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Abstract

The January 2022 eruption of the Hunga volcano (20°S) injected 150 Tg of water
vapour into the middle atmosphere, leading to an increase in the stratospheric
water burden of 10%, unprecedented in the observational record. In the first
two years post eruption the stratospheric burden hardly changed, leaving the
residence time of volcanically injected water vapour, a key control on its cli-
mate impact, uncertain. Here, using satellite observations, we show a substantial
decline from 2024 to early 2025, the largest drop since the eruption. Compari-
son with 3-D numerical model simulations shows that the long-term removal of
the Hunga water has now entered a new phase, with stratosphere-troposphere
exchange playing an increasingly important role, exceeding Antarctic dehydra-
tion in 2024. We estimate that the additional stratospheric water vapour is now
decaying steadily with an e-folding time of 3 years and will reach the observed
pre-Hunga range of variability around 2030.



Keywords: Hunga eruption, stratospheric water vapour, residence time,
stratosphere-troposphere exchange

Introduction

Water vapour, as one of the most prominent greenhouse gases [1], can effectively
alter radiative forcing and influence global surface temperature once it enters the
stratosphere [2]. In January 2022, the underwater volcanic eruption of Hunga injected
a huge amount (~150 Tg) of water vapour (Fig. 1) and a moderate amount (~0.5Tg)
of sulfur dioxide (SO3) into the stratosphere and lower mesosphere, leading to an
instantaneous increase in the global stratospheric water mass of ~10% [3]. This is
the largest stratospheric perturbation of water vapour observed in the satellite era
spanning more than 30 years. The eruption impacted stratospheric chemistry [4-7)
and dynamics [8-11] and challenged preconceptions about volcanic climate impacts
[12-14].

Despite its critical importance for accurately predicting the near-term climate
impact, estimating how long the Hunga-injected excess stratospheric water (HEW)
will persist has been challenging. The major sinks of stratospheric water vapour are ice
polar stratospheric cloud (PSC) sedimentation [15] and stratosphere-to-troposphere
transport in middle-to-high latitudes [16], with additional small loss in the mesosphere
due to photolysis [17]. Although Antarctic PSCs removed around 12 Tg more water
vapour in the 2023 austral winter than typical, the overall amount of stratospheric
water vapour mass increased again and recovered to ~135 Tg (above 2005-2021 clima-
tology) in late 2023 [18] due to a larger-than-usual amount of water vapour entering
the stratosphere via the tropical troposphere [19]. Up to now, there has been a large
uncertainty in the estimation of residence time of HEW in the stratosphere, with the
projections of its return to pre-Hunga conditions ranging from as early as 2025 (over
3 years [20]) to more than a decade [19]. Chemistry-climate model simulations in the
Hunga Model-Observation Comparison (HTHH-MOC) free-running experiment also
show a wide range in their simulated recovery times (green bar in Fig. 4b) [21].

The Microwave Limb Sounder (MLS) on board NASA’s Aura satellite [22] has
continuously observed HEW (estimated by comparison with pre-Hunga climatology).
We now have sufficient observations to characterise the decay of the Hunga water.
For the first time, we are able to reduce the uncertainty substantially by showing the
decay of HEW using daily near-global profiles and interpreting the observed changes
using a model.

Results

1 A sudden severe drop in 2024

In 2024, a sudden severe drop is observed by MLS, rapidly reducing HEW by ~55 Tg
within just one year (Fig. 1). This abrupt drop is the largest and fastest in the past
30 years, exceeding the previous two drops in satellite records, i.e., the millennium



drop during 2001-2005 [2, 23] and 2012-2013 [24]. These two prior events saw similar
reductions of ~40 Tg (~0.4 ppmv in the global average) and were both driven by
decreases in the tropical entry value of water vapour. The persistent drop in 2024
signals a change in the behaviour of the excess Hunga H2O, leaving the initial injection
diminished by nearly half at the end of 2024.

We performed calculations with the TOMCAT [25] offline 3-D chemical transport
model, forced by ERA5 [26] meteorological fields. TOMCAT includes the time-varying
stratospheric transport and temperature-dependent PSC onset that is important for
the settling of ice particles. The model has been shown to reliably capture the spread
and dehydration of HEW through late 2023 [19].

Two pairs of model simulations, using detailed stratospheric chemistry, were used
to simulate the transport of HEW, examine the drivers of its changes, and predict its
residence time (see Supplementary Table 1). The first pair included a simulation repre-
senting the Hunga injection of water vapour and a corresponding control run without
the injection, allowing examination of the evolution of HEW by removing the back-
ground variations. The second pair was similar but excluded PSC dehydration loss in
both simulations. The comparison between the two pairs was used to quantify the vary-
ing contributions of PSC dehydration and stratosphere-troposphere exchange (STE)
to the decay of HEW. The height and amount of the volcanic injection, including
aerosol and gas-phase water, were based on satellite observations. Further information
on methods, data sets, and the model is provided in Section 5.

The model reproduces well the observed persistent drop in HEW through the year
2024, as well as the previous near-instantaneous decline in 2023 Antarctic winter,
demonstrating its skill in representing the removal pathways for stratospheric water
vapour. The rapid increase due to the additional tropical entry in late 2023 was not
captured as the model uses a fixed repeating seasonal cycle of the tape recorder signal
[27] for the tropical entry. However, the model is still able to represent the transport
of HEW, unaffected by the changes in the background level. This is important as it
allows us to use sensitivity experiments to quantify the dehydration pathways of the
Hunga water by isolating it from the moistening background [18].

2 Explaining the observed Hunga water changes

Every year in June to mid-August, Antarctic PSC dehydration efficiently removes
a large amount (~23 Tg) of water vapour from the stratosphere [18]. In 2022, the
Hunga water was excluded from the Antarctic polar vortex as it arrived later than the
formation of the strong polar vortex [28]. However, in 2023, the strongest dehydration
(35 Tg) in the satellite observational record occurred in late May to August[18, 19, 29,
30], explaining the majority of the HEW loss at that time (the grey bars in Fig. 1).
In contrast, the observed 2024 drop in HEW is persistent throughout the year
(the orange shading period in Fig. 1), with only a moderate amount of anomalous
Antarctic PSC loss. The Antarctic HoO anomaly in the lower stratosphere returns
to essentially zero (Fig. 2b), like 2023 and previous years, as the vortex humidity is
controlled by the local polar temperatures [19, 29]. The water remaining in the gas
phase is determined by its saturation vapour pressure; the ice particles that form and
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Fig. 1: Stratospheric water excess mass following the Hunga eruption. The
top panel shows the full time series (2004-2025) of both global (blue: MLS daily obser-
vations; magenta: TOMCAT model monthly simulations) and Antarctic polar cap
(cyan: MLS; green: TOMCAT) stratospheric water vapour mass anomalies. The bot-
tom panel provides a zoomed-in view of the post-eruption changes from 2022 through
2024. The grey bar marks the months of June and July 2023. The orange shading marks
the year 2024. The grey dotted line represents the TOMCAT simulation without dehy-
dration processes. The stratospheric water mass is calculated for pressure levels above
(i.e., pressures lower than) 68 hPa. MLS daily anomalies are obtained by removing
the 2005-2021 climatology. Note that the TOMCAT simulation has increased water
vapour from April 2022. See Methods for more details.



sediment out in austral winter permanently remove the condensed water vapour from
the stratosphere. This mechanism is not affected by the HEW. However, in 2024, the
Antarctic polar vortex is not as moist as it was in the previous year (Fig. 2a,b), as
Hunga water had spread globally via the stratospheric circulation. Accordingly, the
amount of HEW removed by Antarctic PSC dehydration in 2024 is not as large as
that in 2023, although it still exceeds the climatological mean seasonal dehydration by
~6 Tg (cyan line in Fig. 1; see also the total amount of dehydration in Supplementary
Fig. 1).

Formation of ice PSCs in Arctic winters, and subsequent dehydration, is relatively
uncommon compared to Antarctica; the Arctic polar vortex is usually warmer than
its Antarctic counterpart and has larger variability, with frequent exchange of cold air
within the polar vortex and warm air at lower latitudes. Only in very cold winters,
such as those of 2009-2010 [31], 2012-2013 [32], 2015-2016 [33], and 2019-2020 [34],
do observations show that Arctic PSC dehydration occurred for a short period of time.
Winter 2023-2024 was the first when the Hunga excess water reached the Arctic, with
the polar-cap-averaged anomalous humidity being ~1 ppmv, larger than that in any
other year since 2004 (Fig. 2d). However, the 2023-2024 Arctic vortex was weaker,
warmer, and more dynamically disturbed than typical Arctic winters [35, 36]. As a
result, strong descent of HEW to the lower stratosphere was observed (Fig. 2c), but
no substantial PSC dehydration was detected. The 2024-2025 boreal winter was much
colder than the previous one, with temperatures below the frost point in late January
2025. Consequently, a signature of Arctic dehydration is observed by MLS in the first
half of January 2025 (red line in Fig. 2d) and simulated by the model (Fig. 3c). The
impact of this on the overall mass of stratospheric Hunga water is, however, modest
(~1 Tg, Fig. 3c).

The evolution of HEW entered a new phase in 2024 when the majority of its
removal was no longer attributable to polar dehydration. While much of HEW had
been confined above 25 km [18, 19, 37, 38|, the global stratospheric circulation has
now resulted in downward transport of HEW over middle and high latitudes. In each
winter, the strong descent of mid-stratospheric air parcels near the poles [39], via
descending branch of the Brewer-Dobson circulation (BDC), is accompanied by the
downward migration of stratospheric tracers, such as ozone and HyO. This downward
migration of the Hunga water vapour is observed by MLS and is well captured in the
TOMCAT Hunga simulation (Fig. 3a).

Since late 2023, a large mass fraction (~18%; Fig. 3b) of the Hunga water vapour
has been transported to the lower stratosphere below 100 hPa, where it is subject
to irreversible stratosphere-to-troposphere transport. During the 2023-2024 boreal
winter, two major sudden stratospheric warmings occurred, accompanied by stronger-
than-usual descent relative to the climatology [36]. This led to a rapid downward
migration of HEW during this period (Fig. 2¢; see also Supplementary Fig.2). The
2024 austral winter was also anomalously warm, with large amount of strongly moist-
ened air descending below 100 hPa over May to July in the mid-to-high latitudes
of the Southern Hemisphere (Supplementary Fig.2). This enhanced descent of HEW
in both hemispheres caused the subsequent decay via STE. The transport-induced
decay has two pathways: 1) stratospheric air with Hunga-injected HoO slowly descends



231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

Antarctic H,O anomaly [ppmv]

a Py 10 15 2.0 b Antarctic H,O anomaly at 46 hPa
10 T ” 32 2.0
14 5 30
b G 1.5
21 . 27
© —_
o 1.0
< 31 24E —
. 2% 05| Tm=m\"1ow
5 46 2 222 & 05
0 o 2
o 68 192 oo
2 .
100 16
-0.5 m= 2022 == 2024 + std (pre-2022)
147 13 == 2023 == 2025
- -1.
\\)\ X \\>\ 95 \\)\ 9an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
N 20 Month (Jan-Dec, winter centred)
Arctic H,0 anomaly [ppmv]
C 05 10 15 20 d Arctic H,0 anomaly at 46 hPa
107 r 32 2.0
14 30
I. 1.5
. 21 27
© 3 ) p—
a 1.0
£ 31 24§ =
£ 46 2z § s S
0 o g
¢ 68 192 0.0
o
100 16
—0.5 == 2021/2022 == 2023/2024 + std (pre-2022)
147 p 13 m= 2022/2023 == 2024/2025
-1.0
\\)\ Qq,lx \\>\ 0’7«6 \\)\ Jul Aug Sep Oct NovDec Jan FebMar Apr May Jun
v 7 Month (Jul-Jun, winter centred)

Fig. 2: MLS-observed dehydration of the Antarctic and Arctic polar
regions. (a, b) Pressure-time cross-section for daily water vapour mixing ratio anoma-
lies averaged over the (a) Antarctic (60-90°S) and (c) Arctic (60-90°N). Contours in
panels (a) and (c¢) show 1 ppmv anomaly as an indication for the Hunga plume. (b)
Time series of Antarctic HoO anomalies at 46 hPa (within the PSC layer), showing
data from each year starting from January. (d) Time series of Arctic HoO anomalies
at 46 hPa, with the timeline starting from July through June to centre the Arctic
winter season (December—January—February). Anomalies are calculated by removing
climatology for 2005-2021, with a 15-day smoothing to minimize the gaps present in
the MLS data since April 2024. The +1 standard deviation is provided in panels (b)
and (d) as a measure for the internal variability.

into the troposphere at high latitudes via the deep branch of the BDC; 2) vigor-
ous stratospheric intrusions in the mid latitudes led to transport of Hunga-moistened
stratospheric air into the troposphere. These processes permanently remove HEW
from the stratosphere. We now examine the role of transport as a removal mechanism.

The TOMCAT runs Control-NoDehydration and Hunga-NoDehydration are sim-
ilar to the standard runs but without the sedimentation of PSC particles. These
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Fig. 3: Descent of Hunga excess HoO to the lower stratosphere and
subsequent loss in 2024 from MLS observations and TOMCAT model sim-
ulations. (a) Pressure-time cross section of MLS-observed (shading) daily global
stratospheric HoO mass anomalies, at each MLS layer, over January 2021 to June 2025
relative to the 2005-2021 climatology, together with TOMCAT model simulated (con-
tours) monthly Hunga HoO mass anomaly at each MLS layer. (b) Model-simulated
relative distribution of the Hunga excess HoO above (i.e., at pressures lower than) 68
hPa (red), over 100-68 hPa (light blue), and below (i.e., at pressures greater than) 100
hPa (blue), shown as stacked bars totaling 100%. (c¢) Time series showing the break-
down of Hunga H,O total instantaneous loss (black line) into STE instantaneous loss
(blue) and dehydration loss (lime). The grey and light yellow bars, similar to those in
Fig. 1, mark the months of June and July7 2023, and the year 2024, respectively. (d)
The breakdown of Hunga HoO cumulative loss into STE and dehydration components
by July 2023 and December 2024, with the latter including removal during 2023. The
2024 loss on its own can be estimated by adding the blue bars during 2024 in panel
(c). The attributions in (c) and (d) are obtained by comparing TOMCAT model sim-
ulations with and without PSC sedimentation.



runs allow us to diagnose the instantaneous (Fig. 3c) and accumulated (Fig. 3d) loss
of HEW into contributions from the two processes, PSC sedimentation and STE.
The relative contributions of the two processes change rapidly after the Antarctic
PSC dehydration in 2023. The simulations without dehydration indicate that further
removal of HEW by STE began in late 2023 and accelerated through 2024 (Fig. 3c).
The timing is in agreement with the arrival of HEW in the lower stratosphere (Fig. 3b)
via the slow BDC. This implies that the average removal rate by STE is ultimately
determined by the rate at which the BDC transports mass from the overworld into the
lowermost stratosphere. The fact that our simulated dehydration loss and the descend-
ing rate of HEW agree well with the observations demonstrates again that the model
reproduces well the removal pathways of HEW. Although dehydration played a larger
role than STE in reducing water vapour in July 2023, STE exceeded dehydration and
became dominant by the end of 2024 (Fig. 3d). The model simulations indicate that
both STE and Antarctic PSC dehydration will determine the removal of HEW for the
coming years.

The mechanisms which destroy water vapour in the mesosphere act mostly at
altitudes above 1 hPa. However, the mesospheric mass only increased by less than 2.5
Tg in the year 2024 as observed by MLS (Supplementary Fig. 3), accounting for only
a small fraction (less than 1.75%) of HEW.

3 Return time

There have been attempts in the past two years to simulate the evolution of water
vapour injected into the stratosphere by Hunga by computing a linear fit [20], using
a simplified 2-D model [40], applying complex chemistry-climate models [21, 42], or
developing a theoretical model [41] in order to predict the near-term impacts of this vol-
canic eruption. However, with no significant decline during the first two years following
the eruption, it was not possible to robustly constrain the lifetime of Hunga H2O using
observations (see also Section 5.4 and Supplementary Fig.4). Many chemistry-climate
models capture well the initial confinement above 25 km and subsequent large-scale
evolution of Hunga HsO, but overestimate the magnitude of Antarctic dehydration
during the 2023 winter by a factor of 2-4 compared to MLS observations [21] because
of deficiencies in their representations of PSC removal mechanisms or/and strato-
spheric transport. In contrast, our model calculations for Antarctic wintertime PSC
sedimentation agree well with MLS observations as previously documented for 2023
[19] and further evaluated by the most recent drop in 2024 (Fig. 1). Thus, as shown
in Fig. 4, we are able to estimate the decay time of Hunga excess HyO with sufficient
observational data to characterise the recent decay, along with model simulations that
not only include realistic PSC dehydration loss but also take into account loss via
stratosphere-to-troposphere transport by considering a longer post-eruption period
with more realistic meteorological forcing than in the previous study using the same
model [19].

By October 2023, MLS and TOMCAT are in close agreement (Fig. 1). After this
point, the MLS time series briefly increases due to additional HoO entering through the
tropical tropopause, whereas the model remains unaffected and therefore represents
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HEW alone (see Section 5.3 for details). The drop then becomes steeper when efficient
STE starts in 2024. Based on observations and simulations through early 2025, the
current e-folding decay time of Hunga HsO is ~3 years (3.364+0.29 years for MLS;
3.05+0.15 years for model calculations) from the onset of the first removal when PSCs
are formed in May 2023. This behaviour is consistent with a recent theoretical study on
calculating the lifetime of various stratospheric constituents [43]. That study showed
that the total lifetime (lag time + decay time) is less sensitive to the choice of the
decay-onset date and thus enables more robust comparisons from different studies
than simply using the e-folding time since start of removal alone. Results of such an
intercomparison of estimated total lifetimes for HEW are shown in Supplementary
Table 2. From May 2023, the half-life is ~2 years, with 75 Tg being already removed
from the stratosphere at the present time. After seven years of decay, both MLS-based
estimation and the model simulations (Fig. 4a) show the excess HoO burden dropping
to the background variability (one standard deviation of MLS measurements over the
pre-Hunga period; ~ +17 Tg), indicating the return of stratospheric water vapour
abundances to the pre-Hunga level around the year 2030 (Fig. 4b).

4 Conclusions

MLS observations and TOMCAT model simulations have revealed remarkable change
in decay pattern of Hunga-injected stratospheric HoO from 2024 through early 2025.
Dehydration in the 2023 Antarctic polar vortex caused the first substantial removal
of Hunga H2O from the stratosphere. However, with the HoO gradually descending
into the lower stratosphere via the slow BDC, transport into the troposphere becomes
possible and H»O is therefore removed more rapidly than it would be by dehydration
alone. With sufficient observations from MLS and a model that reproduces transport
well, our updated estimates of the residence time of the Hunga excess HoO (with e-
folding time of ~3 years and a total lifetime of ~4.5 years) substantially reduces the
previous uncertainty (Fig. 4b) in predicting the fate of the Hunga HyO.

5 Methods

5.1 MLS data

The Microwave Limb Sounder (MLS) instrument [22] was launched on NASA’s Aura
satellite in 2004. The field of view of the instrument is scanned vertically across the
Earth’s limb every ~25 s, typically giving 3495 limb scans per day. The Aura orbit
is inclined at 98°, and the instrument view is directed forward along the orbit plane,
giving coverage from 82°S to 82°N each day. The horizontal resolution is about 1.5°
along the orbit track. The orbit tracks are separated by about 25° at the equator,
with closer longitudinal spacing at higher latitudes.

The water vapour measurement is made using the 183.3 GHz spectral line. The
vertical resolution is about 3km in the stratosphere and lower mesosphere. We use
version 5 of the water vapour data [44]. A variety of changes have occurred between
version 2 [45, 46] and version 5, and the improvements have been documented[44, 47].



For this study the MLS data (which cover the range 82°S-82°N) are averaged
into daily zonal means in 5° latitude bins. Profiles that fail the recommended quality
screening criteria [44] are discarded.

In 2024 it was discovered that the 190 GHz radiometer, which contains the channels
used for the stratospheric HoO measurement, was failing in a manner that would limit
the total number of days for which it could be operated. In order to produce some
water vapour data up to the end of the mission, the 190 GHz radiometer has been
operated for only ~ 7 days per calendar month, starting late in April 2024.

5.2 TOMCAT model and experiments

TOMCAT is a global three-dimensional (3-D) off-line chemical transport model
(CTM) [25]. The model has been widely used for many studies of atmospheric chem-
istry and transport, particularly in the stratosphere. In the version used here, the
large-scale meteorology is provided by vorticity, divergence, temperature and surface
pressure fields from meteorological (re)analyses. Large-scale vertical motion is diag-
nosed on the model grid from the divergence. The model contains a detailed treatment
of stratospheric chemistry, including the formation of polar stratospheric clouds, based
on equilibrium occurrence.

For this study TOMCAT was integrated in a series of four experiments forced by
ERAS [26] meteorology. The model used a horizontal grid of 2.8° x 2.8° with 32 lev-
els from the surface to about 60 km. Simulation Control was integrated from 1979
until 2025 using the standard model setup but without any additional treatment of
Hunga. Simulation Hunga was initialised from simulation Control in January 2022
and included injection of 150 Tg HoO from Hunga. This was added to the model in
April 2022, by which point the water vapour had spread zonally and latitudinally [19].
Simulation Control-NoDehydration was the same as run Control except that sedi-
mentation of PSCs was excluded after January 2022. Similarly, Hunga-NoDehydration
was identical to Hunga but again without sedimentation of PSCs. These two sets of
paired runs were used to diagnose the changes of HEW. The difference between the
HEW time series in each pair isolates the contribution from polar PSC dehydration,
and the remaining loss is attributed to STE.

5.3 Calculating H>O mass

MLS H3O anomalies are calculated as deviations from the 2005-2021 climatology.
In Figure 2, we applied a 15-day running mean to minimize the gaps present in the
MLS data since April 2024 (shown in green and red lines of Figs. 2b, 2d), which
resulted from the “one week in four” operation of MLS. In all other figures, raw
(unsmoothed) anomalies are shown. The model anomalies are calculated as differences
between runs Hunga and Control. The stratospheric total mass of HoO is estimated
for pressure levels above 68 hPa. For MLS, it is calculated as the global (82°S-82°N)
sum of the stratospheric column over each 5-degree latitude band from MLS volume
mixing ratio measurements from 68 hPa to ~0.4 hPa. The modelled stratospheric
H>O total mass is calculated as the sum of the HoO mass in each grid box from 68
hPa to the model top (~0.2 hPa). We used 68 hPa rather than 100 hPa to avoid the



influence of additional water vapour from the troposphere. The model simulations are
not affected by the additional HoO entry as it uses a fixed repeating seasonal cycle of
H5O tropical entry. For example, the large increase in MLS global stratospheric HoO
from late 2023 to early 2024 arises from anomalously enhanced HoO entry through the
tropical tropopause, whereas TOMCAT does not include this interannual variability
and therefore reflects only the Hunga-caused excess (Fig. 1). The amount of HEW over
100-68 hPa is stable (~10 Tg; see Fig. 3b light-blue shading) in year 2024, therefore
using 100 hPa for the model makes little difference. Polar cap averages are computed
as the mean over latitudes poleward of 70°S and 70°N.

5.4 Uncertainty estimation for the decay time

The uncertainty in the e-folding decay time was quantified using both the formal fit-
ting uncertainty and the spread arising from natural variability. We applied a nonlinear
least-squares fit in SciPy [48] to the HEW time series through July 2025. Assuming
exponential decay, we obtained an e-folding decay time of 3.36 years for MLS and a
two-sigma fitting error of approximately 0.13 years. To verify the fitting error, we per-
formed a Monte-Carlo resampling and obtained a posterior distribution with a similar
two-sigma spread (~0.12 years), confirming the robustness of the fit-based estimate.
The MLS time series, however, is also influenced by natural variability (see Section
5.3), which should also be accounted for in the uncertainty estimation. We exam-
ined the evolution of the fitted decay time as the observational record lengthened (see
Supplementary Fig. 4). After one year of the decay, the inferred decay time becomes
stable, giving a variability-driven two-sigma spread of ~0.26 years. Combining the
variability-driven spread and fitting uncertainty in quadrature (by taking the square
root of the sum of the squares of uncertainties), we obtain a total uncertainty of ~0.29
years for MLS.

Data availability

MLS satellite data, including the version 5 HyO data used in this paper [49], are
publicly available at https://disc.gsfc.nasa.gov. TOMCAT model outputs are available
on request from the corresponding authors. All of the pre-processed model data (for
example, monthly mean water vapour mass averaged globally and over Antarctica from
TOMCAT and water vapour mass interpolated onto the MLS vertical coordinates)
are available at Zenodo (https://doi.org/10.5281/zenodo.18193651) [50].
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