; Va-
das et al., 2023b).

In addition toMSTIDs, LSTIDs were also generated by
the eruption and were observed both locally within a
few thousand kilometres of the eruption (Themens
et al., 2022; Wright et al., 2022; Zhang et al., 2022) and
globally over North and South America (Figueiredo et
al., 2023; Vadas et al., 2023b). Near the eruption, these
LSTIDs had amplitudes of 3-8 TEC Units (TECU) de-
pending on detrending scale and processing method
(Zhang et al., 2022), making them some of the largest-
amplitude lower atmospherically-driven TIDs ever
observed. Ionosonde observations of the bottomside
ionosphere also show LSTID variations in peak elec-
tron density of greater than 50% and variations in
the height of the ionospheric peak by 100 to 150
km (Vadas et al., 2023b). Modelling by Vadas et al.
(2023b) demonstrated good agreement with observa-
tions and suggests that these LSTIDs were directly
caused by secondary gravity waves induced by the
eruptive primary wave.

Waves generated locally by the eruption were also
found to generate TIDs in the magnetically conjugate
hemisphere, i.e. on the other end of the magnetic
field lines where primary TIDs were observed, both
broadly over Asia (Shinbori et al., 2022; Lin et al., 2022)
and directly under the eruption’s magnetic conjugate
footprint near Hawaii (Themens et al., 2022). This
resulted in TIDs appearing at these conjugate points
nearly coincidently with their hemispheric counter-
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parts and, in some cases, interfering with later arriv-
ing TIDs that propagate directly from the eruption
(Themens et al., 2022).

In addition to the TIDs generated by this event, the
eruption generated unprecedented electric field dis-
turbances in the vicinity of the eruption (Gasque et al.,
2022; Harding et al., 2022; Le et al., 2022; Yamazaki et
al., 2022), observed through in situ satellite measure-
ments by the Swarm satellites and by ground-based
magnetometer observations. The large-scale iono-
spheric response also included the generation of a
large ionospheric “hole” of up to 13 TECU near the
eruption location that did not recover before sunset
(Astafyeva et al., 2022; He et al., 2023; Choi et al.,
2023). This plasma density depletion was coincident
with a corresponding large thermospheric density de-
pletion, but the relationship between these is still not
fully understood (Li et al., 2023a). The work of Zetter-
gren et al. (2017) would suggest that the ionospheric
depletion may be the result of nonlinear, dissipating
acoustic waves following the initial shock. While this
work strongly correlates with the impact observed for
this event, more modelling of this type for this event
is necessary in order to conclusively attribute this
mechanism as the cause of the depletion. This is par-
ticularly important given that Zettergren et al. (2017)
only modelled waves generated through surface dis-
placements, while this event also included substan-
tial water vapour deposition in the stratosphere and
lower mesosphere which could significantly change
the nature and source of the waves at play in this
case. There remain considerable opportunities for the
modelling of the observed response to this event.

The TIDs and electric field disturbances generated
by this event are observed (Aa et al., 2022a; Aa et al.,
2022b; Carter et al., 2023; Rajesh et al., 2022; Pacheco
et al., 2024; Shinbori et al., 2023) and modelled (Huba
et al., 2023) to have seeded equatorial plasma bubbles
of unprecedented scale (exceeding altitudes of ~1900
km), depth (exceeding 43 TECU), and resulting in
GNSS positioning challenges over Australia (Carter
et al., 2023).

The event also stimulated considerable interest in the
use of the resulting ionospheric waves for monitoring
and, potentially, warning against ensuing tsunamis
(Han et al., 2023; Pradipta et al., 2023; Maletckii and
Astafyeva, 2022). However, there remains consider-
able research required in order to translate these ob-
servations into actionable warnings or measurement
techniques, as the relationship between ionospheric
wave characteristics and the properties of tsunami

waves remains uncertain (Ravanelli et al., 2023).

This event has served as a natural laboratory in which
to test and push the boundaries of our understanding
of TIDs, their generation, and atmosphere-ionosphere
coupling as a whole. The collective observations and
simulations of the ionospheric response to this erup-
tion are unprecedented compared to any past seis-
mological or meteorological events occurring in the
lower atmosphere and the magnitude of the signa-
ture, observed the world over, made this event unique.
This allowed this event to stimulate extensive discus-
sions in the community on the nature of atmosphere-
ionosphere coupling, with still-unknown outcomes
and untested hypotheses, particularly related to the
role of nonlinear and higher order wave dynamics in
the observed ionospheric response, as well as related
to the internal processes within TIDs (Klenzing et al.,
2025). In the coming years, we may yet see studies
of this event substantially advance our capacity to
develop early warning systems for tsunamis, build
better models of the ionosphere, and solve many of
our outstanding questions related to how waves in
the lower atmosphere drive ionospheric dynamics.

6.4 Water vapour transport in the middle and

upper atmosphere

Wenow consider the effects of the eruption onmiddle-
and upper-atmospheric water vapour, arguably the
largest impact of Hunga on this large region of the
neutral atmosphere. Evolution of the water vapor
plume in the stratosphere is thoroughly discussed in
Chapters 2 and 3, and we refer the reader there for
further contextual details.

The initial eruption injected water vapour across the
whole depth of the stratosphere, reaching directly into
the lower mesosphere (Millán et al., 2022; Proud et al.,
2022). The plume rapidly descended from this abso-
lute peak, likely due to longwave radiative cooling
of its upper part (Sellitto et al., 2022; Niemeier et al.,
2023), and the majority settled between 20-40 hPa (ap-
proximately 20-30 km), i.e. in the lower stratosphere,
where it remained for several months (Millán et al.,
2022; Legras et al., 2022; Niemeier et al., 2023). Thus,
the initial injection did not affect the mesosphere.

Hunga-hydrated air re-entered the mesosphere 16
months after the eruption in May 2023 (Figure 6.2a,j),
where it split into northward and southward branches,
consistent with transport via the climatological
Brewer Dobson Circulation. By June 2023 (Fig-
ure 6.2b), it reached into the northern tropical
lower mesosphere, and by August 2023 (Figure 6.2c)
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blanketed the entire lower mesosphere in the south-
ern hemisphere and most of the northern hemisphere.
By the beginning of 2024, i.e. two years after the
eruption (Figure 6.2f), the vapour was almost entirely
absent from the tropical stratosphere, displaced by
dryer air entering through the tropical tropopause.
At higher altitudes however, the vapour had expan-
ded through much of the lower mesosphere, reaching
maximal altitudes of 0.07 hPa at southern high lat-
itudes (Nedoluha et al., 2024; Millán et al., 2024). In
the following months, i.e. the beginning and middle
of 2024 (Figures 6.2g–6.2i), the additional vapour os-
cillated between the Northern and Southern Hemi-
spheres in response to the mesospheric general circu-
lation.

Figure 6.3a,b contextualises the additional water va-
pour introduced into the middle and upper atmo-
sphere by showing the observed annual cycle of near-
global (82°S-82°N) mesospheric water vapour mass
over the 20+ years of the Microwave Limb Sounder
(MLS) record, with post-2022 data highlighted. In-
dependently of the Hunga eruption, we see elevated
water vapour mass in late 2022 and early 2023 which
arises partly due to dynamical conditions that en-
hanced methane oxidation and increased water va-
pour (Nedoluha et al., 2023). Despite this, the impact
of the Hunga eruption is clearly visible from May
2023, when the mesospheric water vapour burden
jumped from 23 to 26 Tg in just 3 months, up to 4
Tg above climatological values. These anomalously
moist mesospheric conditions led in turn to an un-
precedentedly low global mesospheric ozone burden
beginning around August 2023 and lasting until June
2024 (Figure 6.3c,d), which may have been driven, at
least in part, by the impact of the additional humidity
on the HOx catalytic cycles (e.g., Brasseur and So-
lomon, 2005; Randel et al., 2024). The evolution of
global mid-mesospheric (0.1 hPa) temperatures has
remained within the climatological range, except in
October 2023 and a few days in August 2023 and Feb-
ruary 2024 (Figure 6.3e,f), when the values in the MLS
record were marginally cooler by about 1 K than in
previous years. Randel et al. (2024) argue that this
cooling was mostly caused by the low ozone burden
associated with HOx chemistry from the elevated wa-
ter vapor values and the water vapour related cooling.

PMCs or noctilucent clouds form in the polar meso-
pause summer when ambient temperatures drop be-
low 150 K and water vapour is saturated. The first
sighting of noctilucent clouds was reported 2 years
after the 1883 Krakatau volcanic eruption (VEI 6)

(Leslie, 1885). After the 2022 Hunga eruption, no clear
response in PMCs occurrence frequency was detected
from OMPS-LP measurements during the 2023/2024
and 2024 season. Although a 1 ppmv water vapour
anomaly reached the polar summer mesopause in the
Northern Hemisphere during 2024, ice particle forma-
tion may have been hindered by anomalous warming
(Wallis et al., 2025).

6.5 Modelling of long-term

middle-atmospheric impacts

6.5.1 Overview

Climate models are a vital tool to help understand
and describe the dynamical and chemical response
to the Hunga volcanic eruption. As such, the Hunga
volcanic eruption is an excellent natural testbed for
general model performance, and careful interpreta-
tion of the results could provide vital guidance on
how to improve such models.
In this section, we describe the upper-atmospheric res-
ults of the Hunga Tonga-Hunga Ha’Pai Model Obser-
vations Comparison (HTHH-MOC, Zhu et al., 2025),
experiment 1. We include only models which have
a fully-resolved mesosphere, i.e. WACCM6/MAM
(Mills et al., 2016; Zhu et al., 2022), GSFC2D (Fleming
et al., 2020; Fleming et al., 2024), and CMAM (Jonsson
et al., 2004; Scinocca et al., 2008). WACCM has both
required fixed-SST and additional optional coupled
ocean settings, with 30 ensemble members and both
H2O and SO2 injection in the two settings. CMAM
has 10 ensemble members with fixed SST fields and
with H2O injection only. GSFC2D has 10 ensemble
members with fixed SST fields and with H2O injection
only for 5 years, and additional 20 ensemble members
with both H2O and SO2 injection but runs 2 years.
We use the GSFC2D H2O only ensemble to check the
long-term evaluation of the field in Section 6.5.2 and
6.5.3, and use the H2O and SO2 ensemble to check the
dynamics response in Section 6.5.4. More details of
HTHH-MOC data analysis related to Chapter 6 can
be found in Supplementary S3 PartS3.5.

6.5.2 Water vapour plume in the mesosphere

The mesospheric water vapour burden anomaly
reached 2 Tg byMay 2023, peaking at 3.3 Tg in Novem-
ber 2023. For context, Feofilov et al. (2009) estimated
that the normal mesospheric water vapour burden
(between 1 hPa and 0.01 hPa) lies in the range 17–21
Tg, implying an approximate 16% increase in total
mesospheric water vapour burden (Figure 6.4a). This
multi-model mean is comparable to, though some-
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Figure 6.2: (a–i) Daily zonal-mean water vapour anomalies measured by MLS relative to the 2005–2021 climatology for

each day. The stratopause, as determined from MLS temperature measurements, is represented by dashed pink lines.

Dark blue lines show contours of scaled potential vorticity (see, e.g., Dunkerton and Delisi, 1986; Manney et al., 1994)

approximating the stratospheric polar vortex edge region. Adapted from Millán et al. (2024). (j) Zonal-mean tropical

(20°S–20°N) anomalies displaying the Hunga transport through the Brewer–Dobson circulation, demonstrating that

water vapour injected by the plume reached the mesosphere (i.e., ~1 hPa) around May 2023.
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Figure 6.3: MLS-derived estimates (left side) of the evolution of the (a) global [82°S-82°N] mesospheric [1–0.01 hPa] water

vapour burden, (c) global mesospheric ozone burden, (e) mid-mesospheric [0.1 hPa] temperature. The right side shows

the same variables, but with the annual cycle removed.

what lower than, the anomaly estimated from MLS
observations (Figure 6.4a; cf. Section 6.4).

The multi-model mean of the runs clearly shows evid-
ence of the Hunga-injected water vapour plume start-
ing to enter the mesosphere following the eruption.
The water vapour burden anomaly reached 2 Tg by
May 2023, with a maximum of 3.30 Tg reached in
November 2023. For context, Feofilov et al. (2009)
estimate the normal mesospheric water vapour bur-
den as between 1 hPa and 0.01 hPa as lying in the
range 17–21 Tg, and thus this represents an 16% in-
crease in the total mesospheric water vapour burden
(Figure 6.4a). This multi-model mean is reasonably
comparable to but lower than the anomaly calculated
from MLS (Figure 6.4a; cf. Section 6.4). From Novem-
ber 2023 the injected water vapour began to descend,
and by the end of 2026, 0.63 Tg of injected water va-
pour remained in the mesosphere, accounting for 3%
of the total mesospheric water vapour burden (Fig-
ure 6.4a).

In general, the model results exhibit only relatively
small variations in the water vapour plume andmatch
observations well (Figure 6.4a). GSFC2D shows the

highest water vapour burden anomaly at 4.07 Tg, with
the other models’ maximum water vapour burden
lying in the range 3.1-3.3 Tg. When interpreting these
results, it is important to remember that the water
vapour burden anomaly as calculated from themodels
is defined as the difference between the volcanic and
control runs, while for the observations it is defined
as the difference from climatology and thus includes
natural variability. In temporal terms, the maximum
water vapour burden in the GSFC2D ocean run agrees
well with the observations and with the multi model
mean, 1-2 months early in WACCM and multi-model
mean, and 3-4. All models predict a water vapour
burden anomaly lower than 1 Tg by the end of 2026.

6.5.3 Mesospheric cooling in 2023

The water vapour plume had a net radiative cooling
effect (cross cf. Chapter 4). Additionally, in 2023 after
the Hunga-associated water vapour entered the meso-
sphere, additional HOx reactions led to the depletion
of mesospheric ozone, which combined with the wa-
ter vapour related cooling to produce a >1 K decrease
in the global mean mesospheric temperature (Randel
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Figure 6.4: Anomalies of (a) mesospheric water vapour burden and (b) mesospheric ozone burden, observed by (black)

MLS, and as differences between the volcanic case and the control case in the (yellow) WACCM-coupled ocean, (pink)

WACCM-fixed SST, (blue) CMAM, and (orange) GSFC2D models, and as (green) a multi model mean. Shading denotes

the range within 1 standard deviation of the mean.

et al., 2024).

Our model results are consistent with the changes
of ozone and temperature described by Randel et al.
(2024). The multi-model-mean global-mean ozone
burden started to significantly decrease in 2023 after
the water vapour plume entered the mesosphere, and
almost simultaneously the mesospheric temperature
began to decrease in response to the ozone depletion
(Figure 6.5). In general, all models capture the cool-
ing and the ozone depletion, and the model-to-model
variation of ozone follows the variation of the water
vapour burden in the models (Figure 6.4b).

6.5.4 Mesospheric circulation and temperature

response in 2022

One of the most important mesospheric responses
to the Hunga volcanic eruption was a large change
in temperature. This was observed by the Sound-
ing of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument during boreal sum-
mer 2022, which saw record-breaking warming over
the southern hemisphere extra tropics and cooling
throughout of the rest parts of the mesosphere (Yu
et al., 2023, Figure 6.6a). Results from WACCM sug-
gest that this was a response to the record-breaking
stronger stratospheric westerlies after the eruption
(cross cf. Chapter 4). These stronger stratospheric
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Figure 6.5: Multi-model mean global differences in (a) wa-

ter vapour (ppmv), (b) ozone (in percentage), and (c)

temperature (K) between the volcanic case (H2O and
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and the control case. Areas with hatching indicate stat-

istically significant differences.

westerlies enhanced westward gravity wave drag in
the mesosphere, resulting in a 20% stronger meso-
spheric meridional circulation, and corresponding
record-breaking temperature variations (Yu et al.,
2023). This temperature response in 2022 was an
indirect impact of Hunga’s dynamically-driven water
injection, as it occurred prior to the appearance of
water anomalies in the mesosphere in 2023.
However, it has turned out to be technically challen-
ging to reproduce this dynamical process in models.
The response in this model is statistically significant
in the WACCM, which has 60 ensemble members that
can better disentangle the Hunga dynamics forcing
and the internal variability. However, the magnitude
of the response of WACCM is much smaller than
the observed anomaly. It is of correct sign but not
significant in CMAM, with almost no response seen
in GSFC2D. The very small response in GSFC2D is
likely due to concomitantly small internal variability,
as dynamical responses in the model are driven by
a combination of radiative forcing and tropospheric
planetary and gravity wave forcing which are the
same for the control and Hunga perturbation simu-
lations. The resulting circulation and dynamically
induced temperature responses are weak compared
to 3D models which have much larger internal vari-
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Figure 6.6: Zonal mean temperature differences between

the volcanic case (H2O and SO2 inWACCM and GSFC2D,

or H2O only in CMAM) and the control case in July-

August 2022, (a) as observed by SABER and adap-

ted from Yu et al. (2023), and as simulated in the (b)

WACCM, (c) CMAM, and (d) GSFC2D models. Areas
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ences.

ability. These unpromising model simulation results
are consistent with the idea that the response was to
some degree stochastic in nature (Yu et al., 2023).

6.6 Summary

The Hunga eruption of 2022 had profound short-term
dynamical impacts on the middle and upper atmo-
sphere. The initial explosion triggered a complex ar-
ray of Lamb, acoustic, and gravity waves that propag-
ated rapidly from the surface to the thermosphere
and ionosphere and transversed the globe several
times, demonstrating strong and direct dynamical
coupling across the depth of the atmosphere. The
eruption’s short- and long-term influences extended
into both the neutral thermosphere and charged iono-
sphere, generating disturbances including MSTIDs
and LSTIDs and causing significant ionospheric deple-
tion and electric field disturbances. MSTIDs were also
observed in the magnetic conjugate location to the
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eruptive wave release (Lin et al., 2022). These effects
highlight the complex coupling mechanisms between
atmospheric layers and the geomagnetic environment
and may have important research implications for ap-
plied topics such as tsunami warning systems as well
as into fundamental aspects of atmospheric science
theory.
Chemically, the eruption injected substantial wa-
ter vapour into the stratosphere, which was then
transported into the mesosphere during 2023 via the
Brewer-Dobson circulation, leading to mesospheric
cooling and ozone depletion via HOx chemistry and
radiative processes. Dynamically, the Hunga eruption
caused strong stratospheric westerlies in 2022 and
enhanced westward gravity wave drag in the meso-
sphere, leading to record-breaking warming over
the Southern hemisphere extra tropics and cooling
throughout the rest of the mesosphere during boreal
summer 2022. Climate models have subsequently
been employed to simulate these effects, with vary-
ing degrees of success. Models are able to reproduce
the mesospheric water vapour, ozone and cooling re-
sponses well. The response reached a maximum in
late 2023, then gradually diminished and is expec-
ted to return to its pre-eruption state in 2027. Only
the ocean-coupled climate model showed the signi-
ficant dynamical and temperature response observed
in summer 2022.
It is important to note that the impact of this water va-
pour operates at long timescales, and is still ongoing
at time of writing, and thus we are not able to fully
describe all upper-atmospheric impacts in this report.
However, results at time of writing suggest that the
models generally captured the water vapour trans-
port and its direct impact onmesospheric temperature
and ozone, but have had challenges in reproducing
dynamical processes. This highlights the complexity
of the eruption’s influence on the middle and upper
atmospheric system and the nonlinear chemical and
dynamical interactions driven by the eruption.
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