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The 2022 eruption of the Hunga volcano was a major event that propelled aerosols and water vapor up
to an altitude of 53-57 km. It caused an unprecedented stratospheric hydration that is expected to
affect composition, thermal structure, circulation and dynamics for years. Using vertically high
resolved satellite observations from radio occultation, we focus on the temperature impact in the
stratosphere from the eruption in January 2022 until December 2023. Separating the signals of the
Hunga eruption from the broader stratospheric variability reveals a strong persistent radiative cooling
of up to -4 Kin the tropical and subtropical middle stratosphere from early after the eruption until mid-
2023, clearly corresponding to the water vapor distribution. Our results provide new insights from
observations into both the localized temperature changes and the persistent stratospheric cooling
caused by the Hunga eruption and document this exceptional climatic effect not seen for previous

volcanic eruptions.

Temperature variability in the stratosphere is governed by a variety of
different drivers, including changes in solar radiation, radiatively active
species such as ozone and greenhouse gases, and also strong natural
modes of variability such as the Quasi-Biennial Oscillation (QBO) and
the Brewer-Dobson Circulation (BDC)'. Extreme events such as
large wildfires”, sudden stratospheric warmings* and volcanic
eruptions””’, however, can also have profound and longer-lasting effects
on stratospheric temperature, composition and dynamics. While well-
documented large eruptions such as El Chichén in 1982 and Pinatubo in
1991 have shown significant impacts, the eruption of the Hunga volcano
in the southern Pacific Ocean (20.5°S, 175.4°W) in mid-January 2022
represented an unprecedented event that differs significantly from
previous large volcanic eruptions®”.

The eruption set a new record for the height of the volcanic plume and
sent aerosols and trace gases to altitudes of up to 57 km*"’. The emission of
sulfur dioxide (SO,) was initially estimated at about 0.4-0.5 Tg'"'" and later
assumed to be 1.5 Tg", which is comparable to a rather small volcanic
eruption. However, the SO, was rapidly converted to sulfate aerosol parti-
cles, resulting in a Stratospheric Aerosol Optical Depth (SAOD) anomaly
not seen since the Pinatubo eruption'”™".

As a submarine eruption, Hunga also injected substantial amounts
of water vapor directly into the stratosphere, resulting in unprecedented
stratospheric hydration'”". Observational data from the Microwave
Limb Sounder (MLS) indicate water vapor mixing ratios of up to
350 ppmv, while Radio Occultation (RO) profiles even show local

mixing ratios exceeding 1000 ppmv (up to 3500 ppmv in some places) at
about 25-35 km altitude'’. These values are way above the stratospheric
background values of about 5 ppmv, underlining this extraordinary
behavior'”". This injection of water vapor led to a significant global
increase in stratospheric water content of about 8 to 13%'*"*".

The aerosol and water vapor plumes began to separate over time due to
gravitational sedimentation of the aerosol plume in the Southern Hemi-
sphere stratosphere and the rise of the water vapor plume with the ascending
branch of the BDC, mainly confined between 35°S and 20°N during the first
months after the eruption'>'*".

The SAOD perturbation by the aerosol plume almost reached pre-
eruption levels within roughly 2 years while the water vapor is expected to
persist in the stratosphere for up to 10 years since there are no considerable
water vapor sinks in the stratosphere”’.

The eruption has had a significant and lasting impact on the compo-
sition and dynamics of the global stratosphere, particularly in the Southern
Hemisphere™*". This makes it one of the most significant climatic events in
recent decades'*** also affecting global surface temperatures by causing a net
positive radiative forcing'®”. In the stratosphere the changes include
potential radiative cooling due to increased water vapor levels as well as
shifts in stratospheric ozone levels and related trace gases™*"***.

Recent model and observational studies have indeed already shown
remarkable changes in stratospheric dynamics, composition and tempera-
ture associated with the eruption for the first months after the event'*>***,
Some of these studies have already found evidence of strong stratospheric
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temperature signatures associated with the Hunga eruption but focused
predominantly on the temperature impacts within the first few months after
the eruption and/or on specific latitudes or limited time intervals, using
absolute temperature data and model simulations'***™.

Our research extends these results and the framework by examining
the longer-term impacts of the Hunga eruption on the stratosphere over a
period of almost 2 years, from the eruption to December 2023. We use high-
resolution satellite data to analyze the observed temperature changes in the
stratosphere and separate the signals from the general stratospheric varia-
bility. Our study provides new insights into the regional and vertical changes
in the temperature structure and evaluates the lasting impacts of the
eruption on the stratospheric climate.

34 MLS

Results

We use satellite-based observations of Global Navigation Satellite System
(GNSS) RO temperature” along with temperature and water vapor
measurements from the MLS instrument”~' to monitor the Hunga plume’s
development and related temperature signals. Our goal is to trace the plume
evolution and accurately assess its longer lasting impacts on the strato-
spheric temperature structure.

Temperature structures within the early post-eruption plume

The Hunga eruption injected a considerable amount of water vapor into
the stratosphere, reaching up to an altitude of about 53 km'’. Figure 1a
shows that the maximum water vapor is found around an altitude of
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Fig. 1 | Temperature anomalies within the early post-eruption plume. MLS (a)
and RO (b) temperature anomaly profiles recorded following the center of the early
water vapor plume after the eruption on January 15 until end of February 2022. The
hatched area in (b) displays where RO signals overestimate the cooling due to
localized high water vapor mixing ratios. The dashed black line in (a) and (b)
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represents the height of the maximum water vapor mixing ratio from MLS. ¢ shows
the evolution of the maximum water vapor mixing ratio, d shows the estimated
longitudinal extent of the water vapor plume in percent within the latitude region
from 40°S to 25°N.
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Fig. 2 | Daily temperature anomalies until 2 years after the Hunga eruption. Daily
RO temperature anomalies from December 2021 to December 2023 are shown for
the zonal mean 30°S to 10°N as function of altitude (a) as well as latitude-time slices
at 19 km altitude (b), at 27 km altitude (c), and at 32 km altitude (d). Vertical lines
mark the date of the eruption. The dashed black line in (a) indicates the

climatological lapse-rate tropopause. The contour lines in the top panel show the
Singapore wind anomalies (m s ") as indicator for the QBO, where positive
anomalies (green lines) correspond to easterly winds and negative anomalies to
westerly winds (brown lines).
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a38 Reconstructed natural variability (mean 30°S to 10° N)
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Fig. 3 | Reconstructed temperature anomalies from the natural variability modes.  altitude (d). Vertical lines mark the date of the eruption. The dashed black line in (a)

Reconstructed daily RO temperature anomalies derived from multiple linear indicates the climatological lapse-rate tropopause. The contour lines in the top panel
regression analysis attributable to QBO, ENSO, solar flux and dynamical coupling  show the Singapore wind anomalies (m s~ ') as indicator for the QBO, where positive
with the high latitudes. The reconstructed anomalies are shown from December anomalies (green lines) correspond to easterly winds and negative anomalies to

2021 to December 2023 for the zonal mean 30°S to 10°N as function of altitude (a) as  westerly winds (brown lines).
well as latitude-time slices at 19 km altitude (b), at 27 km altitude (c), and at 32 km
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Fig. 4 | Monthly mean residual temperature anomalies. Zonal mean monthly RO
residual temperature anomalies from January 2005 to December 2023 at 19 km (a),
27 km (b), and 32 km (¢) after subtracting QBO/ENSO and high latitude variability.
The dashed lines represent the mean over specific latitudes (a: 20°S to 10°N, b: 30°S
to 15°S, ¢: 10°S to 10°N). The scale on the right-hand side of (a-c) represents the
temperature scale for the dashed lines. The star symbols mark the strongest

anomalies in the time series. The corresponding panels on the right side in (a—c)
show altitude-latitude cross-sections for the months with the strongest anomalies,
except for (a) where the strongest anomaly is found before the Hunga eruption.
Anomalies in the right panels of (a—c) that are larger than three standard deviations
are indicated with an X mark.

30 km in the following days, indicating a descent of the plume due to
radiative cooling'’. Within the first 3-4 weeks after the eruption, the
plume evolved from a localized to a widespread distribution covering
almost 90% of the globe longitudinally (Fig. 1d). We estimate the
longitudinal extent by calculating the mean for the lower stratosphere
(19-34 km) within the latitudinal region from 40°S to 25°N and con-
sidering longitudes that deviated by more than three standard deviations
from the water vapor climatological mean. Notably, previous studies
have shown that at least parts of the plume circumnavigated the globe
within only 2 weeks'. In the same period the maximum MLS water
vapor mixing ratio decreased from more than 300 ppmv to 30 ppmv
(Fig. 1¢c). While the water vapor plume covered most of the stratosphere
shortly after the eruption'’, the water vapor maximum derived from the
MLS data gradually descended from its initial height to about 25 km
(Fig. 1a, b).

During this descent in January and February, a temperature dipole
structure following the altitudinal evolution of the water vapor plume™ is
clearly visible in temperature anomalies co-located with the plume
(Fig. 1a, b). Anomalies are calculated with respect to the climatological
temperature (from 2005 to 2021) at the given location for the corresponding
month (c.f. section “Data and methods”).

A cooling of about —3 K above the altitude of the water vapor max-
imum and a warming below is observable. The negative temperature
anomaly as well as the radiatively driven plume descent'* can be attributed to
cooling driven by the presence of water vapor, while the observed warming

can partly be explained by the greenhouse gas effect of water vapor affecting
upwelling longwave radiation'*".

As, during this early phase, the water vapor plume overlaps with the
aerosol plume"* a radiative heating due to the presence of aerosols is also
discussed, at least as far as the positive anomalies in the lowermost strato-
sphere are concerned'“'®. Although aerosol and greenhouse gas effects are
plausible, they likely affect only a limited altitude region.

Hours after the eruption, strong irregularities in bending angle’” and
temperature can be observed in RO profiles recorded within the volcanic
plume (Fig. S1). However, it is important to note that the RO signals
immediately post-eruption are strongly influenced by the presence of the
huge amount of water vapor (see section “Data and methods”). It is esti-
mated that a water vapor mixing ratio of 1500 ppmv corresponds to a
“fictional” temperature anomaly of about -8 K". Such localized high water
vapor mixing ratios therefore cause an overestimation of the cooling in RO
profiles until approximately early February as indicated by the shading
in Fig. 1b.

However, rapid dispersal and diffusion of the water vapor plume starts
soon after the eruption'’ and the direct effect on RO becomes negligible.
This is confirmed by closely matching temperature patterns between RO
and MLS (Fig. 1b vs. Fig. 1a). Also, model simulations'* and radiosonde
measurements” show a dipole structure in regions with increased water
vapor shortly after the eruption. Since MLS averages over a broad altitude
region and RO has a high vertical resolution, RO exhibits a more detailed
vertical structure.
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Fig. 5 | Daily residual temperature anomalies until 2 years after the Hunga
eruption. Daily zonal mean RO temperature anomalies from December 2021 to
December 2023, after subtracting QBO/ENSO and high latitude variability, showing
the zonal mean 30°S to 10°N as function of altitude (a) as well as latitude slices at

19 km altitude (b), 27 km altitude (c), and at 32 km altitude (d). Vertical lines mark
the date of the eruption. The dashed black line in (a) indicates the climatological
lapse-rate tropopause. Contour lines in (c) and (d) show the MLS water vapor
mixing ratio.

Communications Earth & Environment| (2024)5:450


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01620-3

Article

Zonal-mean temperature anomalies post-eruption

To determine longer lasting impacts of the Hunga eruption we focus on the
analysis of the zonal mean temperature anomalies. We investigate the spatial
distribution and temporal evolution of temperature anomalies in the stra-
tosphere after the eruption and try to identify signals associated with the
Hunga eruption against the background of strong natural variability.

Figure 2 provides an overview of the zonal mean temperature anomaly
time series, giving insights into the temperature changes after the eruption
until end of 2023. Figure 2a displays temperature anomalies as function of
altitude in a latitude region (30°S to 10°N) affected by the volcanic plume,
while Fig. 2b-d zoom in on specific altitude sections to illustrate the lati-
tudinal structure of the temperature anomalies in the tropics and subtropics,
respectively.

As can be seen in Fig. 2a, the zonal mean temperature anomalies
shortly after the eruption exhibit a warming, extending from the lowermost
stratosphere to an altitude of more than 30 km, while the initial temperature
dipole structure co-located with the early water vapor plume is not directly
visible. This can be explained by the fact that the cloud is still very localized in
the first few weeks after the eruption.

Particularly strong warming can be observed in the lowermost stra-
tosphere in the tropics and subtropics (30°S to 40°N) (Fig. 2b) and in the
central tropics (10°S to 10°N), strongest at an altitude of around 27 km
(Fig. 2c) immediately after and to a smaller extent also prior to the eruption.
These anomalies are complemented by negative temperature anomalies at
high latitudes of the Northern Hemisphere (>40°N in Fig. 2c, d), suggesting
a dynamical connection (see-saw pattern) between these regions.
Another positive anomaly, which is centered in the tropical region, appears
in September 2022 in the mid to lower stratosphere (Fig. 2a, b).

Upon closer examination of the wind shear (contour lines in Fig. 2a), it
becomes evident that the positive anomalies observed in the mid to lower
stratosphere are more likely linked to the QBO, specifically a westerly shear
phase of the QBO, rather than solely attributable to the Hunga eruption.

Figure 2a also displays an unusual cooling during March 2022, not
explainable by the QBO westerly shear phase which, in general, correlates
with warmer conditions. In Fig. 2¢, it becomes clear that this cooling,
beginning at the end of February, extends across the northern and southern
mid to low latitudes. In the Northern Hemisphere, the cooling can pre-
dominantly be attributed to the dynamical coupling with the northern high-
latitudes, where changes in the overturning circulation lead to anti-
correlated temperature anomalies between high and low latitudes (see-saw
pattern)***. In the Southern Hemisphere, the cooling persists until austral
winter 2022, expands toward higher latitudes, and seems to have no
dynamical origin. After October 2022, strong negative temperature
anomalies, which will be addressed further below, can be observed in the
tropical mid and lower stratosphere (Fig. 2a, d).

The temperature patterns visible in Fig. 2 imply that natural variability
partially overlaps possible eruption signatures. Thus, to accurately deter-
mine and quantify the Hunga signals, the effects of the most important
variability modes must be taken into account.

Variability cleared temperature anomalies

To identify the actual impact of the Hunga eruption among the different
natural variability modes, we performed a multiple linear regression ana-
lysis. Using this approach, we decompose and account for the influence of
the QBO, variations in solar flux, the El Nifio-Southern Oscillation (ENSO),
and dynamical coupling with high latitudes (see-saw pattern)**.

The reconstructed temperature anomalies associated with these nat-
ural variability modes are illustrated in Fig. 3. The QBO’s westerly shear
phase is evident in Fig. 3a and particularly in Fig. 3¢, showing pronounced
positive temperature anomalies predominantly affecting the tropics. Simi-
larly, the QBO’s easterly shear phase is apparent through negative tem-
perature anomalies in the mid and lower stratosphere from late 2022 to early
2023, as displayed in Fig. 3a, ¢, d. Additionally, the reconstructed anomalies
show dynamically induced see-saw signals in the mid-latitudes shortly
before and after the eruption, resulting in positive temperature anomalies in

the lowermost stratosphere (Fig. 3b) and pronounced negative temperature
anomalies from the lower to the middle stratosphere (Fig. 3c, d).

In addition, Figs. 2a, b and 3a, b show that much of the warming in
Fig. 1 in the lower stratosphere in February is the result of a large-scale
circulation effect rather than being related to aerosols or water vapor.

Figure 4 displays the residual monthly mean RO-based temperature
anomalies after subtracting the natural variability modes, showing the
altitudes (left) and months (right) where the strongest signals related to the
Hunga eruption in the tropics and subtropics are observed.

Some of the residual anomalies following the eruption are the strongest
in the entire residual RO time series from January 2005 to June 2023
(Fig. 4b, ¢). Immediately after the Hunga eruption, the temperature residuals
in the lower to middle stratosphere, especially around 27 km altitude, show a
significant cooling of the southern subtropical region extending from
30°S to 15°S. While the negative anomaly in the Northern Hemisphere
(c.f. Fig. 2¢) is largely reduced by accounting for the dynamical coupling with
high latitudes, the cooling in the Southern Hemisphere surpasses all residual
anomalies observed in this region since 2005 (dashed line in Fig. 4b). The
following pronounced negative anomalies of more than —6 K between 30°S
and 45°S during austral winter 2022 (Fig. 4b, ¢) are the strongest in the whole
time series” and can be attributed to a Hunga forced coupled effect invol-
ving water vapor and aerosols'’, which impacted stratospheric circulation
and possibly polar vortex strength.

At altitudes of about 32 km and above (Fig. 4c), also the tropical
stratosphere exhibits a prominent cooling from fall 2022 to early 2023 in the
middle to upper tropical stratosphere. The residual temperature anomalies
are outside all previous variability in the residual time series for this region
and differ by more than three standard deviations in some areas.

In contrast, only insignificant warming signals remain in the lower-
most tropical stratosphere (Fig. 4a) after removing temperature signatures
from QBO and dynamical coupling. While the residual warming in January
and February 2022 in the lowermost stratosphere is likely linked to aerosol
heating'**, the warming starting in October corresponds to a pronounced
positive ozone anomaly (Fig. S2), which is characteristic of dynamical
changes”. This in turn indicates a slowdown of the vertical updraft of the
BDC in the tropics'*”.

Climatological impact of Hunga induced water vapor

To facilitate the interpretation of the detailed spatiotemporal development
of the Hunga signals, Fig. 5 illustrates the daily residual RO temperature
anomalies following the Hunga eruption after natural variability modes
have been removed and relates it to the water vapor distribution.

Figure 5a displays the mean temperature anomalies within 30°S to
10°N as function of altitude. Notably, a distinct pattern emerges where
negative temperature anomalies closely align with the distribution of water
vapor, ascending from the lower to the mid stratosphere. A temporal
interruption in the mid-2022 cooling is evident, where a positive tem-
perature anomaly emerges in the mid stratosphere. This anomaly is asso-
ciated with the Hunga forced dynamic alterations during austral winter
2022"*%, and counterbalances the radiative cooling attributed to the water
vapor from the Hunga eruption. As we progress into fall 2022, driven by
prevailing strong upward winds, the water vapor plume begins to ascend
further into the mid stratosphere. Consequently, a recovery of the robust
cooling can be observed within an altitude range from 26km to
above 38 km.

While Fig. 5b shows that residual anomalies are small in the lowermost
stratosphere, robust cooling is observable at higher altitudes. Figure 5c, d
illustrates that the cooling pattern aligns closely with the latitudinal spread of
the water vapor plume, which, during the first five months, is still confined
within a relatively narrow latitude band ranging from 10°S to 30°S (Fig. 5¢).
By June 2022, the water vapor plume begins to extend toward the mid-
southern latitudes, coinciding with the intense cooling observed at mid to
high latitudes in the Southern Hemisphere. This indicates that the low
temperatures at mid to high southern latitudes are the product of a com-
bined effect from the strong Southern Hemisphere polar vortex and the
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radiative cooling generated by the water vapor. Furthermore, as the plume
ascends in the tropics starting in fall 2022, the cooling is centered between
25°S to 15°N, aligning with the latitudinal distribution of water vapor
(Fig. 5d). During the entire transport process until the water vapor reaches
above the mid-stratosphere, depending on latitude and altitude, the cooling
ranges between —3 K and —4 K. Consistent results are found when MLS
temperature data are used for the analysis (Fig. S5).

Although limitations in the regression analysis leave residual arti-
facts (e.g., residual anomalies at northern mid-latitudes in late 2022 and
early 2023), the clear alignment of the cooling signals with water vapor
distribution indicates that the negative temperature anomalies are
caused by radiative cooling. This is further confirmed by Fig. S3 which
excludes a pure dynamical cause for the months with strong Hunga
signals.

Discussion

Our analysis provides an overview on the observed impact of the Hunga
volcanic plume on stratospheric temperature, utilizing GNSS RO and MLS
measurements. We address the temporal evolution of temperature
anomalies and their relationship with the distribution of water vapor fol-
lowing the eruption. Furthermore, our results demonstrate consistency
between RO and MLS temperature measurements soon after the eruption
and also highlight the potential of RO for climate analysis following extreme
events such as volcanic eruptions.

The eruption of the Hunga volcano in early 2022 resulted in significant
stratospheric temperature perturbations, observed shortly after the event
and lasting for more than 1 year until the water vapor was transported above
the mid stratosphere. Alongside eruption-related signals, natural variability
modes such as the QBO in the equatorial region and dynamic coupling with
high latitude variability are evident. The interpretation of the Hunga related
signals necessitates careful consideration of natural variability modes
manifesting on different time scales. We made an effort to separate this
background variability from Hunga forced signals using multiple linear
regression analysis.

Our results reveal a substantial and persistent impact of the Hunga
eruption on the thermal structure of the stratosphere. This is evident
through several key findings.

Shortly after the eruption, a temperature dipole following the altitu-
dinal evolution of the water vapor with a cooling above and a warming
below the maximum water vapor can be observed. While the RO data
overestimate the dipole structure in the first days after the eruption due to
the extreme amount of water vapor, the dipole structure also becomes
clearly visible in the MLS temperature measurements.

A dipole structure has also been simulated in model studies using the
Whole Atmosphere Community Climate Model (WACCM), where it is
primarily attributed to long-wave forcing considering the effect of water
vapor and aerosols'’. A comparison between the model simulations and our
observational data shows considerable agreement, although the WACCM
simulations find the maximum cooling at the level of the water vapor
maximum, while the observations show cooling above this level. This dis-
crepancy suggests that additional processes are at play which might not be
captured by the WACCM model”, especially within the early plume where
aerosols and water vapor are mixed.

The localized cooling immediately after the eruption is followed by a
widespread cooling in the lower tropical and subtropical stratosphere which
starts in mid-February 2022 and closely aligns with the distribution of the
water vapor.

Figure 5 clearly highlights that radiative cooling by water vapor is the
primary driver for the observed negative temperature anomalies in the
tropics and subtropics between February 2022 and March 2023. This is also
the case for the extraordinarily strong negative anomaly of approximately
—4 K that manifests in the tropical mid-stratosphere in late 2022 and early
2023. After accounting for natural variability, these anomalies are the
strongest in the tropical and subtropical middle and lower stratosphere
throughout the whole time series starting in 2005.

In contrast, we do not find temperature signals that are obviously
related to the aerosol plume (Fig. S4). However, aerosols could play a role for
the positive temperature anomalies observed in the lowermost stratosphere
immediately after the eruption.

Model simulations show that some of the temperature anomalies, such
as the cooling at high southern latitudes and the associated warming in the
tropical mid-stratosphere between June and October 2022, also have a
dynamical component as the Hunga eruption has impacted the BDC and
the strength of the polar vortex'>”. The persistent water vapor in the middle
stratosphere and the associated continued cooling in the tropics until March
2023 could also have influenced the upwelling of the BDC.

In our study we highlight the complex entanglement between
eruption-induced anomalies and natural modes of variability. We demon-
strate the importance of distinguishing the Hunga signals from dominant
stratospheric variability modes to accurately assess their impact. Therefore,
our documentation of observed Hunga induced temperature changes will be
useful for future modeling analyses, as they provide a benchmark for testing
simulation results against observational analyses.

Data and methods

Analyzing the temperature anomaly profiles within the early
volcanic plume

To analyze the temperature variations within the early volcanic plume we
use level 2 near real-time (NRT) dry temperature profiles obtained from
COSMIC-2%, Spire28 and PlanetIQ GNSS RO measurements, together with
water vapor and temperature recorded by the MLS instrument onboard the
Aura satellite*'. MLS/Aura Level 2 Version 4 water vapor and temperature
data are binned to a regular 2.5° x 2.5° latitude/longitude grid with daily
resolution. We apply standard quality screening criteria®® for MLS tem-
perature data, whereas adjusted quality screening criteria are employed for
water vapor data to prevent misclassification of the exceptionally high
mixing ratios induced by the Hunga volcano'. GNSS RO profiles were
processed by the COSMIC Data Analysis and Archive Center (CDAAC) at
the University Corporation for Atmospheric Research (UCAR). Only RO
profiles flagged as high quality are used for the analysis.

RO data provide accuracy, global coverage, and high vertical resolution
within the UTLS region’’. RO measurements can hold intrinsic infor-
mation of temperature and water vapor in case of a moist atmosphere. In a
dry atmosphere, as usually prevails in the UTLS, water vapor is negligible,
and temperature is retrieved directly from bending angle and refractivity.
We use “dry temperature”, which is very close to the physical temperature in
the UTLS***". The physical temperature, which combines measurement and
background data, is more suitable for the lower troposphere, where
humidity plays an important role.

However, as RO dry temperature profiles can be influenced by extre-
mely high amounts of stratospheric water vapor, we cross checked the
results from RO against the MLS temperature measurements (see Supple-
mentary Fig. S5).

First, we select a latitude band from 40°S to 25°N where the water vapor
plume is located. Within this region, we select RO profiles for which one of
the neighboring gridpoints in the gridded daily MLS water vapor data has a
mixing ratio greater than 80% of the maximum mixing ratio for that day.
From these RO profiles, we then compute temperature anomaly profiles.
We construct a 2.5° x 2.5° latitude/longitude reference climatology (2005 to
2021) and subtract the climatological profile of the nearest RO gridpoint for
the corresponding month from the individual profile. Similarly for MLS we
use those temperature gridpoints that coincide with the selected MLS water
vapor gridpoints. MLS temperature anomalies are computed by subtracting
the corresponding MLS climatology (2005 to 2021).

For creation of the reference climatology for the RO profiles, we use
profile data processed by the Radio Occultation Meteorology Satellite
Application Facility (ROM SAF)*, while a monthly temperature climatol-
ogy was created for the MLS data. A similar methodology has previously
been used successfully to describe vertical thermal structures during tropical
cyclones and after volcanic eruptions®.
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Accounting for natural variability modes

To distinguish the temperature signals caused by the Hunga eruption from
the different natural variability patterns, we use a multiple linear regression
analysis considering autocorrelation with a generalized least squares model
accounting for autocorrelated AR(1) errors. In order to properly represent
and account for slowly varying modes of variability such as the QBO and
ENSO, we base the analysis on a multi-year time series for the period
January 2005 to June 2023.

In a first step, monthly mean temperatures on 5°-latitude bands and a
vertical grid of 500 m are generated from the RO data. The gridded ROM
SAF RO dataset extends until December 2022 and is extended with the
COSMIC-2, Spire and PlanetIQ NRT data through December 2023. We
then subtract the mean seasonal cycle from the data using the time series
from January 2005 to December 2021 as reference climatology.

Several indices are used to account for different natural modes of
variability. The QBO is accounted for with indices derived from the Singapore
wind field by empirical orthogonal function (EOF) analysis*, where we use
the three leading EOFs. The impact of the ENSO is accounted for via the Nifio
3.4 sea surface temperature (SST) index with a three-month lag. In addition,
we create indices that represent the dynamic coupling between high latitudes
and the tropics and subtropics™*. These indices consist of monthly mean
temperatures for specific latitude bands averaged over 65°N to 90°N for the
Northern Hemisphere and 65°S to 90°S for the Southern Hemisphere. The
use of monthly means is suitable for representing QBO and ENSO and also a
substantial part of the dynamical coupling with the high latitudes. However,
rapid fluctuations in high latitude variability might not be fully covered.

Using these variability indices, we perform the regression analysis. With
the resulting regression coefficients we reconstruct temperatures attributable
to the different variability modes. The reconstructed temperatures are then
subtracted from the deseasonalized monthly temperature anomalies.

We also subtract the monthly reconstructed temperature fields for the
variability modes and the seasonal cycle from the daily gridded RO NRT
data from December 2021 to December 2023. For this purpose, we con-
verted the monthly seasonal cycle and reconstructed variability fields into
daily values by linear interpolation, setting the monthly value to the central
day of the month. Although a full consideration of the natural variability is
not possible, the remaining anomalies consist mainly of random variations
and changes due to the Hunga eruption.

Data availability

The GNSS RO COSMIC-2, Spire and PlanetIQ Near Real Time (NRT) data
used in this study are available through the COSMIC Data Analysis
and Archive Center (CDAAC)* website (https://data.cosmic.ucar.edu/gnss-
ro/). GNSS RO temperature data used for the climatology can be obtained
from the ROM SAF* (https://doi.org/10.15770/EUM_SAF_GRM_0001).
The El Nifo-Southern Oscillation (ENSO) and Quasi-biennial Oscillation
(QBO) data used in the regression analysis were downloaded from the
National Weather Service Climate Prediction Center (CPC) (https://www.
cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii) and NASA/
GSFC data services (https://acd-ext.gsfc.nasa.gov/Data_services/met/qbo/
gbo.html), respectively. MLS temperature”, water vapor* and ozone” data
were obtained from the NASA Goddard Earth Sciences Data and Informa-
tion Services Center (GES DISC) website (https://doi.org/10.5067/Aura/
MLS/DATA2021,  https://doi.org/10.5067/Aura/MLS/DATA2009  and
https://doi.org/10.5067/Aura/MLS/DATA2017 (accessed on 17 August
2023)). OMPS-LP Level 2 aerosol data were obtained from the University of
Saskatchewan  (https://research-groups.usask.ca/osiris/data-products.php#
OSIRISLevel2DataProducts (accessed on 3 May 2024)). Processed data™
are available at Zenodo (https://doi.org/10.5281/zenodo.12682814).

Code availability

The analysis was performed in Python using statsmodels (version 0.14.0),
Xarray, pandas, and others. Scripts are available on Zenodo at https://doi.
org/10.5281/zenodo.12697984.
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