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Abstract. The Hunga Tonga—Hunga Ha’apai eruption (20°S) in January 2022 injected a substantial amount of water vapor and
aerosols into the stratosphere, primarily impacting the Southern Hemisphere and tropics. Using a combination of satellite ob-
servations and in situ measurements with optical particle counters, we show that a significant portion of the aerosol plume was
transported into the Northern Hemisphere (NH) mid-latitudes. This cross-hemispheric transport occurred within the tropically
controlled transition zone, within the shallow branch of the Brewer—Dobson circulation. By October 2022, enhanced aerosol
concentrations were observed up to 50°N, at altitudes between 17 =23 km with some dense plumes at around 21-22 km. In
situ observations reveal an effective radius of around 330 nm, comparable to what was observed in the Southern Hemisphere
(SH). Aerosol extinction coefficients in the mid-latitudes (30-50°N) increased by ~50% over background levels, correspond-
ing to an aerosol optical depth (AOD) increase of (1-2) x 10~3. These enhancements led to a modest, but not negligible,
shortwave top-of-atmosphere (TOA) radiative forcing of —0.05+0.01 W m~2 between October 2022 and April 2023. Our
results show that the moderate aerosol impact of the Hunga eruption in the SH produced non-negligible radiative impacts in

the NH, emphasizing the importance of considering both hemispheres when analysing the total impact.
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1 Introduction

The Hunga volcano (Kingdom of Tonga, 20°S, 175°W) eruptions on January 15, 2022, resulted in the most significant strato-
spheric aerosol perturbation observed since the eruption of Mt. Pinatubo in 1991 (Sellitto et al., 2022). The eruption injected
relatively small amounts of sulfur dioxide (SO-) (e.g., Carn et al., 2022; Sellitto et al., 2024b) and an unprecedented amount
of water vapor into the upper stratosphere (Milldn et al., 2022; Khaykin et al., 2022), reaching altitudes of up to 58 km (Taha
et al., 2022; Proud et al., 2022; Carr et al., 2022). The SO- mass injection was initially estimated at a moderate 0.6-0.7 Tg
(Carn et al., 2022) to over 1.0 Tg (Sellitto et al., 2024b), which is at least 15-20 times smaller than that of the Pinatubo eruption
(Guo et al., 2004) and no larger than more recent moderate stratospheric eruptions (e.g., Andersson et al., 2015). Nevertheless,
the aerosol load, in terms of stratospheric aerosol optical depth (SAOD), was recorded as the largest since Pinatubo (Taha et al.,
2022; Sellitto et al., 2022), but peak values are not significantly larger than what was observed following Raikoke (Vernier
et al., 2025). The rapid oxidation of SO, to sulfate aerosols was accelerated by the elevated levels of water vapor, leading to an
unusually fast formation of stratospheric aerosols, with e-folding times between 2 and 4 weeks (e.g., Zhu et al., 2022; Sellitto
et al., 2024b; Asher et al., 2023; Legras et al., 2022).

Satellite and in situ observations have provided valuable insights into the evolution and transport of the Hunga aerosol plume.
After a transient phase of a few days after the eruption, the plume consisted mainly of water vapour, SO5, and submicron
sulfate particles, with no significant amounts of ash. SO5 levels returned to background concentrations by the end of January
2022 (Shikwambana et al., 2023; Legras et al., 2022; Sellitto et al., 2024b). For the first three months, the sulfate aerosol plume
was primarily confined between 20°N and 35°S due to the zonal symmetry of the summer stratospheric circulation (Legras
et al., 2022). Marked anomalies in the sSAODs were observed at southern hemispheric mid- and high-latitudes starting from
April 2022 (Sellitto et al., 2024b). In addition, small filamentary portions of the plume had already reached the northern and
southern hemispheric poles by April 2022 (Taha et al., 2022) and were observed above China (at 27°N) with in situ aerosol
instruments (POPS and COBALD, Bian et al., 2023). One year later, aerosols from the eruption have been measured in the
Antarctica (Deshler et al., 2024). Those in situ observations in Antarctica revealed significant increases in aerosol mass, surface
area, and extinction, particularly for particles larger than 0.5 pm (Deshler et al., 2024). During the first 13 months, the descent
rate of the aerosol layer was estimated at -0.008 km/day, suggesting that volcanic aerosols could remain in the stratosphere
until at least the first half of 2025 (Sicard et al., 2025).

Recent analyses of the Hunga aerosol plume have also examined the evolution of the particle size distribution over time. Using
data from the Stratospheric Aerosol and Gas Experiment III on the International Space Station (SAGE III/ISS), Duchamp et al.
(2023) and Knepp et al. (2024) found that the particle size distribution (effective radius at 400 nm and mode width at 1.25)
remained relatively stable over 15 months (March 2022 to June 2023).

Radiative transfer simulations and observational studies have demonstrated the significant impact of the Hunga eruption on
the Earth’s radiation budget. During the first two weeks, radiative forcing was initially dominated by aerosol-induced cooling,
but as the vertical distribution of the plume evolved, water vapor’s positive effect began to influence the top-of-the-atmosphere

radiative forcing, leading to a net warming effect for the Hunga plume, about 1 month after the eruption (Sellitto et al., 2022).
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Over the 13 months following the eruption, after horizontal dispersion and vertical separation of the aerosol and water vapor
plumes, the overall radiative forcing of the Hunga plume was found to be negative, with a stratospheric tropical temperature
decrease of around 4 K from February to April 2022 and still a very small cooling effect through 2022 and 2023 (Schoeberl
et al., 2024, 2022).

While the transport, evolution, radiative impact, and chemical processes of the Hunga plume in the SH have been extensively
studied, its impact on the Northern Hemisphere (NH) has not yet been studied in detail and quantified. In this study, we analyze
the transport of the Hunga aerosol plumes to the NH and their radiative forcing using a combination of satellite and in situ

observations alongside radiative transfer simulations.

2 Methods
2.1 The Lightweight Optical Aerosol Counter, LOAC

LOAC was deployed to measure aerosol properties in the atmosphere (Renard et al., 2016). We use version 1.5, which includes
improvements over Renard et al. (2016), featuring increased laser source power and reduced stray light through the design of a
new optical chamber. This compact instrument, together with batteries (flight configuration), weighs 1 kg, provides information
on the aerosol size distribution from 200 nm to 50 pm (at a wavelength of 650 nm), partial aerosol concentrations, and a coarse
classification of aerosol types. The measurement uncertainties depend on the aerosol concentration, flow rate, and sampling

3 increasing to 60% uncertainty for lower

frequency, with an estimated 20% uncertainty for concentrations greater than 1 cm™
concentrations due to Poisson statistical limitations.

The time sampling achieved by LOAC is 10 seconds. The temporal resolution of the final profile ranges from 1 to 10 minutes
in the upper troposphere and lower stratosphere (UTLS), depending on local particle concentrations and balloon ascent speed,
affecting the vertical resolution of the profile. These parameters ensure that LOAC can capture detailed aerosol profiles while
accounting for variability in atmospheric conditions.

Aerosol counting observations have been converted to extinction coefficients at 500 nm using a Mie scattering model assuming
sulphuric acid droplets. Here, we use LOAC measurement profiles from Reims, France (49.3°N, 4.0°E), obtained on October

19, 2022, from Orleans, France (47.8°N, 1.9°E) on December 06, 2022 and June 02, 2023, and from MeteoModem, France
(48.3°, 2.6°E) on November 14, 2022, January 20, 2023 and February 21, 2023.

2.2 Portable Optical Particle Spectrometer, POPS

POPS observations were part of the same payload as the LOAC flight (see above). POPS measures aerosol properties in the
atmosphere and weighs around 1 kg, including batteries (Todt et al., 2023). The instrument provides data on aerosol size distri-
butions ranging from 140 nm to around 2.5 pum, measured at a wavelength of 405 nm, as well as partial aerosol concentrations.
Measurement uncertainties from Poisson statistics result in uncertainties of approximately 7% for concentrations exceeding 1

cm™3, increasing up to 73% for concentrations below 102 cm~3. These uncertainties are influenced by predefined instrument
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parameters and ambient conditions.

The temporal sampling for POPS is 1 second. In the UTLS, POPS can achieve a vertical resolution of ~50 m. This combination
allows for high-resolution temporal and spatial profiling of aerosols in varying atmospheric conditions. POPS size distributions
have also been converted to extinction at 500 nm. For the measurement flights considered in this study, data obtained above
approximately 25 km altitude were excluded due to a collapse of the volumetric flow rate at those altitudes.

In this study, we use POPS profiles measured from Reims, France (49.3°N, 4.0°E), obtained on October 12, 2022, and October
19, 2022, and from Orleans, France (47.8°N, 1.9°E), on December 06, 2022.

2.3 Ozone Mapping Profiler Suite Limb Profiler, OMPS-LP

OMPS-LP, onboard the Suomi National Polar-orbiting Partnership (Suomi NPP) satellite, measures limb-scattered radiance
and solar irradiance across the 290-1000 nm wavelength range, covering altitudes from O to 80 km with a vertical sampling
of 1 km and an instantaneous resolution of 1.5 km (Jaross et al., 2014). The instrument provides near-global coverage within
3—4 days using three horizontally separated vertical slits. Aerosol extinction coefficient profiles are derived from radiance
measurements at 675 nm.

With its high sampling rate, meaning near-global coverage every few days, we use OMPS observations here to study transport
features of the respective volcanic plume. This study utilizes version 2.0 aerosol extinction data (Taha et al., 2021) for the years

2022 and 2023, mainly focusing on the northern hemispheric stratosphere.
2.4 Stratospheric Aerosol and Gas Experiment III, SAGE III/ISS

SAGE III/ISS, launched in February 2017 and operational on the International Space Station (ISS) since June 2017, measures
profiles of trace gases and aerosol extinction coefficients using solar and lunar occultation, as well as limb scatter. The instru-
ment operates across nine wavelengths ranging from 384 to 1544 nm, acquiring approximately 30 profiles daily within latitude
bands of 60°N-60°S, with optimal spatial coverage in mid-latitudes (30°—60°N/S).

Aerosol extinction coefficient profiles extend vertically from ~40 km down to the Earth’s surface, or to the limit of the detec-
tor’s dynamic range, which is typically constrained by optically thick water clouds. The vertical resolution is ~1 km, with data
reported at 0.5 km intervals between 0.5 and 40 km. The instrument has a horizontal resolution of ~200 km along the line of
sight and an additional 200 km along the ISS’s motion. Tropopause height and meteorological parameters are obtained from
the Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) reanalysis data to support aerosol
extinction retrievals.

This study utilizes version 5.30 of the cloud-unfiltered solar occultation aerosol extinction coefficient profiles at multiple
wavelengths (384, 449, 521, 602, 676, 756, and 869 nm). These data are primarily used to calculate the radiative impact of the
northern hemispheric aerosol enhancement following the Hunga eruption. Additionally, SAGE III/ISS observations at 756 nm
are employed to validate aerosol plume signatures detected by optical particle counters (OPCs), ensuring consistency across

measurement techniques.
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2.5 CALIPSO Backscatter Initialized LaTM Trajectory Analysis

To study the transport of the Hunga plume, the Langley Trajectory Model (LaTM) (Fairlie et al., 2014) is initialized using
backscatter data from the CALIOP/CALIPSO satellite in conjunction with MERRA-2 meteorological data. We used CALIPSO
level 1 V4-51 to initialize the LaTM after averaging the data over approximately 1degree latitude along the orbit track and
removing clouds using a depolarization threshold of 5% (Vernier et al., 2009). The analysis focuses on the air parcels that

traveled over France, as illustrated in Fig. A3.
2.6 Chemical Lagrangian Model of the Stratosphere

To compute backward trajectories we used the trajectory module of CLaMS (Chemical Lagrangian Model of the Stratosphere,
(McKenna et al., 2002a, b; Pommrich et al., 2014) and references therein). CLaMS is a modular chemistry transport model
developed to study transport and chemistry processes in the atmosphere. The backward trajectories were run during seven days
and driven by ERAS reanalysis data truncated to 1° x 1°. latitude/longitude resolution and sampled every 6 hours (00, 06,
12, 18 UTC). For more details about the used ERAS version, the reader is referred to Ploeger et al. (2021) and (Hersbach
et al., 2020). The calculation of the 9 trajectories was initiated on the 19/10/2022 in a box targeting the area of the in situ
observations (48°N-51°N, 3.5°E-6.5°E, 20-20.6 km). In total, 63 backward trajectories were calculated with output (on i.e.

potential temperature, pressure, longitude and latitude) every 15 minutes.
2.7 UVSPEC Radiative Transfer Model

The UVSPEC radiative transfer model, part of the LibRadtran package (Mayer and Kylling, 2005), is used to estimate short-
wave radiative forcing of the stratospheric aerosol perturbation in the Northern Hemisphere due to the Hunga plume transport.
The UVSPEC solves the radiative transfer equation using the SDISORT method, which employs the pseudo-spherical approxi-
mation of the discrete ordinate method (DISORT) (Dahlback and Stamnes, 1991). The molecular absorption was parameterized
with the LOWTRAN band model (Pierluissi and Peng, 1985), as adopted from the SBDART code (Ricchiazzi et al., 1998).

With UVSPEC, we computed the top-of-atmosphere (TOA) direct and diffuse shortwave spectra in the spectral range covered
by the SAGE III/ISS observations (385-1550 nm), with a spectral resolution of 0.1 nm. Input solar flux spectra are taken
from (Kurucz, 2005), and atmospheric conditions are based on the AFGL climatological standard winter midlatitude atmo-
sphere (Anderson et al., 1986). We estimated the northern-hemispheric perturbation of the Hunga eruption by comparing the

Hunga-perturbed period with a background period for the stratospheric aerosol. For more details, see Sect. 3.5.

3 Results and Discussions
3.1 Stratospheric aerosol overview in the Northern Mid-Latitudes 2021-2024

The general stratospheric aerosol situation in the northern mid-latitudes, for the period 2021-2024, is visualized in Fig. 1.

Throughout the whole time, no background aerosol conditions are observed. Following the La Soufriere eruption in April 2021
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SAGE I11/ISS: Aerosol Extinction at 756nm (30-50°N)

Altitude in km
Aerosol Extinction 1073 km~*

- .,“
~— Tropopause Height I /
> 1

~
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Figure 1. SAGE III/ISS aerosol extinction observations at 756 nm for the northern mid-latitudes (30-50°N). Vertical dashed lines represent
the timing of the main eruptions at Tonga. No cloud filter is applied. The horizontal dashed line shows the average MERRA-2 tropopause

height for the respectively averaged SAGE III/ISS extinction profiles. The vertical dashed line represents the timing of the Hunga eruption.

at 13°N and 61°W, the stratospheric northern mid-latitudes were significantly affected by an increased aerosol load (e.g., Li
et al., 2023; Bruckert et al., 2023; Taylor et al., 2023). From Fig. 1, the increase is evident up to around 22 km altitude until
early 2022. The exact phase-out time of aerosols from La Soufriere cannot clearly be identified, because the Hunga eruption (at
20°S, 175°W) in January 2022 produced a slight influence on the northern-hemispheric stratosphere as early as March 2022
(Taha et al., 2022).

Therefore, because of already enhanced background conditions in the stratospheric northern mid-latitudes, the actual beginning
of the general influence of the Hunga eruption on the NH in terms of increased aerosol values cannot clearly be identified.
However, a significant increase in aerosol extinction from October 2022 to May 2023 between 16 and 23 km (around 4
km above the respective tropopause) altitude, with peak enhancements around December 2022/January 2023, can clearly be
associated with enhancements from the Hunga eruption.

Even though the eruption at La Soufriere occurred in the NH with direct stratospheric injections of sulfur-containing gaseous
and aerosol species, its impact, as seen in Fig. 1, in terms of aerosol extinction is by a factor of around 1.5 smaller than that of

the Hunga eruption.
3.2 In Situ Observations of the Hunga Plume in the Northern Mid-Latitudes

In situ observations with Optical Particle Counters (LOAC and POPS) confirm an enhanced aerosol layer in the northern-
hemispheric mid-latitudes, which can be associated with the transport of the Hunga plume. We highlight two in situ mea-
surement profiles from a weather balloon flight in Reims, France, on October 19, 2022, which are analyzed in more detail
throughout this manuscript and reveal a peak aerosol plume layer between 20 and 23 km altitude (see Fig. 2a and b, black
profiles and Figure Ala and b, respectively). While Fig. 1 shows that the overall aerosol impact in the NH extends to lower
altitudes down to 16 km, the POPS and LOAC measurement profiles from 19/10 indicate the influence of a concentrated, dense
plume patch at 20-23 km altitude. Reference measurement flights on October 12, 2022, December 6, 2022 and June 2, 2023 in

France (Fig. 2a and b), do not show such a clear increase of a localized transport feature in aerosol extinction at those altitudes
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Figure 2. (a) POPS in situ aerosol partial extinction observations for the plume signal from Reims, France 19/10/2022 at 49°N and 4°E and
comparison flights for background measurements on 06/12/2022 (Orleans, France, 47.8°N, 1.9°E) and 12/10/2022 (Reims); (b) Respective
LOAC v1.5 observations, including background measurements on 02/06/2023 (Orleans, France, 47.8°N, 1.9°E); (¢) LOAC observations
of aerosol plumes of volcanic origin from MeteoModem, France 48.3°N, 2.6°E; (d) Closest SAGE III/ISS (at 756 nm) aerosol extinction
profiles compared to the POPS in (a) and LOAC (b) measurements on 19/10/2022, at 47.08°N, 3.23°E at 06:28 UTC on 28/10/2022 in black;
4.39°E, 48.27°N at 6:30 UTC on 30/10/2022 in grey; 4.85°N, 48.1°E at 6:30 UTC on 1/11/2022 in light blue; 4.46°N, 46.54°E at 6:31
UTC on 3/11/2022 in blue. Horizontal dotted grey lines represent the tropopause height by MERRA-2 on 19/10/2022. (e) Comparable SAGE
TII/ISS observations in space and time of the year, but one year later for background conditions at 48.6°N, 0°E, 30/10/2023 in black and
47.6°N, 0.1°E, 01/11/2023 in grey. Light grey lines in (d) and (e) represent background profiles observed in 10/2018 above central Europe.

(20-23 km). This is further confirmed by other OPC and in situ observations as shown in the supplementary material Fig. Al
and A2. The SAGE II/ISS aerosol extinction measurements, taken closest in time and space to the in situ measurement flight
shown in Fig. 2a and b, confirm the observed enhancement above 20 km altitude (Fig. 2d, black profile). A smaller but still
increased aerosol signal above 20 km is observed in France on 14/11, one month after POPS and LOAC measurements have
identified a dense plume (black profile, Fig. 2¢). Other observations by LOAC in France in 2022 and 2023 in Fig. 2c show
aerosol enhancements between 15 and 20 km altitude, consistent with what is seen in Fig. 1.
The general aerosol enhancement above the tropopause up to 20 km altitude is clear when comparing SAGE III/ISS observa-
tions in fall 2022 with those in 10/2018 under mostly unperturbed stratospheric conditions and still visible one year later in
2023 (Fig. 2d and e).

To trace back in space and time the aerosol plumes observed in the POPS and LOAC measurements discussed above, we
performed back-trajectory calculations (initialized from a 2° by 2° grid around Reims, France at 20.6 km altitude) using

the Chemical Lagrangian Model of the Stratosphere (CLaMS) and analyzed satellite-based aerosol extinction observations
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7 days back-trajectories from stratospheric aerosol signature in
Reims, France 19/10/2022
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Figure 3. Simulation depicting the backward trajectories of 9 air parcels over 7 days with hourly outputs using CLAMS. The air parcels
originate from a region defined as a box spanning 48°~50°N and 3°-5°E at 20.6 km altitude. Colors represent the corresponding altitude

levels.

from OMPS; this is shown in Fig. 3 and 4. The back trajectories indicate a clear transport pathway along isentropes from
the tropics/mid-latitudes (on October 12, 2022, around 25°N and between 0° and 30°W at approximately 21.2 km altitude)
to the location of the POPS and LOAC in situ observations in Reims (on October 19, 2022, at 49°N and 4°E at around
20.6 km altitude). Fig. 4 presents spaceborne aerosol extinction observations from OMPS, illustrating how a portion of the
aerosol plume originating from the tropical stratosphere due to the Hunga eruption detached and formed a compact plume
transported toward the northern mid-latitudes. Because the longitude ranges in Fig.4a—d were selected based on the CLaMS
back trajectories shown in Fig.3, the OMPS aerosol extinction plume transport observations clearly confirm the pathways
indicated by the trajectories.

A distinct increase in aerosol extinction is observed at around 12 km altitude, below the tropopause on October 19, 2022
(Fig. 2b). This increase is clearly detected by LOAC but is much less pronounced in POPS observations. At this altitude,
LOAC identifies a particle population with sizes extending up to its upper measurement limit of 50 pum, with some particles
identified as ice (cirrus clouds). Since POPS has an upper size detection limit of ~3 pm, larger particles are not detected,
explaining the observed differences in partial extinction between the two instruments.

Figure 5 presents a complementary method for verifying the source of the observed enhanced aerosol values above France,
as shown in Fig. 2. This analysis employs the CALIPSO Backscatter Initialized LaTM Trajectory Analysis data to provide
higher vertical resolution backscatter information regarding the transport of the aerosol plume from the Hunga eruption. The
time series analysis of backscatter ratios over France was derived from the trajectory analysis using this methodology. The data
reveal a distinct signature of elevated backscatter (ratios greater than 1.1) in regions at altitudes of approximately 20 to 22 km

in mid-October 2022. This coincides with the timeline of balloon measurements recorded on October 19, 2022, at 6:30 UTC
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Figure 4. OMPS aerosol extinction observations at 675 nm. The dashed black line represents the tropopause altitude according to MERRA-2.
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Figure 5. Time series of mean backscatter ratios over France as observed by CALIOP/CALIPSO. The mean profile is calculated within a
1 km altitude bin, using data from a 1000 km radius around Reims (49.26°N, 4.03°E). The black dashed lines indicate the timing of the

balloon measurements.

(as seen in Fig. 2). These observations with respective analysis give an independent confirmation, with an alternative data set,

that the Hunga plume has reached the NH mid-latitudes during that time.
3.3 Transport and Distribution in the Northern Hemisphere

The horizontal distribution of the Hunga aerosol plume toward the NH is visualized in Fig. 6 and in the supplementary video,
which show stratospheric aerosol extinction observations from OMPS across 0°-90°N at 21-22 km altitude. While it has to be
noted that the impact on the stratospheric NH ranges from 17 to 23 km altitudes as seen in Fig. 1, distinct filaments closer to
altitudes at around 20 km have been found. Therefore, Fig. 6 focuses on the representation of denser aerosol plumes/filaments
transported to the NH mid-latitudes. These features appear primarily in the altitude range around 21-22 km and latitudes pole-

ward of the tropics.
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From late January to February 2022, the tropical stratosphere (at 21-22 km altitude) up to 10°N becomes increasingly filled
with aerosol particles originating from the Hunga eruption. From that point until late March 2022, observations reveal trans-
port of distinct but rather light aerosol plumes (in terms of aerosol extinction enhancements) are observed being transported to
higher latitudes in the NH to around 35°N.

By the end of March 2022, most of the tropical to subtropical regions up to 20°N are filled with aerosols. Distinct filaments
continue to move northward, reaching approximately 40°N. From October 2022 until January 2023, denser and more extensive
plumes (in both latitude and longitude) are transported to higher latitudes, with the filaments slowly getting mixed with the
surrounding background air.

The distributions in Fig. 6 further reveal that northward transport of the aerosol plume is related to streamers extending from
the subtropics to middle latitudes which are likely caused by Rossby wave breaking. At levels around S00K (20-21km), such
poleward transport related to breaking Rossby waves has been shown to maximize during boreal winter (Homeyer and Bow-
man, 2013), consistent with increased northward transport of Hunga aerosol from end of October onwards.

The most significant impact of the Hunga aerosol plume to the NH mid-latitudes is therefore observed in the NH winter (Fig. 6
and Fig. 1). This increase during winter months is also confirmed with additional in situ observations as presented in the sup-
plementary material (Fig. A2). The impact of the Hunga aerosols to the NH mid-latitude stratosphere remains evident until
around April 2023. Dense signals such as those observed in February 2023, at around 60°N, show rather the influence of polar
stratospheric clouds and are therefore not related to the Hunga aerosol signature. The aerosol enhancements observed with
POPS and LOAC (Fig. 2a and 2b) are consistent with filament observations shown in the supplementary video, particularly in
mid-October at around 50°N and 150°E. The tropical stratosphere shows an enhanced aerosol signal until September 2023,
while aerosol filaments transported to the northern mid-latitudes decrease in intensity. By the end of 2023, the aerosol signal
in the tropical stratosphere decreases and with that the extent of the transported filaments towards the north.

These transport patterns are consistent with those found in earlier studies revealing a direct transport pathway between the
tropics and midlatitudes within the first few kilometers above the tropical tropopause (around 100-50 hPa or 16-21 km), be-
fore the air enters the tropical pipe within which mixing with midlatitude air is inhibited through very strong potential vorticity
gradients (Plumb, 2002). Our results thereby strongly resemble the transport feature seen in Fig. 1 of Grant et al. (1994), in
which aerosol observations following the 1991 Pinatubo eruption clearly reveal poleward transport out of the tropical region in
this altitude range.

This region roughly corresponds to the tropically controlled transition layer, a term coined by Rosenlof et al. (1997), within
which air, after passing through the tropical cold point tropopause and being dehydrated, is mixed horizontally into the mid-
latitudes. Hegglin and Shepherd (2007) further revealed a strong seasonality in the strength and depth of the mixing within
this layer based on O3—-N,O correlations. Ultimately, the meridional mixing stems from the breaking of synoptic-scale Rossby

waves above the subtropical jet (Trepte and Hitchman, 1992; Haynes and Shuckburgh, 2000; Shepherd, 2000).
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Figure 6. OMPS aerosol extinction observations at 675 nm, horizontal view at 21-22 km altitude in the NH from January 2022 to January

2024. The respective detailed transport is shown in the Supplementary material video.

235 3.4 Aerosol Size Distribution and Microphysical Properties

Figure 7 presents the aerosol size distribution within the aerosol plume layer (20-22.5 km), based on profiles from Fig. 2a
(POPS) and Fig. 2b (LOAC), observed in Reims, France, on 19 October 2023. No significant variation is observed between
the lower and upper plume layers (i.e. 20-21 km and 21.5-22.5 km), suggesting a homogeneous size distribution across this
altitude range—i.e., no notable sedimentation within the layer.

240 Statistical tests confirm that the POPS data are significantly better fit by a bimodal than a unimodal distribution. A bimodal
lognormal distribution was fitted to the POPS data using the method described by Brock et al. (2021) and Deng et al. (2022).
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Table 1. Fitted parameters for the bimodal lognormal distribution derived from POPS measurements, as shown in Fig. 7. The table lists the

peak concentration, mode radius, effective radius, and geometric standard deviation (o) for each mode.

Parameter Mode 1 Mode 2
Peak Concentration  8.43 cm ™% /um 0.64 cm™3/pum
Mode Radius 97.12 nm 327 nm
Effective Radius 151 nm 425 nm

o 1.4 1.3

Total Effective Radius = 327 nm

The combined lognormal fits yield the total bimodal distribution. Parameters derived from the fit are listed in Table 1.

For OPC measurements six months later, Deshler et al. (2024) also report a bimodal pattern in the Southern Hemisphere
(Antarctica), even though the observed particle size of the second mode in Deshler et al. (2024) is larger (~900 nm compared
to 330 nm with POPS) .

The overall effective radius derived from POPS is 327 nm (weighted from the two modes, Table 1). This agrees well with
in situ measurements over Antarctica (200-300 nm, Deshler et al. 2024) and is lower than remote sensing retrievals from
January—June 2023, which suggest values between 400—500 nm (Duchamp et al., 2023; Boichu et al., 2023; Knepp et al.,
2024; Khaykin et al., 2022).

Overall, LOAC observations (Fig. 7) agree with POPS, with both instruments detecting exclusively particles < 1 ym and a
peak concentration below 100 nm. Particles < 1 pm have also already been observed for the fresh plume within one week of
the eruption by LOAC (Kloss et al., 2022). POPS shows systematically higher concentrations—by ~20% to 90%—except in
the 200-250 nm radius range. These differences fall mainly within the respective measurement uncertainties (c.f. Section 2.1
and 2.2).

Based on a lognormal fit, LOAC data yield an effective radius of 304 nm, consistent with POPS. A second mode seems
possible in LOAC observations but shifted towards smaller particle sizes. However, unlike POPS, the bimodal distribution
does not significantly improve the fit compared to a unimodal one. Because LOAC observations are limited to particles larger
than the observed peak concentration (at around 100 nm) within the Hunga plume, lognormal fit analysis cannot work as
reliably as for POPS. Therefore, parameters such as the effective radius (304 nm) and mode radius (41.7 nm), calculated with

LOAC observations here, should be interpreted with caution.
3.5 The radiative impact of the Hunga eruption on the Northern Hemisphere

The observed perturbations to the northern-hemispheric stratospheric aerosol layer due to the transport of the Hunga plume have

been used to quantify the inherent top-of-atmosphere (TOA) radiative forcing, using the UVSPEC radiative transfer model.

12
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Figure 7. POPS and LOAC observations 19/10/2022 in Reims, France , as also presented in Fig. 1, for 20-22.5 km altitude. Black dots indicate
POPS measurements, grey crosses represent the respective LOAC measurements. The red solid line represents the bimodal lognormal fit for

POPS observations, the dashed lines represent the fits for the separate modes.

The strongest cumulative impact of the transported compact plume patches discussed above is observed from satellite between
November 2022 and April 2023 at altitudes of 16-24 km (see Fig. 1). Thus, we calculated the TOA radiative forcing using,
as aerosol input, satellite aerosol extinction profiles observed during this period, with respect to a background for November
2017-April 2018 (the latest available period without major stratospheric perturbations, for this latitude region), latitudinally
averaged between 30° and 50°N. As satellite inputs, we use those from SAGE III/ISS, which have a better signal-to-noise
ratio than OMPS-LP and more reliable spectral information. Stratospheric aerosol extinction coefficient profiles for these two
periods, from SAGE III/ISS observations, are shown in Fig. 8.

The Hunga plume transported to the NH produced up to a 50% increase in the aerosol extinction coefficient, with respect
to background conditions, on average, between about 16 and 24 km altitude. The visible-range AOD of the Hunga plume
is found to be between about 2 x 102 and 1 x 103, depending on the wavelength of the SAGE III/ISS observations, e.g.,
(1.14:0.1) x 1072 at 756 nm (Table 2). This produced an increase in the Hunga-perturbed sAOD (to about 9 x 1073 to 3x 1073,
depending on the wavelength, with (4.140.5) x 102 at 756 nm) with respect to the background stratosphere (at about 7x 1073
to 2 x 1073, depending on the wavelength, with (3.1 £0.5) x 10~2 at 676 nm).

Using the different spectral AOD values obtained with SAGE III/ISS for the isolated Hunga plume in the NH, an Angstrém
exponent of (1.040.2) is found (Table 2), which is very similar to both experimental values (Sellitto et al., 2024b) and
theoretical values (Sellitto et al., 2024a) obtained for the main plume in the SH. Based on southern hemispheric aerosol optical

properties of the Hunga plume (single scattering albedo and phase function), estimated by Sellitto et al. (2024a) with a Mie
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Figure 8. Average SAGE III/ISS stratospheric aerosol extinction coefficient profiles, between 30° and 50°N, for a Hunga-perturbed period
(November 2022—-April 2023, solid red curve) and for a corresponding background period (November 2017—-April 2018, dashed black curve),
at 756 nm.

code, the assumption of pure sulphate aerosol particles, and size distributions obtained with satellite observations, a TOA
radiative forcing of —0.0540.01 W m~2 is calculated (Table 2). This value, though small, is not negligible and is comparable
to remote transport of other stratospheric aerosol plume patches (Kloss et al., 2019).

Please note that these shortwave estimations were obtained in the spectral interval covered by SAGE III/ISS (384 to 1550 nm),
while the usual shortwave spectral range of integration should cover a larger range (e.g., 300-3000 nm, see Sellitto et al.

(2022)); thus, the obtained values of the radiative forcing might be slightly underestimated.

4 Conclusions

While the Hunga eruption occurred in the SH, with its stratospheric and radiative impacts primarily confined to the SH and
tropical regions, our findings show that parts of the aerosol plume were also transported into the NH stratosphere consistent
with a direct transport pathway between the tropics and midlatitudes in the first few kilometers above the tropical tropopause,

in which two-way mixing leads to tracer transport between the midlatitudes and the tropics. Dense plume segments were trans-
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Table 2. Different optical and radiative properties of the Hunga plume transported to the NH are summarized as follows: average aerosol
optical depth (AOD) at 676 nm is reported for the background stratosphere (October 2017—April 2018), the Hunga-perturbed stratosphere
(October 2022-April 2023), and the isolated Hunga impact, calculated between 30° and 50°N. These values are derived from SAGE III/ISS
extinction coefficients integrated between 15 km and the top of the atmosphere (TOA). The Angstrom exponent is obtained by fitting the
spectral SAGE III/ISS AOD observations using the Angstr(’jm power-law relation. The shortwave TOA radiative forcing is computed using

the UVSPEC radiative transfer model.

Parameter Value

(AOD756nm) Oct 2017-Apr 2018 (3.140.5) x 1073
(AOD756nm) Oct 2022-Apr 2023 (4.140.5) x 107°
(

AOD756nm) Hunga (1.1+0.1) x 1073
Angstrém Exponent 1.0£0.2
SW TOA RF —0.0540.01 Wm ™2

ported poleward, toward the northern mid-latitudes within this lower branch of the Brewer-Dobson Circulation.

Horizontal distribution analyses using OMPS-LP data reveal that aerosol transport into the NH began by February 2022 and

persisted through mid-2023. By October, substantial aerosol enhancements extended up to 50°N, consistent with in situ mea-
295 surements. Aerosol transport occurred predominantly at altitudes of 17-23 km, with dense plumes observed at 21-22 km.

During this period, the stratospheric aerosol extinction coefficient increased by approximately 50% compared to background

conditions within the 30-50°N latitude band. This corresponds to an increase in AOD of approximately (1 —2) x 1073, de-

pending on wavelength.

These aerosol enhancements resulted in a shortwave top-of-atmosphere (TOA) radiative forcing of —0.05+0.01W m ™2, aver-
300 aged over 30-50°N from October 2022 to April 2023. While small, this forcing is not negligible and is comparable to radiative

impacts observed from long-range transport of other stratospheric aerosol events.

These results underscore that even a volcanic eruption with moderate aerosol output can have measurable effects in the opposite

hemisphere, with potentially significant consequences for regional radiative balance. Furthermore, the elevated aerosol load of

the Hunga plume in the NH may enhance heterogeneous chemical reactions, with possible implications for ozone depletion and
305 polar stratospheric cloud formation. These effects should be taken into account in both global and regional chemistry-climate

simulations.

Data availability. For the access of the OMPS v 2.0 data, they are available at
https://disc.gsfc.nasa.gov/datasets/OMPS_NPP_LP_L2_AER_DAILY_2/summary (NASA EarthData registration required). The SAGE II-
I/ISS Aerosol Product can be accessed under

310 https://asdc.larc.nasa.gov/project/SAGEIII-ISS/g3bsspb_53. LOAC and POPS observations can be accessed via https://zenodo.org/records/15296481
and https://zenodo.org/records/15296481. POPC and COBALD data can be downloaded via figshare at https://doi.org/10.6084/m9.figshare.28887050.v1.
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Figure Al. (a) to (c) Zoom plots respective to Figure 2 a-c. (d) Concentration observations for particles >0.3 um on 12/10/2022 in Reims,

France for POPC (red) and POPS (blue). The relative difference is displayed with the dashed line.

Data for CALIPSO can be found at https://asdc.larc.nasa.gov/project/CALIPSO. The code for the CLaMS trajectory module is available on
a GitLab server at https://jugit.fz-juelich.de/clams/CLaMS (Miiller and the CLaMS team, 2024).

Video supplement. Complementary to Figure 6 and Section 3.3, the supplementary Video shows OMPS aerosol extinction observations at
21 to 22 km in the NH, from the beginning of 2021 to mid-2023 in 3-day-steps. The year 2021 is represented to represent aerosol extinction

conditions before the Hunga eruption in January 2022, including the influence of the Soufriere eruption in 2021.

Appendix A

Comparison of the POPS observations from 12/10/2022, as shown in Figure 2, with coinciding POPC observations are shown
in Figure Ald. A small balloon-borne Profiling Optical Particle Counter (OPC) (<2kg) was developed from the Particle Plus
8306 OPC (POPC) instrument for weather balloon applications. This POPC measures aerosol concentration profiles at eight
radii between 0.15-5 pum from the ground to the stratosphere with 30 channels. The system employs a laser diode emitting at
785 nm. As particles enter the optical chamber, the scattered light at 90 degrees is amplified and converted into a voltage using
a high-speed ADC (analog-to-digital converter), providing a digital measurement of the pulse height (Vernier et al., 2025, in
preparation). In Fig. A1, both POPS and POPC aerosol concentration profiles show remarkable similar aerosol structures in
the stratosphere above 12 km with differences within 30%. At that time, there was no evidence for the transport of the Hunga

plume in the NH.
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Figure A2. COBALD scatterin ratio observations at 455 nm from Reims, France in October and December 2022.

COBALD scattering ratio at 455 nm is shown for 4 flights from France in 2022 in Figure A2. COBALD is a lightweight
(540 g) instrument that consists of two high-power light-emitting diodes (LEDs) that emit about 500 mW of optical power, at
wavelengths of 455 and 940 nm, respectively. The backscattered light from the molecules, aerosols, or ice particles is recorded
by a silicon photodiode using phase-sensitive detection. The precision along the backscatter ratio profile is better than 1% in
the UTLS region (Brabec et al., 2012; Vernier et al., 2015). The first flight as shown in Fig. A2 took place on 17/01/2022
just after the Hunga eruption but before the plume could be transported in the NH. The transport of the Hunga is evident on
08/12 and 13/12 where scattering ratios are observed between 20 and 23 km with values reaching 1.15 in contrast with earlier
measurements in October when the plume had not yet been transported over France as also suggested by Fig. 5. COBALD
observations confirm a more significant aerosol signature in the NH mid-latitudes in December, compared to mid-October as

also observed in Figure 1 and 4.

Author contributions. CK coordinated and designed the research. GB performed and coordinated in situ measurement campaigns and the
respective funding. PS performed radiative offline simulations, respective analysis. RCD and JPV contributed CALIPSO Backscatter Initial-
ized LaTM Trajectory Analysis. PM performed statistical fit analysis to in situ observations. JBR was responsible for LOAC data retrievals.
IBG performed CLaMS trajectory simulations. GB, JBR, JPV, ND, LJ, SC, TL, GC and EB assisted in performing in situ observations. MIH,

FP helped with transport analysis. All the authors contributed to the writing and revision of the paper.
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Figure A3. Time series of initial latitude and altitude (top), initial latitudes versus longitudes with the date of initializations depicted as a

color bar (middle), and time series showing the number of parcels used to compute mean backscatter ratios over France (bottom).
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