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Abstract. Volcanic eruptions and intense wildfires can inject large amounts of aerosols and their precursors into the
stratosphere, where they can persist from several months to years and affect atmospheric composition and radiative balance.
The optical and microphysical properties of these aerosol populations evolve rapidly during the first weeks to months following
injection as a result of transport, sedimentation, particle growth, aggregation and chemical ageing. Characterizing this early
evolution is essential for understanding the processes controlling the transformation and vertical evolution of stratospheric

aerosol plumes.

Following the large-scale and long-term analysis of stratospheric aerosol perturbations presented in Part I, in this study, we
investigate the early evolution of major volcanic and wildfire stratospheric aerosol perturbations using observations from the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite. The CALIOP Level 2 5 km Aerosol Layer product is used to combine scattering ratio (SR),

particulate linear depolarization ratio (PLDR), and color ratio (CR), providing complementary information on aerosol loading.

The analysis is extended beyond the CALIPSO observational period to the 2025 Panboreal Wildfire Outbreak (PWO) using
observations from the Atmospheric Lidar (ATLID) aboard EarthCARE. ATLID captures the progressive ascent of the
stratospheric smoke layer and its evolving depolarization, providing an independent characterization of the self-lofting and
microphysical evolution of a recent major wildfire perturbation. Together, CALIOP and ATLID observations demonstrate the
value of combining aerosol loading, depolarization, size-sensitive optical properties and vertical transport to characterize the
early evolution of stratospheric aerosol plumes.
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1 Introduction

Part | of this study investigated the large-scale and long-term evolution of stratospheric aerosol perturbations associated with
major volcanic eruptions and wildfire events using the CALIOP L1CC dataset, complemented by ATLID observations for the
most recent events. The analysis showed substantial event-to-event variability in aerosol loading, vertical evolution and
persistence, with distinct optical behaviours associated with volcanic and wildfire perturbations. In particular, the long-term
evolution was found to depend not only on the magnitude and altitude of the initial perturbation, but also on the subsequent

dynamical and microphysical evolution of the aerosol layers.

Previous lidar studies have documented the optical and microphysical evolution of several major volcanic and wildfire
stratospheric perturbations. For volcanic aerosols, CALIOP observations have shown substantial differences in particulate
depolarization and color ratio depending on plume composition. Prata et al. (2017) reported much higher particulate
depolarization and color ratio for the ash-rich Puyehue plume than for the more sulfate-rich Kasatochi and Sarychev plumes.
The latter, exhibited a rapid decrease in both depolarization and color ratio during the first days following injection. Similar
persistence of ash in the lower stratosphere was documented after the 2014 Kelud eruption, for which CALIOP depolarization
measurements revealed a significant contribution from non-spherical ash particles (Vernier et al., 2016). More recent
observations of the 2019 Raikoke eruption further showed that fine ash-containing aerosol can persist for extended periods
and undergo diabatic self-lofting, demonstrating that volcanic plumes may exhibit complex coupled microphysical and
dynamical evolution (Khaykin et al., 2022).

Stratospheric wildfire smoke also exhibits distinctive optical properties. Multiwavelength lidar observations of the 2017
Canadian smoke plume revealed substantial particle depolarization at 355 and 532 nm, indicating persistent non-sphericity of
aged stratospheric smoke particles (Haarig et al., 2018). The same event demonstrated that absorbing carbonaceous aerosols
can undergo radiatively driven self-lofting, whereby solar heating of black-carbon-containing smoke enables continued ascent
after injection (Yu et al., 2019). This mechanism was particularly pronounced during the 2019-2020 Australian wildfires,
when smoke-charged anticyclonic vortices transported the aerosol plume upward to approximately 35 km, while maintaining
a coherent and long-lived stratospheric structure (Khaykin et al., 2020; Kablick et al., 2020; Allen et al., 2020).

These event-specific studies demonstrate that depolarization, wavelength-dependent backscatter and vertical displacement
provide complementary information on aerosol morphology, size-sensitive optical properties and plume dynamics. However,
most previous studies have focused on individual perturbations or on a limited subset of optical parameters. A systematic
multi-event analysis combining scattering ratio, particulate linear depolarization ratio, color ratio, their statistical distributions,

and their evolution in potential-temperature coordinates still lacking. Such an analysis is needed to identify recurrent optical
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behaviours while also quantifying the substantial event-to-event variability among volcanic and wildfire stratospheric aerosol
plumes.

The evolution of stratospheric aerosol plumes is controlled by interacting microphysical, chemical and dynamical processes,
including sedimentation, aggregation, chemical conversion, mixing and radiative heating. These processes modify aerosol
loading, particle morphology, size and vertical distribution during the first weeks to months following injection. Their effects

can be investigated through the simultaneous evolution of several lidar-derived optical parameters.

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), aboard CALIPSO, provided vertically resolved aerosol
observations at 532 and 1064 nm between 2006 and 2023 (Winker et al., 2009). Its polarization-sensitive measurements at 532
nm provide information on particle non-sphericity, while the spectral dependence of aerosol backscatter provides information
related to particle size. In this study, three complementary optical parameters are considered: the scattering ratio (SR), which
characterizes the strength of aerosol scattering relative to the molecular background; the particulate linear depolarization ratio
(PLDR), which is sensitive to particle non-sphericity; and the color ratio (CR), defined as the ratio of particulate backscatter
at 1064 and 532 nm, which provides a size-sensitive optical indicator. Their combined analysis allows the evolution of aerosol

loading, morphology and size-sensitive optical properties to be investigated simultaneously.

Lidar observations have played a key role in documenting stratospheric aerosol (SA) injections and their subsequent evolution,
owing to their ability to resolve the vertical structure and determine optical properties of aerosol layers. Since the beginning
of the CALIPSO mission, spaceborne CALIOP observations, often complemented by ground-based lidar measurements, have
been used to characterize numerous volcanic and wildfire perturbations of the stratospheric aerosol layer. Volcanic injections
associated with Kasatochi (Hoffmann et al., 2010; Karagulian et al., 2010), Sarychev (Jégou et al., 2013; Prata et al., 2017),
Nabro (Bourassa et al., 2012; Vernier et al., 2013), Puyehue—Corddn Caullé (Nakamae et al., 2014; Vernier et al., 2016), Kelud
(Vernier et al., 2016; Kristiansen et al., 2015), Calbuco (Bignami et al., 2015; Lopes et al., 2019), Raikoke (Vaughan et al.,
2021; Oshorne et al., 2022), and Hunga (Legras et al., 2022; Sellitto et al., 2022) have been investigated using lidar
observations, providing information on plume altitude, aerosol scattering, depolarization, and the evolution of ash- and sulfate-
containing layers. More recently, Martinsson et al. (2026) used the complete CALIOP record to provide a global assessment
of stratospheric aerosol perturbations during 2006—2023, identifying the influence of 15 volcanic eruptions and five wildfire

events on the stratospheric aerosol layer.

Lidar observations have also provided important constraints on stratospheric smoke injected by major pyroconvective events.
Following the 2017 Canadian wildfires, satellite lidar observations from CALIOP documented the injection, large-scale
transport, and vertical evolution of the stratospheric smoke plume (Khaykin et al., 2018; Torres et al., 2020), while ground-

based lidar observations provided detailed measurements of its optical properties, depolarization, and persistence (Haarig et
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al., 2018; Baars et al., 2019). The 2019-2020 Australian wildfires provided another major example, with satellite observations
revealing the large-scale transport and pronounced vertical ascent of the smoke associated with radiatively driven self-lofting
(Khaykin et al., 2020), while ground-based lidar measurements documented long-lived smoke layers and their distinctive
optical and depolarization properties (Ohneiser et al., 2020). Together, satellite and ground-based lidar observations
demonstrate their complementarity for characterizing both the large-scale evolution of stratospheric aerosol injections and

changes in particle morphology and size-sensitive optical properties during plume evolution.

Part | of the current study investigates their large-scale and long-term evolution over the CALIPSO observational period,
focusing on aerosol loading, vertical evolution, depolarization, and persistence. Here, in part Part Il we focus on the early
evolution of individual aerosol plumes and their optical properties during the first approximately three months following
injection. Using the CALIOP Level-2 5 km Aerosol Layer product, the key optical parameters - SR, PLDR, and CR are
analyzed through their temporal evolution, statistical distributions, and diabatic vertical evolution in potential temperature
space. The analysis is extended beyond the CALIPSO period using observations from the Atmospheric Lidar (ATLID) aboard
EarthCARE, launched in May 2024 (Wehr et al., 2023), to investigate the 2025 boreal Wildfire Outbreak. Together, the two
companion papers connect the early plume-scale opticak and dynamical evolution investigated here with the large-scale

dispersion, persistence, and the long-term stratospheric impact document in Part I.

2 Data and Methods
2.1 CALIOP observations and Level 2 product

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), aboard the CALIPSO satellite, provided vertically resolved
observations of aerosols and clouds from 2006 to 2023 (Winker et al., 2009). CALIOP operated at 532 and 1064 nm, with
polarization-sensitive measurements at 532 nm. The separation of the parallel and perpendicular components of the 532 nm
backscatter signal provides information on particle depolarization, while the combination of the 532 and 1064 nm channels

enables the wavelength dependence of aerosol backscatter to be investigated.

To study the early evolution of volcanic and wildfire plumes, we use the CALIOP Level 2 5 km Aerosol Layer product Version
451 (CAL_LID_L2_05kmALay-Standard-V4-51; Vaughan et al., 2005). Unlike the L1CC product used in Part | to
characterize the large-scale and long-term evolution of stratospheric aerosol perturbations, the Level 2-layer product provides
layer-resolved information on individual aerosol features, including their vertical boundaries and optical properties. This layer-
based approach is therefore better suited to isolating recently injected plumes and characterizing their optical properties during
the early stages of their evolution, before they become more spatially dispersed and mixed with the background stratospheric
aerosol. Version 4.51 benefits from improvements in 532 nm calibration, aerosol classification, and lidar-ratio selection,

leading to a more robust characterization of weak stratospheric aerosol layers (Vaughan et al., 2009).
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Only aerosol layers satisfying the quality-control criteria defined for this study were retained. The analysis was restricted to
layers classified as stratospheric aerosols (feature type = 4), with aerosol subtype values between 2 and 4, corresponding to
volcanic ash, sulfate, and elevated smoke, respectively, and with confident subtype classification (subtype QA = 1). Features’
aerosol optical depth (AOD) was restricted to values between 0.01 and 1.5, with the lower threshold excluding very weak
aerosol layers for which the retrieved optical properties are less robust and the upper threshold removing unusually optically
thick or potentially contaminated layers. The integrated volume depolarization ratio (VDR) was restricted to values between
0 and 0.4, excluding non-physical negative values and extreme retrievals, and was subsequently converted to particulate linear
depolarization ratio (PLDR), as described in Sect. 2.2. Color ratio (CR) values were restricted to 0-0.8 to remove extreme
values associated with poorly constrained spectral backscatter measurements. Layer-top altitudes were restricted to the
Tropopause—30 km range, consistent with the vertical coverage of the CALIOP Level 2 aerosol layer product. This upper limit
implies that aerosol layers extending above 30 km are not captured in the present analysis. In particular, the highest part of the
Hunga plume and the later stages of the Australian New Year (ANY) wildfire plume after its ascent above 30 km are therefore
not represented. Polar stratospheric cloud contamination was excluded by retaining only features classified as aerosols in the

CALIOP Vertical Feature Mask and rejecting features classified as clouds or polar stratospheric aerosols.

For each event, observations were referenced to the date of the initial injection and analyzed over the subsequent 90-day period.
This time window was selected as a compromise between capturing the main early-stage optical and microphysical evolution
of the aerosol plumes and limiting the influence of later large-scale transport, dilution, and mixing processes. A shorter period
would not fully capture the transition from freshly injected to aged aerosol populations, whereas a substantially longer period
would increasingly include the effects of hemispheric-scale transport and long-term plume dispersion addressed in Part 1. For
the temporal evolution presented in Fig. 1, observations were aggregated into 6-day intervals to reduce short-term sampling
variability while preserving the evolution of the aerosol layers. Median values were calculated within each interval. The other

analyses presented in this study use the individual filtered layer observations without this temporal aggregation.

2.2 EarthCare — ATLID

The Atmospheric Lidar (ATLID) aboard the EarthCARE satellite is a high-spectral-resolution lidar (HSRL) specifically
designed to improve the characterization of aerosol-radiation interactions (Wher et al.,2023). ATLID operates at 355 nm and
exploits the spectral broadening difference between molecular (Rayleigh) and particulate (Mie) backscatter. A high-resolution
Fabry—Pérot interferometer is used to spectrally discriminate between these contributions, enabling direct separation of

molecular and particulate signals (Donovan et al.,2024).

In contrast to elastic backscatter lidars such as CALIOP, this HSRL technique allows the independent retrieval of aerosol

backscatter and extinction without prescribing an extinction-to-backscatter lidar ratio. This represents a major advantage for
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the observation of compositionally complex stratospheric plumes, where the assumption of a constant lidar ratio can introduce
significant uncertainties, particularly in the presence of mixed sulfate, ash, and carbonaceous smoke particles (Young et al.,
2018).

This capability is particularly relevant for the analysis of wildfire-driven stratospheric aerosols, whose microphysical structure
and optical properties can differ substantially from those of sulfate-dominated volcanic aerosols (Khaykin et al., 2020). In this
study, we use the ATLID Level-2A EBD product (Baseline BA), which provides extinction coefficient, backscatter coefficient,
and particulate linear depolarization ratio (PLDR) at 355 nm for aerosol layers. These parameters are used to characterize the

optical and vertical evolution of the stratospheric smoke layers associated with the 2025 Panboreal Wildfire Outbreak.

2.3 Optical parameters

The early evolution of the aerosol layers was characterized using complementary optical parameters from both satellite lidars.
For CALIOP, we use the scattering ratio (SR) and particulate linear depolarization ratio (PLDR) at 532 nm, together with the
color ratio (CR) derived from the particulate backscatter at 1064 and 532 nm. For ATLID, the analysis relies on the scattering
ratio (SR) and particulate linear depolarization ratio (PLDR) at 355 nm. Their combined analysis provides complementary

information on aerosol loading, particle morphology and size-sensitive optical properties.

The scattering ratio (SR) characterizes the strength of aerosol scattering relative to the molecular background. Values close to
unity indicate a weak aerosol contribution, whereas increasing SR values indicate enhanced aerosol scattering. SR is therefore

used to characterize the intensity and vertical distribution of the aerosol perturbation:

Brot(A, 2)
Bmot (4, 2)

where B;,:(4, 2z) and B,,,: (4, z) are the total and molecular attenuated backscatter coefficients, respectively, at wavelength
Aand altitude z.

SR(A,z) = €]

The particulate linear depolarization ratio (PLDR) is sensitive to particle shape and is used to investigate changes in aerosol
morphology. The CALIOP Level 2 product initially provides the volume depolarization ratio (VDR), which contains
contributions from both molecules and aerosol particles. To isolate the particulate contribution, VDR was converted to PLDR

using the corresponding scattering ratio (SR) and the molecular depolarization ratio dm, according to:

_ VDR(1+6m)(SR + 1) + (VDR — &m)
PLDR = (1 + ém)(SR—1) — (VDR — ém) @

where dm=0.0037 is the molecular depolarization at 532 nm. The conversion was applied for SR>1, ensuring a positive

particulate contribution to the backscatter signal. Low PLDR values are generally associated with more spherical particles,
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whereas higher values indicate an increasing contribution from non-spherical particles. PLDR is therefore particularly useful

for monitoring changes in particle morphology during the early evolution of volcanic and wildfire aerosol layers.

The color ratio (CR), defined as the ratio of particulate backscatter at 1064 nm to that at 532 nm, provides information on the
wavelength dependence of aerosol backscatter and is sensitive to particle size. In general, CR increases with increasing particle
size: small particles exhibit a stronger wavelength dependence of backscatter and therefore lower CR values, whereas larger
particles exhibit weaker spectral dependence and CR values approaching unity in the geometric-optics regime (Vaughan et al.,
2010). However, because CR also depends on particle composition, morphology, and refractive index, it is interpreted here as
a size-sensitive optical indicator rather than as a direct measurement of particle size, and is analyzed together with PLDR and
SR.

The combined evolution of SR, PLDR and CR is therefore used to characterize changes in aerosol loading, particle morphology

and size-sensitive optical properties during the first three months following stratospheric injection.

3 Results
3.1 Temporal evolution of stratospheric plume’s optical parameters

The CALIOP Level 2 Layer product identifies individual aerosol layers and provides layer-integrated optical properties. The
volcanic and wildfire events investigated here were identified in Part | from their large-scale perturbation of the stratospheric
aerosol layer over the CALIPSO observational period. Here, we focus on the first 90 days following these injections to examine

the early evolution of their optical properties at the individual-layer scale.

Figure 1 shows the temporal evolution of the optical parameters averaged across the aerosol plumes for a selection of major
volcanic eruptions and wildfire events. The events were selected based on the magnitude and clear detectability of their
stratospheric aerosol perturbation, while also spanning the range of aerosol persistence identified in Part 1. This selection
includes volcanic and wildfire perturbations with contrasting optical properties and enables their early evolution to be
compared during the first months following injection. Figure 1 highlights substantial differences among the investigated
stratospheric perturbations.

A key distinction emerges when comparing the temporal evolution of the volume depolarization ratio (VDR; Fig. 1a) and the
particulate linear depolarization ratio (PLDR; Fig. 1b). The VDR shows a systematic decrease for all events, reflecting not
only particle evolution but also the increasing relative contribution of molecular backscatter as the plumes dilute. This
convergence toward lower VDR values can therefore mask differences in the intrinsic depolarization properties of the aerosol

particles.
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In contrast, the PLDR isolates the particulate contribution and reveals distinct evolutionary behaviours (Fig. 1b). Volcanic
plumes generally display a decrease in PLDR, consistent with the progressive removal of non-spherical particles and an
increasing contribution from more spherical aerosol populations (Jégou et al., 2013; Prata et al., 2017). Wildfire plumes exhibit
a different behaviour, with initially increasing PLDR values during the early stages of plume evolution (Haarig et al., 2018;
Ohneiser et al., 2023). At later stages, PLDR gradually decreases. These contrasting behaviours highlight substantial

differences in the evolution of volcanic and wildfire particle morphology among the investigated perturbations.

The PLDR statistics (Fig. 1b) further allow the events to be grouped according to their dominant aerosol type. Ash-dominated
eruptions such as Calbuco, Puyehue, and Raikoke exhibit the highest depolarization values associated with irregular ash
particles and their gradual removal by sedimentation. Intermediate cases such as Kasatochi and Sarychev show mixed ash—
sulfate signatures reflecting progressive coating processes. Hunga forms a distinct sulfate-dominated end-member,
characterized by very low PLDR values indicative of nearly spherical liquid droplets. Wildfire events, represented here by
PNE and ANY, fall outside this volcanic continuum and are characterized by broader PLDR distributions reflecting a large

morphological diversity of pyroCb-emitted aerosols.

The color ratio (Fig. 1¢) shows a general decrease with time for all investigated events, with the strongest changes occurring
during the first weeks following injection before values tend to stabilize. Hunga exhibits the highest initial CR, reaching
approximately 0.43, followed by a rapid decrease during the first weeks. The other volcanic and wildfire perturbations show
lower initial CR values, but follow a broadly similar decreasing evolution. Puyehue and PNE maintain comparatively high CR
values during part of their evolution, whereas Calbuco exhibits one of the strongest decreases during the first month. After
approximately one month, most events converge toward CR values of about 0.15-0.20, although some event-to-event
variability persists. This decrease in CR is consistent with a reduction in particle size, since CR generally increases with
increasing particle size. The progressive decrease therefore suggests an increasing contribution from smaller particles as the

plume evolves.
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Figure 1: Temporal evolution of stratospheric aerosol optical properties following major volcanic eruptions and forest fires,

270 (a) Evolution of the volume depolarization ratio (VDR) during the first 90 days after eruption for volcanic eruptions and forest fires showing
the type of particles. (b) Evolution of the particulate linear depolarization ratio (PLDR) during the first 90 days after eruption for volcanic
eruptions and forest fires showing the type of particles. (c) Temporal evolution of the color ratio (CR) at 1064/532 nm for the same eruptions,
indicating particle growth and presence of ash and sulfate aerosols. (d) Evolution of the scattering ratio (SR) at 532 nm highlighting the
relative intensity and persistence of the stratospheric aerosol plumes from each event.

275
The scattering ratio (Fig. 1d) highlights differences in the aerosol concentration among the investigated stratospheric plumes.
Hunga clearly stands out as the strongest concentration, exhibiting the highest SR values among all events. The wildfire events
PNE and ANY also show strong scattering, particularly during the early stages of plume evolution. Kasatochi and Sarychev
exhibit intermediate SR values, whereas Puyehue shows comparatively weaker and shorter-lived enhancements. Raikoke

280 displays an intermediate but relatively persistent SR signal. Overall, SR generally decreases with time as the aerosol plumes
progressively dilute, although the magnitude and rate of this decrease vary substantially among events.

Overall, the combined evolution of PLDR, CR and SR reveals distinct and event-dependent changes in particle morphology,

size-sensitive optical properties and aerosol scattering during the first months following stratospheric injection.
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3.2 Statistical distribution of stratospheric aerosol plumes optical properties

The density distributions shown in Figure 2 provide additional insight into the variability of the optical properties across the
stratospheric injections by highlighting how often specific values occur in the aerosol plumes. In several cases, the distributions
exhibit bimodal structures, suggesting the transition between early injection conditions and the subsequent aged plume state.

For the scattering ratio (Fig. 2d), Hunga displays the broadest distribution, extending toward the highest SR values and
indicating a particularly large variability in aerosol scattering. Calbuco shows a narrower distribution centered on more
moderate SR values, whereas the wildfire events exhibit broader intermediate distributions. These differences indicate

substantial variability in both the magnitude and range of aerosol scattering among the investigated perturbations.

Ash-rich eruptions (Fig. 2b), such as Calbuco and Puyehue extend toward higher depolarization values, reflecting irregular
mineral particles, whereas mixed ash—sulfate cases display broader distributions indicative of the diverse morphological
properties and progressive coating. Wildfire plumes show wide PLDR variability associated with aggregation processes that
generate irregular carbonaceous clusters before gradual relaxation as the plume ages. Hunga remains confined to very low

PLDR values, consistent with the dominance of spherical sulfate droplets.

The CR (Fig. 2¢) distributions further highlight differences in the size-sensitive optical property of the aerosol populations.
Hunga extends toward the highest CR values among all investigated events, consistent with the particularly high values
observed during the earliest stage of plume evolution (APARC, 2025, Boichu et al., 2023). Several events exhibit broad or
bimodal CR distributions, particularly the mixed aerosol cases, suggesting the presence of two distinct particle populations,
likely corresponding to larger ash particles and smaller sulfate aerosols. Puyehue also extends toward relatively high CR
values, consistent with the substantial contribution of coarse ash particles. The wildfire events exhibit broad CR distributions,

reflecting a large variability in smoke particle size and its evolution.
These statistical patterns confirm that the differences identified in the temporal analysis correspond to robust and recurrent

optical regimes rather than isolated features, emphasizing the fundamentally different evolution pathways of ash, sulfate, and

smoke aerosols in the stratosphere.
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Figure 2: Statistical distributions of optical properties during the first 90 days following major volcanic eruptions and wildfire
events. (a) Density distribution of the volume depolarization ratio (VDR) at 532 nm. (b) Density distribution of the particulate linear
depolarization ratio (PLDR) at 532 nm. (c) Density distribution of the color ratio (CR), defined as the ratio of particulate backscatter at 1064
and 532 nm. (d) Density distribution of the scattering ratio (SR) at 532 nm. All parameters are derived from the CALIOP Level 2 aerosol

layer product.

These statistical patterns confirm that the differences identified in the temporal analysis correspond to robust and recurrent
optical regimes rather than isolated features, emphasizing the fundamentally different evolution pathways of ash, sulfate, and
smoke aerosols in the stratosphere.

3.3 Vertical evolution and optical properties of volcanic and wildfire plumes

This section investigates the vertical (diabatic) evolution of volcanic and wildfire aerosol plumes and their optical properties

as a function of time and potential temperature. Potential temperature is used because it is conserved during adiabatic motion
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in the stratosphere, allowing isentropic transport to be distinguished from diabatic vertical motions, such as the upward

displacement of wildfire smoke layers or the subsidence of volcanic aerosol layers.

The Level 2 data are treated using a binning method, which groups individual CALIOP data on aerosol layers into segments
defined by time and potential temperature. In this work, a (1-day x 10 K) binning grid was applied. Each bin contains all valid
measurements within the specified day and potential temperature interval, including all samples within event-specific latitude
bands selected from the large-scale time—latitude evolution of each stratospheric aerosol perturbation identified in Part | of the
study. The selected latitude bands were chosen to encompass the main spatial extent of each plume while limiting contributions
from unrelated aerosol perturbations. The latitude range used for each event is reported in Part |, Table 1. Potential temperature
is calculated from the meteorological data provided in the CALIOP Level 2 product. This approach minimizes noise and

enhances the signal-to-noise ratio for weak stratospheric signals.

Figures 3-5 present the evolution of three key lidar-derived parameters used to characterize the stratospheric aerosol plumes:
SR, PLDR, and CR. Together, these complementary diagnostics provide information on aerosol scattering, particle
morphology, and size-sensitive optical properties for the Calbuco (2015), Raikoke (2019), Australian New Year wildfires
(ANY, 2019-2020), and Hunga (2022) events. These events were selected because they represent some of the strongest
stratospheric aerosol perturbations observed during the CALIPSO period and encompass volcanic and wildfire-driven

injections with contrasting optical and vertical evolution.

3.3.1 Scattering ratio: concentration and vertical evolution

The scattering ratio primarily reflects the magnitude of aerosol backscatter relative to the molecular backscatter and therefore

provides information on the aerosol concentration in the plume.

Calbuco plume (Fig. 3a) shows a strong SR enhancement immediately after the eruption, followed by a progressive weakening
and sedimentation the aerosol layer. This evolution is consistent with the progressive removal and sedimentation of volcanic
ash particles observed following ash-rich eruptions (Prata et al., 2017). A more limited self-lofting behaviour is also observed
for the Calbuco plume. Following the initial injection, part of the aerosol layer shows a moderate increase in potential
temperature before the subsequent evolution becomes dominated by sedimentation. Compared with the pronounced ascent
observed for Raikoke eruption and especially the ANY smoke plume, the weaker vertical ascent of Calbuco plumes indicates

that radiatively driven lofting can also occur in volcanic aerosol layers, although with substantially lower efficiency.
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Figure 3: Temporal evolution of aerosol scattering ratio as a function of potential temperature during the first 90 days following
selected volcanic eruptions and wildfire events. Scattering ratio (SR) at 532 nm is shown as a function of days since the event and potential
temperature for (a) Calbuco (2015), (b) Raikoke (2019), (c) the Australian New Year wildfires (ANY; 2019-2020), and (d) Hunga (2022).

The analysis is based on CALIOP Level 2 aerosol layer observations; the filtering criteria and latitude ranges used for each event are
described in Sect. 2.1.

Raikoke plume (Fig. 3b) exhibits a different behaviour, with enhanced SR values persisting over a longer period and an upward
progression of the most concentrated part of the aerosol plume. This behaviour is associated with the formation of a Vorticized
Volcanic Plume (VVP), in which dynamical confinement maintained high aerosol concentrations and enhanced radiative
heating. Raikoke is the only volcanic eruption during the CALIOP observation period for which such a VVP has been observed.
Importantly, the self-lofting was restricted to this highly concentrated part of the plume, whereas the more diluted parts
remained at lower altitudes, as can be inferred from Fig. 3b. The VVP underwent a pronounced diabatic ascent driven by

radiative heating of volcanic ash, reaching approximately 27 km within three months (Muser et al., 2020; Gorkavyi et al.,
2021; Vaughan et al., 2021; Khaykin et al., 2022).

The ANY wildfire plume (Fig. 3c) exhibits the clearest self-lofting, with the region of enhanced SR progressively reaching

higher potential temperatures while remaining detectable over an extended period. This sustained ascent results from
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radiatively driven self-lofting of absorbing carbonaceous aerosols and is reinforced by the dynamical confinement of the smoke
within a persistent smoke-charged vortex (SCV; Khaykin et al., 2020; Sellitto et al.,2022; Podglajen et al., 2024). The SCV
limits the dilution and dispersion of the smoke plume, maintaining high aerosol concentrations within the confined air mass
during its ascent. Since SR increases with aerosol backscatter and therefore reflects the aerosol concentration within the plume,
this confinement explains the persistently high SR values observed during self-lofting. The combination of high aerosol
loading, enhanced solar absorption, radiative heating, and dynamical confinement therefore sustains the progressive ascent of

the ANY smoke plume.

In contrast, the Hunga plume (Fig. 3d) exhibits a pronounced settling of the aerosol layer in potential-temperature coordinates.
This behaviour differs from the sustained self-lofting observed for absorbing smoke plumes. The evolution of volcanic aerosol
layers is generally expected as particles undergo gravitational sedimentation. In the case of Hunga, however, this descent was
enhanced by the exceptional amount of water vapour injected into the stratosphere, which strongly affected the formation and
microphysical evolution of the sulfate aerosols. The enhanced water vapour promoted rapid sulfate formation and particle
growth, while radiative cooling associated with the moist plume further contributed to its early downward motion (Schoeberl
et al., 2022; Legras et al., 2022; APARC, 2025).

Overall, the SR distributions reveal contrasting dynamical behaviours among the four perturbations, ranging from subsidence
to sustained self-lofting. The strongest and most persistent self-lofting is observed for the ANY wildfire plume, whereas Hunga
exhibits marked subsidence, highlighting the close coupling between aerosol optical loading, radiative effects, and the vertical

evolution of stratospheric aerosol layers.

3.3.2 Particulate linear depolarization ratio: particle morphology and phase

In Figure.4a Calbuco plume displays high PLDR values during the early stage of the perturbation, indicating the presence of
strongly non-spherical ash particles. These high-depolarization layers progressively weaken descends as the plume evolves,
consistent with the preferential sedimentation of the largest ash particles and the progressive transition toward a more spherical

aerosol population (Prata et al., 2017).

Raikoke plume (Fig. 4b) also exhibits elevated PLDR values during the early stages of plume evolution, but the decrease is
more gradual than for Calbuco. The depolarizing aerosol layer remains detectable over an extended period and partly follows
the self-lofting identified in the SR distribution. This behaviour is consistent with the persistence and progressive
transformation of fine ash particles within the plume (Ruyneau de Saint Georges et al., 2026), as well as with the self-lofting

and dynamical confinement of the Raikoke aerosol layer reported by Khaykin et al. (2022).
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Figure 4: Temporal evolution of particulate linear depolarization ratio (PLDR) at 532 nm as a function of potential temperature
during the first 90 days following selected volcanic eruptions and wildfire events. PLDR is shown as a function of days since the event
and potential temperature for (a) Calbuco (2015), (b) Raikoke (2019), (c) the Australian New Year wildfires (ANY; 2019-2020), and (d)
Hunga (2022). The analysis is based on CALIOP Level 2 aerosol layer observations; the filtering criteria and latitude ranges used for each

event are described in Sect. 2.1.

The ANY wildfire plume (Fig. 4c) exhibits a different behaviour. Elevated PLDR values persist in the self-lofting part of the
aerosol plume as it progressively reaches higher potential temperature levels. This highly concentrated part of the plume,
characterized by enhanced SR, provides favourable conditions for particle aggregation, which can contribute to maintaining
elevated PLDR values during the early stages of self-lofting. Previous lidar observations of the ANY plume reported similarly
high PLDR values during its early stratospheric evolution, followed by a progressive decrease as the aerosol aged (Ohneiser
et al., 2020, 2022).

In contrast, the Hunga plume (Fig. 4d) is characterized by very low PLDR values throughout most of the observed aerosol
layer, indicating a predominantly spherical particle population. This behaviour is consistent with the progressive dominance
of nearly spherical sulfate aerosols following the initial phase of the eruption (Legras et al., 2022). However, the uppermost
part of the Hunga plume exhibits distinctly higher PLDR values, indicating the presence of a more strongly depolarizing

particle population at higher potential temperatures. This upper layer likely reflects a different aerosol composition associated
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with the early evolution of the Hunga plume, potentially including coated ash, in contrast to the predominantly sulfate-rich

aerosol population observed below.

Overall, the PLDR distributions reveal contrasting morphological and vertical evolutions among the four events. Calbuco and
Raikoke are characterized by initially depolarizing volcanic aerosol populations whose PLDR decreases during plume
evolution, ANY maintains substantial depolarization during the self-lofting of the plume confined within the SCV, whereas

Hunga is characterized by a weakly depolarizing and predominantly spherical aerosol population.

3.3.3 Color ratio: particle size and microphysical pathways

The CR is a size-sensitive optical parameter derived from the wavelength dependence of particulate backscatter and is therefore

used here to investigate particle size evolution within the vertically evolving aerosol layers (Fig. 5).

For the Calbuco plume (Fig. 5a), the CR distribution shows a clear variability with potential temperature. Higher CR values
are mainly associated with the aerosol observed at higher potential temperatures, indicating a greater contribution from
relatively large particles, whereas lower CR values are found in the part of the plume extending toward lower potential

temperatures.

Raikoke plume (Fig. 5b) exhibits a distinct evolution, with relatively high CR values persisting within part of the aerosol layer
as it reaches higher potential temperatures. The persistence of these size-sensitive signatures within the self-lofting plume
suggests that relatively large particles were maintained during its ascent. This behaviour is further supported by Ruyneau de
Saint-George et al. (2026), who reported pronounced particle growth within the VVP, with fine-mode particle radii reaching
0.8-1 um within three months after the eruption. This growth was attributed to sulfate formation and coating of submicronic
ash and was substantially stronger within the highly concentrated VVVVP than in the dispersed plume. The persistence and growth
of relatively large particles within the VVP may therefore contribute to the high CR values observed during the self-lofting

phase.

The ANY wildfire plume (Fig. 5¢) similarly maintains relatively high CR values within the ascending aerosol layer. Combined
with the elevated PLDR observed in Fig. 4, this behaviour indicates the persistence of relatively large, non-spherical smoke
particles during self-lofting. Such characteristics are consistent with particle aggregation within aged stratospheric wildfire
smoke, while radiative heating and dynamical confinement allow the resulting particles to remain within the ascending smoke-
charged vortex (Khaykin et al., 2020; Ohneiser et al., 2023).
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Figure 5: Temporal evolution of the color ratio (CR) as a function of potential temperature during the first 90 days following selected
volcanic eruptions and wildfire events. The color ratio, defined as the ratio of particulate backscatter at 1064 nm to that at 532 nm, is
shown as a function of days since the event and potential temperature for (a) Calbuco (2015), (b) Raikoke (2019), (c) the Australian New
Year wildfires (ANY; 2019-2020), and (d) Hunga (2022). The analysis is based on CALIOP Level 2 aerosol layer observations; the filtering
criteria and latitude ranges used for each event are described in Sect. 2.1.

Hunga plume (Fig. 5d) exhibits the highest CR values during the earliest stage of plume evolution, followed by a pronounced
decrease with time. The initially high CR is consistent with the presence of relatively large ice and ash particles within the
young plume following the exceptional injection of water vapour and volcanic material into the stratosphere (Khaykin et
al.,2022; Legras et al.,2022). As these transient coarse components are progressively removed, CR decreases and the aerosol
population evolves toward smaller, predominantly sulfate particles (Legras et al., 2022; APARC 2025).

Overall, CR generally decreases as the aerosol layers age, consistent with the preferential removal of larger particles. However,
the persistence of relatively high CR values within the ascending Raikoke and ANY plumes indicates that comparatively large

particles can remain associated with self-lofting aerosol layers, through coated ash in the volcanic case and aggregated smoke
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particles in the wildfire case. Hunga represents a distinct initial regime, with particularly high CR associated with the presence
of ice and ash in the young plume.

3.4 Panboreal wildfire outbreak observations by EarthCare/ATLID

Beginning in May 2025, intense boreal wildfires generated multiple pyroconvective events (pyroChs) across the northern
extratropics, with stratospheric smoke injections occurring over both Canada and Siberia. Because the resulting stratospheric
perturbation originated from several distinct pyroCb injections rather than from a single fire event, it is referred to here as the
Panboreal Wildfire Outbreak (PWO). Among these injections, the strongest stratospheric injection over Canada occurred on
29 May 2025 in Alberta and involved several pyroCbh pulses, producing an exceptionally dense stratospheric smoke plume
(Haarig et al., 2026; Vieille et al., 2026). Part of this plume subsequently became confined within a smoke-charged vortex
(SCV), which underwent pronounced diabatic self-lofting during its transport across the Northern Hemisphere. The SCV
persisted for approximately one month, travelled about 30,000 km and reached an altitude of 21 km (Vieille et al., 2026). These
multiple injections and the subsequent self-lofting of the main Canadian plume provide a unique opportunity to investigate the
early optical and vertical evolution of the PWO using observations from the recently launched ATLID instrument aboard the
EarthCARE mission.

The Level 2 data are treated using a binning method smilarly to CALIOP-based analysis. To restrict the analysis to well defined
stratospheric aerosol layers, several selection criteria were applied to the ATLID L2A EBD product. Only layers classified as
stratospheric aerosols with good retrieval quality were retained. Additional filters were applied to remove weak or poorly
constrained detection: AOD > 0.03, 0<PLDR<0.4, a layer base located at least 0.25km above the tropopause, and a minimum
layer thickness of 0.75km. The ATLID BA baseline is affected by a known daytime bias in PLDR. To account for this effect,
the daytime PLDR bias was estimated and subsequently subtracted from the daytime PLDR values. No corresponding
correction was applied to nighttime observations. To further improve the robustness of the retrievals, only observations with
SR>1.5 during nighttime and SR>2 during daytime were considered. These criteria ensure that the analysis is restricted to well

defined stratospheric aerosols layers while minimizing contamination from tropospheric aerosols, clouds and noisy retrievals.

Figure 7 presents the evolution of SR and PLDR at 355 nm as a function of time and potential temperature, together with the
temporal evolution of PLDR for the PNE, ANY and PWO wildfire events.

The ATLID scattering-ratio observations (Fig. 6a) reveal a pronounced self-lofting of the smoke plume during the weeks
following injection. The region of maximum aerosol scattering progressively reaches higher potential temperatures during the
first month, the PWO plume ascends from approximately 310 to 480 K, corresponding to a mean diabatic self-lofting rate of
approximately 4.3 £ 0.06 K.day'. This rate is substantially lower than that reported for the highly stable ANY smoke-charged
vortex, which ascended at an approximately constant rate of 6.9 + 0.07 K.day!, and 3.4 + 0.04 K.day! for PNE fires. The

lower self-lofting rate observed for PWO is consistent with a less stable dynamical confinement of the smoke plume compared
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with the exceptionally persistent ANY vortex. This behaviour is linked with radiatively driven self-lofting of absorbing smoke
particles, previously documented for major pyroCh events (Yu et al., 2019; Khaykin et al., 2020). Independent ATLID
observations of the same 2025 Canadian smoke event by Haarig et al. (2026) show that the top of the stratospheric smoke layer
ascended from approximately 13.6 km over Canada to 17.4 km over Europe during transport, supporting the self-lofting
identified here.

(a) (b)

ATLID L2A - Scattering Ratio at 355 nm ATLID L2A - PLDR at 355 nm
550 20.00 550 0.40

Potential temperature (K)

o L .-'.j

|
| B )
30 40 50 o 30 40 50 60 70 80
Days since the event Days since the event

Figure 6: Optical and vertical evolution of stratospheric wildfire smoke observed during the 2025 Panboreal Wildfire Outbreak
(PWO) (20°N-80°N). (a) ATLID scattering ratio (SR) at 355 nm as a function of potential temperature and time following the PWO
injection, showing the vertical evolution of the smoke layer. (b) ATLID particulate linear depolarization ratio (PLDR) at 355 nm as a function

of potential temperature and time.

The evolution of PLDR as a function of potential temperature (Fig. 6b) shows that elevated depolarization remains associated
with the self-lofting smoke plume. Between approximately 20 and 60 days after the event, the aerosol layer progressively
ascends from about 320-330 K to 450-480 K while maintaining PLDR values predominantly around 0.20-0.25. This indicates
that strongly depolarizing, non-spherical smoke particles persist within the plume throughout its self-lofting phase, without a
clear decrease in PLDR with increasing potential temperature. Recent ATLID observations of the Canadian plume similarly

reported enhanced depolarization associated with non-spherical stratospheric smoke particles (Haarig et al., 2026).

The comparison of PLDR evolution for the PNE, ANY and PWO wildfire events (Fig. 7) reveals a common increase in
particulate depolarization during the early stages of plume evolution. Differences in absolute PLDR values between PWO and
the PNE and ANY events should, however, be interpreted with caution because PWO is observed by ATLID at 355 nm,
whereas PNE and ANY are observed by CALIOP at 532 nm. Multiwavelength lidar observations of stratospheric wildfire
smoke have shown a pronounced spectral dependence of PLDR, with systematically higher values at 355 nm than at 532 nm
(Hu et al., 2018; Haarig et al., 2018). Despite this wavelength dependence and differences in the duration of elevated PLDR
among the three events, the increase in PLDR indicates a progressive evolution toward more irregular particle morphologies
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within the smoke layers. This common behaviour is consistent with aggregation processes during smoke ageing, whereby
particle—particle interactions can produce increasingly complex and non-spherical structures (Haarig et al., 2018; Ohneiser et
al., 2023). The persistence of elevated depolarization during vertical transport therefore appears to represent a recurrent optical
characteristic of major stratospheric wildfire plumes.

ATLID and CALIOP - Particulate Linear Depolarization Ratio

CALIOP PNE 2017 — PLDR
- ATLID PWO 2025 — PLDR
—— CALIOP ANY 2019-2020 — PLDR
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Figure 7: Temporal evolution of PLDR during the first 30 days following the PNE (2017), ANY (2019-2020), and PWO (2025) wildfire
events, derived from CALIOP at 532 nm for PNE and ANY and from ATLID at 355 nm for PWO.

Overall, the ATLID observations show that the characteristic optical and vertical behaviour identified for previous major
wildfire plumes with CALIOP is also observed during the 2025 Panboreal Wildfire Outbreak. The ATLID HSRL observations
provide an independent characterization of stratospheric smoke at 355 nm, revealing pronounced self-lofting together with an
evolving particulate depolarization signature. The similarities observed among PNE, ANY and PWO further suggest a common
microphysical evolution of major pyroCb smoke plumes despite differences in their injection conditions and atmospheric

transport.

4 Discussion and summary
4.1 Optical evolution and microphysical interpretation of volcanic and wildfire plumes

The analysis of young stratospheric aerosol plumes reveals markedly different optical evolutions during the first three months
following injection. Previous studies have generally investigated these perturbations individually, documenting the evolution

of specific volcanic eruptions or wildfire events. Here, the application of a common CALIOP-based framework to multiple
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perturbations allows their early evolution to be directly compared through PLDR, CR, SR, their statistical distributions, and

their vertical evolution in potential-temperature coordinates.

The observed diversity indicates that the early evolution of stratospheric aerosol plumes cannot be described solely according
to aerosol source, but depends strongly on the initial composition of the injected material and its subsequent microphysical
and dynamical transformation. This is consistent with the results of Part I, which showed that the persistence of the resulting
large-scale stratospheric aerosol perturbation, characterized by its return and decay times, cannot be explained solely by the

amount of injected material or the initial injection altitude.

The PLDR evolution illustrates these differences particularly clearly for volcanic perturbations. Ash-rich eruptions such as
Puyehue, Calbuco, and Raikoke exhibit initially elevated depolarization followed by a progressive decrease during the
following weeks. High depolarization is a well-established optical signature of non-spherical volcanic ash (Nakamae et al.,
2014; Vernier et al., 2016; Prata et al., 2017), whereas its subsequent decrease reflects the progressive transformation of the
aerosol population. Gravitational sedimentation preferentially removes the largest and most irregular ash particles because of
their higher settling velocities, progressively reducing their contribution to the lidar signal. Simultaneously, oxidation of
injected SO2 produces H2SOs, followed by nucleation and condensation leading to the formation and growth of nearly spherical
sulfate droplets. The increasing relative contribution of these weakly depolarizing particles further decreases PLDR as the
plume ages (Jégou et al., 2013; Prata et al., 2017). The optical evolution of ash-containing volcanic plumes therefore reflects
the combined effects of preferential ash sedimentation and the progressive development of a sulfate aerosol population. Similar
transitions have been documented following Sarychev, where a persistent stratospheric sulfate aerosol layer developed after
the initial volcanic injection (Jégou et al., 2013), and Kasatochi, where SO-, ash, and H.SO4 were observed within the evolving

volcanic plume (Karagulian et al., 2010).

The bimodal PLDR distributions observed for Kasatochi and Sarychev further demonstrate that this transition does not
necessarily correspond to a single continuously evolving aerosol population. Distinct depolarization modes indicate the
coexistence of optically different particle populations, consistent with the simultaneous presence of volcanic ash and newly
formed sulfate-containing aerosols following sulfur-rich eruptions (Karagulian et al., 2010; Jégou et al., 2013). The evolution
from ash-rich toward sulfate-rich conditions should therefore be regarded as a progressive process during which different

aerosol populations can coexist within the volcanic plume.

Raikoke plume provides a particularly clear example of an additional microphysical pathway. Comparatively high CR values
persist within part of the plume while PLDR progressively decreases, indicating that the particles remain comparatively large
while becoming less depolarizing. This behaviour is consistent with sulfate coating of the remaining ash particles.

Condensation of sulfuric acid and sulfate material onto irregular ash particles can increase their size while progressively
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smoothing their initially irregular surfaces, thereby maintaining or increasing their size-sensitive optical response while
decreasing depolarization. This interpretation is supported by Ruyneau de Saint Georges et al. (2026), who reported
pronounced particle growth within the Raikoke VVP associated with sulfate formation and coating of submicronic ash. The
coexistence of uncoated ash, progressively coated particles, and newly formed sulfate droplets may additionally contribute to
the multiple optical populations observed during the early evolution of mixed ash—sulfate plumes. The dynamical confinement
of the concentrated Raikoke aerosol population and its diabatic self-lofting further prolonged its stratospheric residence,

providing additional time for these microphysical transformations to occur (Khaykin et al., 2022).

Hunga represents a markedly different volcanic end-member. Its exceptionally high initial CR, followed by a rapid decrease
and persistently low PLDR throughout most of the aerosol layer, distinguishes it from the ash-rich volcanic cases. Previous
studies have emphasized the exceptional nature of the Hunga eruption, particularly its massive injection of water vapour and
the unusual composition of the young plume (Sellitto et al., 2022; Legras et al., 2022; Duchamp et al., 2025). A distinct layer
characterized by higher PLDR values was nevertheless observed above the main low-depolarization aerosol plume during its
early evolution. Our observations are consistent with an initially complex particle population containing relatively large
particles, followed by rapid evolution toward a weakly depolarizing population dominated by nearly spherical particles. Its
vertical evolution also differs from the self-lofting observed for strongly absorbing aerosol layers. The exceptionally large
water-vapour injection produced a radiative environment fundamentally different from that of smoke or ash-rich plumes, with

radiative cooling contributing to diabatic descent across isentropic surfaces.

Wildfire plumes exhibit a contrasting depolarization evolution. Unlike the predominantly decreasing PLDR observed for ash-
containing volcanic populations, PNE, ANY, and PWO exhibit persistent and, during their early evolution, increasing PLDR.
This behaviour is consistent with previous lidar observations of stratospheric wildfire smoke (Haarig et al., 2018; Hu et al.,
2019; Baars et al., 2019; Ohneiser et al., 2020, 2022). For PNE, Haarig et al. (2018) measured particle depolarization ratios of
approximately 0.22 at 355 nm and 0.18 at 532 nm in aged stratospheric smoke from the 2017 Canadian fires, while similarly
enhanced depolarization was reported by Hu et al. (2019) and Baars et al. (2019). For ANY, multiwavelength lidar observations
over Punta Arenas revealed similarly high PLDR values, reaching approximately 0.20-0.26 at 355 nm and 0.14-0.22 at 532
nm during January 2020 (Ohneiser et al., 2020), with subsequent observations documenting the evolution of the depolarization
signature during plume ageing (Ohneiser et al., 2022). The recurrence of persistent or initially increasing PLDR across PNE,
ANY, and PWO therefore suggests a common microphysical behaviour of major stratospheric pyroCb smoke perturbations.

The joint evolution of PLDR and CR provides insight into the processes responsible for this behaviour. Following
pyroconvective injection, carbonaceous particles undergo ageing, coagulation, and aggregation within the dense smoke layer.
Particle—particle interactions can produce increasingly complex and irregular aggregates, enhancing particulate depolarization
during the early stages of plume evolution (Haarig et al., 2018; Ohneiser et al., 2023). As these aggregates grow, however, the

largest structures are preferentially removed by gravitational sedimentation because of their higher settling velocities. Their
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progressive removal reduces the contribution of the largest and most irregular particles to the lidar signal and can therefore
contribute to the subsequent decrease in PLDR. At the same time, preferential sedimentation of the largest aggregates shifts
the remaining particle population toward smaller sizes, consistent with the general decrease in CR observed during plume
ageing. The wildfire PLDR evolution can thus be interpreted as the result of competing processes: aggregation and
morphological restructuring initially increase particle irregularity and depolarization, whereas the subsequent sedimentation
of the largest aggregates progressively removes the most strongly depolarizing particles. Continued chemical ageing may
further modify the morphology and internal structure of the remaining aerosol population. This sequence provides a coherent

interpretation of the initial increase and subsequent evolution of PLDR observed across the wildfire cases.

The optical evolution of these aerosol populations is closely coupled to their vertical transport. Absorbing particles convert
incoming solar radiation into heat, producing local diabatic warming and allowing sufficiently concentrated aerosol layers to
ascend across isentropic surfaces. For wildfire smoke, absorbing carbonaceous material can drive persistent self-lofting, as
demonstrated by modelling and observations of major pyroCb plumes (Yu et al., 2019; Khaykin et al., 2020; Podglajen et al.,
2024). Under sufficiently strong conditions, radiative heating can become dynamically coupled to an anticyclonic circulation,
producing a smoke-charged vortex capable of confining and transporting the aerosol layer over extended periods (Khaykin et
al., 2020). The pronounced ascent observed for ANY is consistent with this mechanism and with the exceptionally stable

smoke-charged vortex documented following the 2019-2020 Australian wildfires.

Radiatively driven ascent is not restricted to wildfire smoke. As mentioned previously, volcanic ash also absorbs solar
radiation, and sufficiently concentrated ash-containing layers can therefore undergo diabatic heating and upward displacement.
Raikoke provides an important example, with part of its volcanic plume undergoing self-lofting while confined within a long-
lived anticyclonic structure (Khaykin et al., 2022). The comparable upward displacement of ANY and Raikoke establishes an
important connection between otherwise distinct aerosol regimes: despite their different compositions and microphysical
pathways, sufficiently absorbing and concentrated aerosol populations can produce similar dynamical responses. Conversely,
Calbuco (Prata et al., 2017; Lopes et al., 2019) exhibits an initial ascent of the aerosol layer, with an estimated rate of
approximately 3-4 K.day™' during the first weeks, suggesting limited self-lofting during the early stage of its evolution,
followed by a progressive downward displacement. In contrast to Raikoke, this ascent was not associated with a VVP and was
not sustained over time. It is conceivable that formation of a VVP associated with Calbuco ash-rich plume could have been
himered by a more perturbed stratospheric dynamical environment at the time of Calbuco eruption in April during Austral

Fall, compared with a stable summertime stratosphere at the time of Raikoke eruption in June.

Hunga subsequently undergoes a more pronounced diabatic descent. These contrasting behaviours demonstrate that the vertical
evolution of stratospheric aerosol layers cannot be inferred solely from aerosol source or initial injection altitude, but depends

on the evolving composition, concentration, radiative properties, and dynamical confinement of the plume.
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The coupling between microphysics and dynamics can in turn influence aerosol persistence and subsequent transformation.
Self-lofting and dynamical confinement can maintain aerosol layers at high altitudes and increase the time available for coating,
aggregation, chemical ageing, and other microphysical processes, whereas sedimentation and dilution progressively reduce
aerosol concentration and modify the particle population. Microphysical evolution and vertical dynamics should therefore not
be considered independently: changes in particle properties affect the radiative response of the plume, while the resulting
vertical transport and confinement determine the conditions and timescales over which further particle transformation can

occur.

Taken together, these results demonstrate that the early evolution of stratospheric aerosol perturbations is controlled by coupled
microphysical and dynamical processes rather than by aerosol source alone. VVolcanic plumes span a continuum from ash-rich
to sulfate-dominated populations, in which preferential sedimentation, sulfate formation, and coating produce distinct and
sometimes coexisting optical signatures. Wildfire plumes follow a different pathway, characterized by aggregation and
morphological restructuring that initially enhance depolarization, followed by preferential sedimentation of the largest
aggregates as the plume ages. At the same time, the potential-temperature analysis demonstrates that these microphysical
transformations are closely coupled to plume dynamics: sufficiently absorbing and concentrated smoke or ash-containing
layers can undergo radiatively driven self-lofting, whereas Hunga illustrates a contrasting downward evolution associated with
its exceptional composition. The combined interpretation of SR, PLDR, CR, and potential temperature therefore provides a
coherent framework linking aerosol loading, particle morphology and size-sensitive optical properties to the vertical evolution

of young stratospheric aerosol plumes.

4.2 Independent constraints from ATLID LiDAR observations

The inclusion of ATLID observations provides an important independent perspective on the optical properties and vertical
evolution of stratospheric wildfire aerosols and extends the CALIOP-based analysis to the EarthCARE era. Unlike the elastic-
backscatter measurements provided by CALIOP, ATLID operates as a high-spectral-resolution lidar (HSRL) at 355 nm,
allowing molecular and particulate backscatter contributions to be separated spectrally (Wehr et al., 2023). The PWO 2025
event therefore provided an opportunity to assess whether the characteristic optical and dynamical signatures identified from

previous CALIOP observations are reproduced by an independent spaceborne lidar operating at a different wavelength.

The pronounced self-lofting observed during the first weeks following the 29 May 2025 Alberta injection confirms that the
aerosol layer did not behave as a passive tracer. The plume reached approximately 21 km during its evolution, due to the
radiatively driven self-lofting mechanism previously documented for stratospheric wildfire smoke, in which absorption of
solar radiation by carbonaceous particles induces diabatic heating (Yu et al., 2019; Ohneiser et al., 2020). The particularly high

SR immediately following the Alberta outbreak of 29 May reflects the strong aerosol scattering associated with the young
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plume. Its subsequent decrease while the layer continues to ascend indicates that weakening of the optical signal primarily

accompanies plume dilution and dispersion rather than termination of the vertical transport.

The PLDR observations provide an additional constraint on the evolution of the smoke particle population. Comparison of
PNE (2017), ANY (2019-2020), and PWO (2025) over the first 30 days following injection reveals a common early increase
in particulate depolarization, despite substantial differences in absolute PLDR values among the events. Similar elevated
depolarization ratios have previously been reported for Canadian wildfire smoke observed at 355, 532, and 1064 nm,
demonstrating that stratospheric smoke can retain substantial non-sphericity for several weeks after injection (Haarig et al.,
2018).

However, the absolute PLDR values measured by ATLID and CALIOP should not be directly compared without considering
their different measurement wavelengths. Particle depolarization is wavelength dependent and is sensitive to particle size,
shape, and internal structure, as demonstrated by multiwavelength lidar observations of aerosol populations (Mdiller et al.,
2007; Haarig et al., 2018). ATLID measurements at 355 nm and CALIOP measurements at 532 nm therefore provide
complementary rather than quantitatively interchangeable constraints on smoke morphology. Consequently, the agreement
between the two records is most robustly interpreted in terms of their temporal evolution rather than their absolute PLDR
magnitude.

The differences in PLDR magnitude and evolution among PNE, ANY at 532nm and PWO at 355nm; additionally indicate that
stratospheric wildfire smoke cannot be characterized by a unique depolarization signature. Variability in combustion
conditions, fuel characteristics, injection intensity, particle composition, and subsequent atmospheric ageing may all contribute
to the event-to-event differences in particle morphology. Nevertheless, the common early increase in PLDR and the occurrence
of pronounced self-lofting demonstrate that major pyroCb perturbations share recurrent optical and dynamical characteristics
despite differences in their initial conditions.

Taken together, the ATLID observations extend aerosol plumes behaviours identified from the CALIOP wildfire cases to the
2025 PWO and provide an independent constraint on the early optical and dynamical evolution of stratospheric smoke. Despite
the different observing wavelength, the persistence of enhanced depolarization and the upward displacement of the aerosol
layer are consistent with the morphological evolution and radiatively driven self-lofting previously observed for major pyroCbh
perturbations. The comparison with ANY further highlights the role of dynamical confinement in controlling the efficiency of
self-lofting, with the less stable PWO plume exhibiting a weaker ascent than the exceptionally persistent Australian smoke-
charged vortex. These early differences in plume dynamics provide a physical context for the contrasting persistence of wildfire
perturbations documented over longer timescales in Part |, where differences in stratospheric residence time were identified

among PNE, ANY, and PWO. ATLID therefore confirms that the early evolution of stratospheric wildfire plumes results from
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the coupling between particle microphysical transformation and plume dynamics, while extending this comparative framework
beyond the CALIPSO observational period.

Data availability

EarthCARE ATLID data are available at https://earth.esa.int/eogateway/catalog/earthcare-11-products (last access: 5 June
2026); CALIPSO CALIOP data are available at https://www.earthdata.nasa.gov/data/tools/asdc-calipso-search-subset-tool

Author contributions

SK conceived the study. OS performed the analysis and wrote the manuscript. SK and SGB revised the manuscript. NK
transformed CALIOP and ATLID L2 products. All authors contributed to the final manuscript.

Competing interests

The contact author has declared that none of the authors has any competing interests.

Acknowledgements

We thank Slimane Bekki for fruitful discussions

Financial support

This project has received financial support from the CNRS through the MITI interdisciplinary programs This research has also
been supported by the Agence Nationale de la Recherche (ANR grant no. PyroStrat 21-CE01-335 0007-01) as well as by the
Centre National d'Etudes Spatiales (CNES grant no. EXTRA-SAT and EARTHCARE).

Review statement

The review statement will be added by Copernicus Publications listing the handling editor as well as all contributing referees

according to their status anonymous or identified.

26



835

840

845

850

855

860

https://doi.org/10.5194/egusphere-2026-5644
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

References

Allen, D. R., Fromm, M. D., Kablick Ill, G. P., and Nedoluha, G. E.: Smoke with Induced Rotation and Lofting (SWIRL) in
the Stratosphere, J. Atmos. Sci., 77, 4297-43186, https://doi.org/10.1175/JAS-D-20-0131.1, 2020.

Ansmann, A., Baars, H., Chudnovsky, A., Mattis, I., Veselovskii, I., Haarig, M., Seifert, P., Engelmann, R., and Wandinger,
U.: Extreme levels of Canadian wildfire smoke in the stratosphere over central Europe on 21-22 August 2017, Atmos. Chem.
Phys., 18, 11831-11845, https://doi.org/10.5194/acp-18-11831-2018, 2018.

Aquila, V., Oman, L. D., Stolarski, R. S., Douglass, A. R., and Newman, P. A.: The response of ozone and nitrogen dioxide
to the eruption of Mt. Pinatubo at southern and northern midlatitudes, J. Atmos. Sci., 70, 894-900, https://doi.org/10.1175/JAS-
D-12-0143.1, 2013.

Baars, H., Ansmann, A., Ohneiser, K., Haarig, M., Engelmann, R., Althausen, D., Hanssen, I., Gausa, M., Pietruczuk, A.,
Szkop, A., Wang, D., and Reichardt, J.: The unprecedented 2017-2018 stratospheric smoke event: decay phase and aerosol
properties observed with EARLINET, Atmos. Chem. Phys., 19, 15183-15198, https://doi.org/10.5194/acp-19-15183-2019,
2019.

Boichu, M., Grandin, R., Blarel, L., Torres, B., Derimian, Y., Goloub, P., Brogniez, C., Chiapello, I., Dubovik, O., Mathurin,
T., Pascal, N., Patou, M., and Riedi, J.: Growth and global persistence of stratospheric sulfate aerosols from the 2022 Hunga
Tonga—Hunga Ha'apai volcanic eruption, J. Geophys. Res.-Atmos., 128, €2023JD039010,
https://doi.org/10.1029/2023JD039010, 2023.

Butchart, N.: The Brewer—Dobson circulation, Rev. Geophys., 52, 157-184, https://doi.org/10.1002/2013RG000448, 2014.
Carn, S. A. and Prata, F. J.: Satellite-based constraints on explosive SO: release from Soufriére Hills Volcano, Montserrat,
Geophys. Res. Lett., 37, LOOE22, https://doi.org/10.1029/2010GL044971, 2010.

Cashman, K. V. and Sparks, R. S. J.: How volcanoes work: a 25-year perspective, Geol. Soc. Am. Bull., 125, 664-690,
https://doi.org/10.1130/B30720.1, 2013.

Corradini, S., Merucci, L., Prata, A. J., and Piscini, A.: Volcanic ash and SO: in the 2008 Kasatochi eruption: retrievals
comparison  from  different IR  satellite  sensors, J.  Geophys. Res.-Atmos., 115, D00L21,
https://doi.org/10.1029/2009JD013634, 2010.

Donovan, D. P., van Zadelhoff, G.-J., and Wang, P.: The EarthCARE lidar cloud and aerosol profile processor (A-PRO): the
A-AER, A-EBD, A-TC, and A-ICE products, Atmos. Meas. Tech., 17, 5301-5340, https://doi.org/10.5194/amt-17-5301-2024,
2024,

Fernald, F. G.: Analysis of atmospheric lidar observations: some comments, Appl. Opt, 23, 652-653,
https://doi.org/10.1364/A0.23.000652, 1984.

Freudenthaler, V., Esselborn, M., Wiegner, M., et al.: Depolarization ratio profiling at several wavelengths in pure Saharan
dust during SAMUM 2006, Tellus B, 61, 165-179, https://doi.org/10.1111/j.1600-0889.2008.00396.x, 2009.

27



865

870

875

880

885

890

895

https://doi.org/10.5194/egusphere-2026-5644
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Godin-Beekmann, S., Porteneuve, J., and Garnier, A.: Systematic DIAL lidar monitoring of the stratospheric ozone vertical
distribution at Observatoire de Haute-Provence, J. Environ. Monit., 5, 5767, https://doi.org/10.1039/B205880D, 2003.
Haarig, M., Ansmann, A., Baars, H., Jimenez, C., Veselovskii, I., Engelmann, R., and Althausen, D.: Depolarization and lidar
ratios at 355, 532, and 1064 nm and their spectral dependence during the 2017 Canadian wildfire smoke event, Atmos. Chem.
Phys., 18, 11847-11861, https://doi.org/10.5194/acp-18-11847-2018, 2018.

Hu, Q., Goloub, P., Veselovskii, I., Bravo-Aranda, J.-A., Popovici, I. E., Podvin, T., Haeffelin, M., Lopatin, A., Dubovik, O.,
Pietras, C., Huang, X., Torres, B., and Chen, C.: Long-range-transported Canadian smoke plumes in the lower stratosphere
over northern France, Atmos. Chem. Phys., 19, 1173-1193, https://doi.org/10.5194/acp-19-1173-2019, 2019.

Hunt, W. H., Winker, D. M., Vaughan, M. A., Powell, K. A., Lucker, P. L., and Weimer, C.: CALIPSO lidar description and
performance assessment, J. Atmos. Ocean. Tech., 26, 1214-1228, https://doi.org/10.1175/2009JTECHA1223.1, 2009.
Illingworth, A. J., Barker, H. W., Beljaars, A., et al.: The EarthCARE satellite: the next step forward in global measurements
of clouds, aerosols, precipitation, and radiation, Bull. Am. Meteorol. Soc., 96, 1311-1332, https://doi.org/10.1175/BAMS-D-
12-00227.1, 2015.

Jégou, F., Berthet, G., Brogniez, C., et al.: Stratospheric aerosols from the Sarychev volcano eruption in the 2009 Arctic
summer, Atmos. Chem. Phys., 13, 6533-6552, https://doi.org/10.5194/acp-13-6533-2013, 2013.

Kablick I1l, G. P., Allen, D. R., Fromm, M. D., and Nedoluha, G. E.: Australian PyroCb smoke generates synoptic-scale
stratospheric anticyclones, Geophys. Res. Lett., 47, €2020GL088101, https://doi.org/10.1029/2020GL088101, 2020.

Kar, J., Vaughan, M. A., Lee, K.-P., et al.: CALIPSO lidar calibration at 532 nm: version 4 nighttime algorithm, Atmos. Meas.
Tech., 11, 1459-1479, https://doi.org/10.5194/amt-11-1459-2018, 2018.

Karagulian, F., Clarisse, L., Clerbaux, C., Prata, A. J., Hurtmans, D., and Coheur, P. F.: Detection of volcanic SO, ash, and
H>SO+ using the Infrared Atmospheric Sounding Interferometer (IASI), J. Geophys. Res.-Atmos., 115, DOOLO2,
https://doi.org/10.1029/2009JD012786, 2010.

Khaykin, S. M., Godin-Beekmann, S., Keckhut, P., Hauchecorne, A., Jumelet, J., Vernier, J.-P., Bourassa, A., Degenstein, D.
A., Rieger, L. A,, Bingen, C., Vanhellemont, F., Robert, C., DeLand, M., and Bhartia, P. K.: Variability and evolution of the
midlatitude stratospheric aerosol budget from 22 years of ground-based lidar and satellite observations, Atmos. Chem. Phys.,
17, 1829-1845, https://doi.org/10.5194/acp-17-1829-2017, 2017.

Khaykin, S., Legras, B., Bucci, S., Sellitto, P., Isaksen, L., Tencé, F., Bekki, S., Bourassa, A., Rieger, L., Zawada, D., Jumelet,
J., and Godin-Beekmann, S.: The 2019/20 Australian wildfires generated a persistent smoke-charged vortex rising up to 35
km altitude, Commun. Earth Environ., 1, 22, https://doi.org/10.1038/s43247-020-00022-5, 2020.

Khaykin, S., Sicard, M., Leblanc, T., Sakai, T., Balugin, N., Berthet, G., Chevrier, S., Chouza, F., Feofilov, A., Gantois, D.,
Godin-Beekmann, S., Haddouche, A., Jin, Y., Morino, I., Kadygrov, N., Lecas, T., Liley, B., Querel, R., Taha, G., and
Yushkov, V.: Global transport of stratospheric aerosol produced by Ruang eruption from EarthCARE ATLID, limb-viewing
satellites and ground-based lidar observations, Atmos. Chem. Phys., 26, 607-622, https://doi.org/10.5194/acp-26-607-2026,
2026.

28



900

905

910

915

920

925

https://doi.org/10.5194/egusphere-2026-5644
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Kloss, C., Berthet, G., Sellitto, P., et al.: Transport of the 2017 Canadian wildfire plume to the tropics via the Asian monsoon
circulation, Atmos. Chem. Phys., 19, 13547-13567, https://doi.org/10.5194/acp-19-13547-2019, 2019.

Kovilakam, M., Thomason, L. W., Ernest, N., Rieger, L., Bourassa, A., and Millan, L.: The Global Space-based Stratospheric
Aerosol Climatology (version 2.0): 1979-2018, Earth Syst. Sci. Data, 12, 2607-2634, https://doi.org/10.5194/essd-12-2607-
2020, 2020.

Kremser, S., Thomason, L. W., von Hobe, M., et al.: Stratospheric aerosol—Observations, processes, and impact on climate,
Rev. Geophys., 54, 278-335, https://doi.org/10.1002/2015RG000511, 2016.

Loughman, R., Bhartia, P. K., Chen, Z., et al.: The Ozone Mapping and Profiler Suite (OMPS) Limb Profiler (LP) Version 1
aerosol extinction retrieval algorithm: theoretical basis, Atmos. Meas. Tech., 11, 26332651, https://doi.org/10.5194/amt-11-
2633-2018, 2018.

Martinsson, B. G., Friberg, J., and Sporre, M. K.: A global view of the stratospheric background, volcanic and wildfire aerosol
in the CALIOP era (2006-2023), Atmos. Chem. Phys., 26, 8999-9016, https://doi.org/10.5194/acp-26-8999-2026, 2026.
McCormick, M. P., Thomason, L. W., and Trepte, C. R.: Atmospheric effects of the Mt Pinatubo eruption, Nature, 373, 399—
404, https://doi.org/10.1038/373399a0, 1995.

Noel, V., Chepfer, H., Hoareau, C., Reverdy, M., and Cesana, G.: Effects of solar activity on noise in CALIOP profiles above
the South Atlantic Anomaly, Atmos. Meas. Tech., 7, 1597-1603, https://doi.org/10.5194/amt-7-1597-2014, 2014.

Ohneiser, K., Ansmann, A., Witthuhn, J., Deneke, H., Chudnovsky, A., Walter, G., and Senf, F.: Self-lofting of wildfire smoke
in the troposphere and stratosphere: simulations and space lidar observations, Atmos. Chem. Phys., 23, 2901-2925,
https://doi.org/10.5194/acp-23-2901-2023, 2023.

Omar, A. H., Winker, D. M., Vaughan, M. A., et al.: The CALIPSO automated aerosol classification and lidar ratio selection
algorithm, J. Atmos. Ocean. Tech., 26, 19942014, https://doi.org/10.1175/2009JTECHA1231.1, 2009.

Peterson, D. A., Campbell, J. R., Hyer, E. J., et al.: Wildfire-driven thunderstorms cause a volcano-like stratospheric injection
of smoke, npj Clim. Atmos. Sci., 1, 30, https://doi.org/10.1038/s41612-018-0039-3, 2018.

Pitts, M. C., Poole, L. R., and Gonzalez, R.: Polar stratospheric cloud climatology based on CALIPSO spaceborne lidar
measurements from 2006 to 2017, Atmos. Chem. Phys., 18, 1088110913, https://doi.org/10.5194/acp-18-10881-2018, 2018.
Powell, K. A., Hostetler, C. A., Vaughan, M. A., et al.: CALIPSO lidar calibration algorithms. Part I: Nighttime 532-nm
parallel  channel and 532-nm  perpendicular channel, J. Atmos. Ocean. Tech.,, 26, 2015-2033,
https://doi.org/10.1175/2009JTECHA1242.1, 2009.

Prata, F., Young, S., Siems, S., and Manton, M.: Lidar ratios of stratospheric volcanic ash and sulfate aerosols retrieved from
CALIOP measurements, Atmos. Chem. Phys., 17, 8599-8618, https://doi.org/10.5194/acp-17-8599-2017, 2017.

Ridley, D. A., Solomon, S., Barnes, J. E., et al.: Total volcanic stratospheric aerosol optical depths and implications for global
climate change, Geophys. Res. Lett., 41, 7763-7769, https://doi.org/10.1002/2014GL061541, 2014.

Robock, A.: Volcanic eruptions and climate, Rev. Geophys., 38, 191-219, https://doi.org/10.1029/1998RG000054, 2000.

29



930

935

940

945

950

955

960

https://doi.org/10.5194/egusphere-2026-5644
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Sakai, T., Uchino, O., Nagai, T., Liley, B., Querel, R., Morino, 1., Jin, Y., Fujimoto, T., Oikawa, E., and Oshima, N.:
Stratospheric aerosol backscatter and depolarization ratio observed with ground-based lidar at Tsukuba, Japan, and Lauder,
New Zealand, J. Geophys. Res.-Atmos., 130, €2024JD041329, https://doi.org/10.1029/2024JD041329, 2025.

Sasano, Y. and Browell, E. V.: Light scattering characteristics of various aerosol types derived from multiple wavelength lidar
observations, Appl. Opt., 28, 1670-1679, https://doi.org/10.1364/A0.28.001670, 1989.

Sellitto, P., Podglajen, A., Belhadji, R., et al.: The unexpected radiative impact of the Hunga Tonga eruption of 15 January
2022, Commun. Earth Environ., 3, 288, https://doi.org/10.1038/s43247-022-00618-z, 2022.

Siddaway, J. M. and Petelina, S. V.: Transport and evolution of the 2009 Australian Black Saturday bushfire smoke in the
lower  stratosphere  observed by OSIRIS on Odin, J. Geophys. Res.-Atmos., 116, D06203,
https://doi.org/10.1029/2010JD015162, 2011.

SPARC: Assessment of Stratospheric Aerosol Properties (ASAP), SPARC Report No. 4, WCRP-124, WMO/TD-No. 1295,
https://aparc-climate.org/publications/sparc-report-no-4/, 2006.

Surono, Jousset, P., Pallister, J., Boichu, M., Buongiorno, M. F., Budisantoso, A., Costa, F., Andreastuti, S., Prata, F.,
Schneider, D. J., et al.: The 2010 explosive eruption of Java's Merapi volcano — a “100-year” event, J. Volcanol. Geoth. Res.,
241-242, 121-135, https://doi.org/10.1016/j.jvolgeores.2012.06.018, 2012.

Thomason, L. W., Ernest, N., Millan, L., Rieger, L., Bourassa, A., Vernier, J.-P., Manney, G., Luo, B., Arfeuille, F., and Peter,
T.. A global space-based stratospheric aerosol climatology: 1979-2016, Earth Syst. Sci. Data, 10, 469-492,
https://doi.org/10.5194/essd-10-469-2018, 2018.

Vernier, J.-P., Thomason, L. W., and Kar, J.: CALIPSO detection of an Asian tropopause aerosol layer, Geophys. Res. Lett.,
38, L07804, https://doi.org/10.1029/2010GL 046614, 2011.

Vernier, J.-P., Fairlie, T. D., Deshler, T., et al.: In situ and space-based observations of the Kelud volcanic plume: the
persistence of ash in the lower stratosphere, J. Geophys. Res.-Atmos., 121, 11104-11118,
https://doi.org/10.1002/2016JD025344, 2016.

Wehr, T., Kubota, T., Tzeremes, G., et al.: The EarthCARE mission — science and system overview, Atmos. Meas. Tech., 16,
3581-3608, https://doi.org/10.5194/amt-16-3581-2023, 2023.

Winker, D. M., Hunt, W. H., and McGill, M. J.: Initial performance assessment of CALIOP, Geophys. Res. Lett., 34,
2007GL030135, https://doi.org/10.1029/2007GL030135, 2007.

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A., Liu, Z., Hunt, W. H., and Young, S. A.: Overview of the
CALIPSO mission and CALIOP data processing algorithms, J. Atmos. Ocean. Tech., 26, 2310-2323,
https://doi.org/10.1175/2009JTECHA1281.1, 2009.

Young, Stuart A., Vaughan, Mark A., Garnier, Anne, Tackett, Jason L., Lambeth, James D., and Powell, Kathleen A.:
Extinction and optical depth retrievals for CALIPSO's Version 4 data release, Atmos. Meas. Tech., 11, 5701-5727,
https://doi.org/10.5194/amt-11-5701-2018, 2018.

30



https://doi.org/10.5194/egusphere-2026-5644
Preprint. Discussion started: 19 October 2026 EG U
© Author(s) 2026. CC BY 4.0 License. Sp here

Yu, P., Toon, O. B., Bardeen, C. G., Zhu, Y., Rosenlof, K. H., Portmann, R. W., Thornberry, T. D., Gao, R.-S., Davis, S. M.,
Wolf, E. T., de Gouw, J., Peterson, D. A., Fromm, M. D., and Robock, A.: Black carbon lofts wildfire smoke high into the
965 stratosphere to form a persistent plume, Science, 365, 587-590, https://doi.org/10.1126/science.aax1748, 2019.

31



