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Abstract. Stratospheric aerosols exert strong radiative and dynamical impacts due to their long residence times and efficient 

transport. Using CALIPSO Level 2 version 4.51 profiles, we develop a 16-year (2007–2022) climatology of stratospheric 

aerosol occurrence, vertical structure, subtype composition, and optical depth over Europe, analyzing nighttime overpasses 10 

across 12 subregions. The record captures the dominant influence of major volcanic eruptions (Okmok and Kasatochi 2008, 

Sarychev Peak 2009, Grímsvötn and Nabro 2011, Raikoke 2019) and pyrocumulonimbus-driven wildfire events (e.g., 

Western Canada 2007, Pacific Northwest Event (PNW) 2017, Siberia 2019–2022). These episodic injections drive strong 

interannual variability, with annual mean nighttime stratospheric aerosol optical depth (sAOD) ranging from 0.032 in 2007 

to a peak of 0.067 in 2017. Vertical distributions broaden over time, with frequent detections reaching heights of 17–19 km 15 

and extreme cases up to ~29.8 km, especially following Raikoke’s eruption and major Siberian fire seasons. Subtype 

analysis reveals sulfate dominance in northern regions and smoke-driven anomalies during major wildfire years, while 

southern regions show larger unclassified fractions. While no monotonic trend is found, analysis reveals a change-point after 

2016, marking a transition to a higher-loading regime. These results highlight the strongly event-driven nature of European 

stratospheric aerosol variability and CALIPSO’s key role in long term monitoring of volcanic and wildfire impacts on the 20 

lower stratosphere. 

1 Introduction 

Stratospheric aerosols play a critical role in Earth's radiation budget and atmospheric dynamics, with their prolonged 

residence time significantly influencing climate and weather patterns (e.g., Domeisen and Butler, 2020; Khaykin et al., 2020; 

Yu et al., 2021). These aerosols originate from a variety of sources, including volcanic eruptions and biomass-burning 25 

events, and they different chemical and radiative impacts (Tackett et al., 2023). 

The injection of volcanic sulfur dioxide (SO2) leads to the formation of sulfate aerosols that reside for 1-3 years in the 

stratosphere. These particles primarily scatter incoming solar radiation, resulting in a net negative radiative forcing at the 

top-of-the-atmosphere (TOA) and a consequent cooling at the surface (Aubry et al., 2021; Schallock et al., 2023). In 

contrast, volcanic ash particles are relatively large and sediment after some hours or days, generally resulting in only minor 30 
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climatic significance compared to the sulfate aerosols (Boucher, 2015; Schallock et al., 2023). The radiative impact of 

wildfire smoke differs significantly from these volcanic events due to the presence of light-absorbing carbonaceous particles. 

Injections from pyrocumulonimbus (pyroCb) events introduce smoke particles directly into the midlatitude stratosphere, 

where they can have a global impact on the radiation budget and stratospheric dynamics (Yu et al., 2021; Senf et al., 2023). 

Radiative heating of these absorbing smoke particles causes “self-lofting” and, in the case of extreme events such as the 35 

2019-2020 Australian fires, the formation of synoptic-scale anticyclonic vortices that lift smoke-containing airmasses into 

the middle stratosphere (Kablick et al., 2020; Allen et al., 2020; Ma et al., 2024). 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)—a joint mission by NASA and CNES—has 

provided an unparalleled record of aerosol and cloud profiles from space. Its primary instrument, the Cloud-Aerosol Lidar 

with Orthogonal Polarization (CALIOP), operated at two wavelengths (532 nm and 1064 nm), offering vertically resolved 40 

measurements of aerosols and clouds from April 28, 2006, until its operational end on August 1, 2023 (Winker et al., 2009; 

Omar et al., 2009). Over its 17-year mission, CALIPSO has played a pivotal role in climatological studies by delivering a 

unique, continuous record of aerosol and cloud profiles from space. These data have been essential for evaluating and 

improving climate models, particularly in regions where ground-based observations are sparse (Winker et al., 2012; 

Papanikolaou et al., 2022). CALIPSO’s observations have helped quantify aerosol radiative forcing, assess cloud phase and 45 

thickness, and monitor long-range transport of dust, smoke, and pollution—all of which are vital for understanding Earth’s 

energy balance and climate feedback mechanisms (Proestakis et al., 2024). Additionally, its Level 3 climatological products 

have been validated against ground-based networks such as the EARLINET (European Aerosol Research Lidar Network; 

Pappalardo et al., 2014) enhancing confidence in satellite-derived datasets used in climate research (Papagiannopoulos et al., 

2016; Thomason et al., 2018). Beyond its contributions to climatology, CALIPSO has proven especially valuable in 50 

advancing stratospheric studies thanks to its detection and classification of aerosol layers above the tropopause—including 

volcanic ash, sulfate aerosols, polar stratospheric aerosols (PSAs) and smoke from pyroCb (Kim et al., 2018; Ohneiser et al., 

2021; Tackett et al., 2023). In 2023, the release of CALIPSO’s Version 4.51 stratospheric aerosol subtyping algorithm 

marked a major advancement in data quality and interpretability (Tackett et al., 2023). This update introduced refined 

classification criteria, including a dedicated sulfate aerosol subtype and a new “unclassified” category for diffuse layers, 55 

enhancing the accuracy of aerosol identification. The algorithm also improved discrimination between volcanic ash and 

smoke, particularly in complex scenarios such as daytime pyroCb events. These enhancements not only sharpen our 

understanding of stratospheric aerosol behaviour but also reinforce CALIPSO’s legacy as a vital tool for atmospheric and 

climate science. 

 In recent years, extreme wildfire patterns have become more prevalent across the North Hemisphere (NH), leading to 60 

notable changes in the composition and dynamics of stratospheric aerosols (Halofsky et al., 2020). Massive smoke injections 

from pyroCb clouds can now rival moderate volcanic eruptions in terms of optical depth and longevity, significantly 

impacting the stratospheric aerosol load and its subsequent climatic feedback (Hirsch and Koren, 2021). The European 

stratosphere serves as a critical receptor for the long-range transport of these plumes, particularly those originating from 
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intense wildfire activity in North America and Siberia. Additionally, it provides a framework for stratospheric studies using 65 

European research infrastructures and dedicated to stratosphere profiling research sites (e.g., Mattis et al., 2010; Pappalardo 

et al., 2014). EARLINET, part of the Aerosols, Clouds and Trace gases Reaserch Infrastructure (ACTRIS), ground-based 

observations have documented these events; for instance, the unprecedented 2017 Canadian wildfire smoke was extensively 

monitored, as it crossed the European continent, providing a unique opportunity to study the event (Ansmann et al., 2018; 

Haarig et al., 2018; Hu et al., 2019). Additionally, long-term monitoring at European sites, such as Garmisch-Partenkirchen, 70 

has further documented both volcanic and biomass-burning intrusions over several decades (Trickl and Giehl, 2013; Trickl et 

al., 2024).  

In this study, we utilize the multiyear aerosol data record from the CALIPSO satellite to gain comprehensive insights into 

stratospheric aerosols over Europe. Specifically, we aim to document the occurrence and variability of different stratospheric 

aerosol types over a 16-year period (2007 to 2022). By systematically analyzing the temporal and spatial distribution of 75 

stratospheric aerosols over Europe, this study provides new insights into the long-term variability and sources of 

stratospheric aerosols. The findings of this study will contribute to a deeper understanding of the interactions between 

wildfire emissions, volcanic activity, and atmospheric processes, ultimately improving our ability to assess the climatic 

impact of stratospheric aerosols.  

The paper is organized as follows. Section 2 describes the data and methodologies employed in this study. Section 3 presents 80 

the main results and discusses their broader implications and associated uncertainties. Finally, Section 4 provides a summary 

of the key conclusions. 

2 Methodology 

To evaluate the long-term evolution of stratospheric aerosols over Europe, we developed a data processing workflow based 

on the CALIPSO Version 4.51 products. The methodology is implemented in three stages: first, we define the study region 85 

and keep the more accurate, due to high signal-to-noise ratio nighttime data; next, we apply standard quality-assurance 

criteria to the Level 2 parameters to ensure retrieval integrity and a statistical artifact removal method; and finally, we 

perform a data analysis involving yearly, seasonal and regional averaging.  

2.1. CALIPSO Products & Study Region 

In this study we use the CALIPSO Level 2 (L2) version 4.51 Aerosol Profile (APro), which incorporates significant 90 

advancements with respect to its predecessor as detailed in Tackett et al. (2023). The L2 APro is provided at a horizontal 

resolution of 5 km, along with the Vertical Feature Mask (VFM;Kim et al., 2018; Winker et al., 2009). The primary aerosol 

optical properties used in this study include the aerosol backscatter coefficient (baer) and aerosol extinction coefficient (aaer) 

at 532 nm, and the stratospheric aerosol optical depth (sAOD), derived by integrating each aaer profile over the stratospheric 

aerosol load. As an elastic lidar, CALIOP retrieves aerosol extinction using predefined lidar ratio values assigned to each 95 

aerosol subtype, derived from empirical measurements, modeling, and a multi-year Aerosol Robotic Network (AERONET) 
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dataset (Young et al., 2018). The uncertainty in lidar ratio values is estimated at approximately 30%, potentially leading to 

over- and underestimations of aerosol extinction, particularly in low-aerosol-concentration regions (Ansmann et al., 2021a). 

The study region was defined between 35°N and 65°N and from 10°W to 30°E, covering a broad area over the European 

continent. This domain was further subdivided into 12 study zones of 10°×10° (Figure 1). Within each zone, CALIPSO-100 

derived aerosol data were spatially averaged, and analyzed for each satellite overpass to assess temporal and regional 

variability in stratospheric aerosol loading. To ease readability, each subregion was named after the following convention, 

based on latitude and longitude ranges: N for Northern Europe (55° – 65°N), C for Central Europe (45° – 55°N), and S for 

Southern Europe (35° – 45°N). The longitudinal regions are denoted numerically: 1 for 10°W – 0°, 2 for 0° – 10°E, 3 for 10° 

– 20°E, and 4 for 20° – 30°E. 105 

Figure 1: Region and subregions used in this study. For the latitudinal divisions (letters), N stands for north, C for central, and S 

for south. For the longitudinal divisions, 1 refers to 10°W – 0°, 2 to 0° – 10°E, 3 to 10° – 20°E, and 4 to 20° – 30°E. This 12-

subregion grid and labeling convention are maintained in all relative subsequent figures. 
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2.2 Quality-assurance criteria and classification 

The APro dataset was processed by applying quality-assurance criteria beyond the standard CALIPSO products 110 

(https://www-calipso.larc.nasa.gov/resources/calipso_users_guide/data_desc/cal_lid_l2_profile_v4-51_desc.php; last access: 

15 March 2026). Due to the lower signal-to-noise ratio (SNR) at high altitudes, the Cloud-Aerosol Discrimination (CAD) 

algorithm may have reduced performance, resulting in lower absolute CAD scores. CAD scores range within −100 and 100. 

A positive score indicates a cloud, while a negative score indicates an aerosol. The absolute value of the score represents the 

algorithm’s confidence level (100 being the highest). In our analysis, we retained only layers with CAD scores between −100 115 

and −20. By setting the lower bound at −20, we exclude features with low-confidence classifications (scores between 0 and 

−20) from clouds or polar stratospheric clouds (PSCs) (Kar et al., 2019). Τhe extinction QC flag summarizes the final state 

of the retrieval; specifically, we accepted only high-confidence samples (values 0, 1, 16, and 18) representing successful 

constrained or unconstrained solutions where the initial lidar ratio was either unchanged or correctly adjusted. Furthermore, 

we rejected all layers with an extinction uncertainty equal to 99.99 km⁻¹, as this value identifies algorithmic divergence 120 

(Tackett et al., 2018).  

The VFM data product (https://www-calipso.larc.nasa.gov/resources/calipso_users_guide/data_desc/cal_lid_l2_vfm_v4-

51_desc.php; last access: 15 March 2026) describes the vertical and horizontal distribution of cloud and aerosol layers 

observed by CALIOP. For each layer detected in the profile, a set of feature classification flags is derived. These flags report 

on: (a) feature type (e.g., cloud vs. tropospheric aerosol vs. stratospheric aerosol); (b) feature subtype; (c) layer ice-water 125 

phase (clouds only); and (d) the amount of horizontal averaging required for layer detection. Only stratospheric aerosol 

profiles and their corresponding subtypes: smoke (type 6), polar stratospheric aerosols (type 8), volcanic ash (type 9), sulfate 

aerosols (type 10), and unclassified aerosols (type 11) were considered. Despite advancements in the stratospheric aerosol 

subtyping algorithm and lidar ratio assignments in the Version 4.5 Level 2 dataset, some uncertainties remain. In particular, 

smoke transported from the troposphere into the Upper Troposphere and Lower Stratosphere (UTLS) via self-lofting, rather 130 

than direct pyroCb activity, may still be misclassified as sulfate due to the similarly low depolarization values of both aerosol 

types (Tackett et al., 2023). 

To ensure a reliable analysis, we restricted our dataset to nighttime observations only (Kar et al., 2019; Tackett et al., 2018). 

This approach takes advantage of the optimized SNR found in the absence of solar interference. This is important for the 

accurate detection of thin and faint stratospheric aerosol layers, which are often lost or hidden by background noise during 135 

daytime orbits (Winker et al., 2012). Lower SNR also contributes to higher uncertainty in the daytime level 2 extinction 

retrievals (Young et al., 2018; Tackett et al., 2018). Because solar background signals degrade the daytime SNR and make 

accurate layer (and surface) detection more difficult, nighttime retrievals are considered to be of higher quality than daytime 

retrievals, to be more accurate although it is possible that the lidar ratio is still too high in both cases. 
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2.3 Outliers removal 140 

During data processing, certain artifacts that persisted despite the applied filtering procedures were identified, occasionally 

influencing the results. An example of such an artifact is illustrated in Fig. 2. 

Figure 2: Example of CALIPSO a hot pixel observed in the stratosphere on 18 March 2020 at 02:44:17 close to 30 km altitude in 

(from left to right) the 532 nm total attenuated backscatter, the 532 nm aerosol backscatter coefficient, the vertical feature mask, 

and the aerosol subtype classification. The artifact is highlighted with a red rectangle. 145 

In this specific scene, it was observed that a highly attenuating red (hot) pixel was misclassified as sulfate. Such cases, 

characterized by anomalously high backscatter coefficients, lead to spikes that are significantly elevated compared to typical 

stratospheric aerosol backscatter values and, also, do not physically resemble aerosol features. Therefore, a procedure that 

accounts for the identification of these artifacts and their removal was devised. 

To address this issue and eliminate these non-physical backscatter “spikes” in such a big dataset, we performed a 150 

distribution-based filtering of the 532 nm baer. This process was applied across the entire vertical extent of each nighttime 

stratospheric profile. The filtering threshold was determined by calculating the Probability Density Function (PDF) for the 

complete nighttime dataset (Fig. 3). The grey shaded areas indicate the percentage of data points falling within 1σ, 2σ, and 

3σ. The red dotted line illustrates the mean (μ), and the black dashed line the μ+3σ. 
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Figure 3: Probability density of backscatter coefficient values at 532 nm, observed throughout the years 2007-2022 in all sub-155 
regions. 

The clipping threshold was established at 0.005 km⁻¹sr⁻¹, corresponding to the μ+3σ of the distribution. Based on this 

criterion, 1,063 data points (0.8% of the total dataset) were identified as artifacts and discarded. The impact of this 

refinement is evident in the shift of the dataset’s central tendency: the initial mean of 0.0004 km⁻¹sr⁻¹ was reduced to a 

clipped mean of 0.0003 km⁻¹sr⁻¹, providing a more robust baseline for the subsequent sAOD calculations. 160 

2.4 Spatio-Temporal analysis 

Following the quality control provided in Sect 2.2-2.3, the high-resolution data were averaged both temporally and spatially 

to generate a comprehensive European stratospheric climatology. This process involved the synthesis of the stratospheric 

aerosol optical depth (sAOD) and the identified aerosol subtypes across multiple scales of analysis. Initially, the data were 

spatially averaged within each of the 12 predefined 10°×10° study zones to assess localized variations and regional transport 165 

pathways. To ensure that seasonal analyses align strictly within a single calendar year and to avoid the overlap inherent in 

the conventional DJF (December-January-February) winter definition, we defined winter by treating January and February 

separately from December of the same year. This adjustment allows for a clearer representation of interannual variations, 

while the definitions for the remaining seasons—spring, summer, and autumn—follow the standard calendar months. To 

characterize the overall stratospheric state, we computed both yearly averages and seasonal contributions for each sub-170 

region, alongside a pan-European assessment representing the whole study area. This integrated approach allows for the 

quantification of the total aerosol load while simultaneously evaluating the relative dominance of specific species, such as 
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smoke, sulfate, or volcanic ash, within the different regions and years. By synthesizing these regional and temporal averages, 

we provide a robust framework to characterize the long-term evolution and the shifting compositional state of the European 

stratospheric aerosol layer throughout the 16-year study period. 175 

3 Results and Discussion 

3.1 Events occurred during the 16-year study period 

Both explosive volcanic eruptions and large-scale wildfire events are major contributors of aerosol loading in the 

stratosphere. During the 16-year period from 2007 to 2022, several significant natural events with the potential to influence 

the composition and amount of the stratospheric aerosol load over Europe were observed. 180 

Table 1 lists significant explosive volcanic eruptions that occurred in the NH between 2007 and 2022, potentially influencing 

the stratospheric aerosol load over Europe during the study period. The size of these explosive events is characterized using 

the Volcanic Explosivity Index (VEI), a widely adopted semi-quantitative scale developed by Newhall and Self (1982). VEI 

provides an estimate of eruption magnitude based primarily on the volume of ejected tephra and secondarily on the eruption 

column height, along with qualitative descriptors. The scale ranges from 0 to 8, where, for values greater than 2, every step 185 

corresponds to a tenfold increase in the bulk volume of eruptive material. Eruptions with VEI 4 or greater are generally 

considered capable of injecting significant amounts of volcanic gases (like SO₂) and ash directly into the stratosphere, 

leading to the formation of widespread aerosol layers with potential climatic and atmospheric chemistry impacts. 

Information and classifications for these eruptions are maintained by the Smithsonian Institution's Global Volcanism 

Program (GVP; https://volcano.si.edu, last access: 5 May 2025). 190 

 

Table 1. List of the most significant Northern Hemisphere volcanic eruptions between 2007 and 2022 in terms of the parameter 

VEI (Volcanic Explositivity Index). Includes eruption date, volcano name, location, and VEI (VEI ≥ 3).  

Eruption Date Volcano Name Location VEI References 

12 Jul 2008 Okmok Aleutian Islands, Alaska (53.4° N, 

168.1° W) 

4 (Schmale et al., 2010) 

7 Aug 2008 Kasatochi Aleutian Islands, Alaska (52.2° 

N,175.5° W) 

4 (Di Pierro et al., 2013; Zerefos et al., 2017; 

Kristiansen et al., 2010; Hoffmann et al., 

2010; Schmale et al., 2010) 

15 Mar – 4 Apr 2009 Redoubt Alaska (60.485°N, 152.742°W) 3 (Trickl and Giehl, 2013; Bull and 

Buurman, 2013) 

11–16 Jun 2009 Sarychev Peak Kuril Islands, Russia (48.1° N, 

153.2° E) 

4 (Di Pierro et al., 2013) 
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The eruptions summarized in Table 1 encompass events predominantly rated with VEI 3 or 4. These include high-latitude 195 

eruptions from the Aleutians and Alaska, like Okmok (Schmale et al., 2010) and Kasatochi in 2008 (Zerefos et al., 2017), the 

Redoubt eruption in 2009 (Bull and Buurman, 2013), and the Sarychev Peak eruption in 2009, in  Kuril Islands in Russia (Di 

Pierro et al., 2013) and the Grímsvötn in 2011 (Prata et al., 2017), and Raikoke in 2019 (Voudouri et al., 2023), as well as 

tropical or subtropical eruptions like Nabro in 2011 (Aubry et al., 2021) and La Soufrière in 2021 (Bruckert et al., 2023). 

These specific explosive events highlight the perturbation of the stratosphere during the analysis timeframe.  200 

It is worth noting that while tropical eruptions in the Southern Hemisphere (SH), such as Mt. Kelud in 2014 and Hunga 

Tonga eruption in 2022 likely contributed to the global stratospheric aerosol background, they are not featured in Table 1. 

This study prioritizes events where the transport pathways and aerosol optical signatures were most clearly distinguishable at 

European latitudes. By focusing on these specific sources, we maintain a high degree of confidence in the attribution of 

observed stratospheric perturbations to their respective volcanic origins. 205 

Unlike volcanic eruptions, there is no equivalent standardized index to quantify the stratospheric injection potential of 

wildfires. Instead, the assessment of a wildfire’s impact on the stratosphere relies on post-event analysis of several factors. 

The most critical indicator is the pyroCb cloud formation reaching or exceeding the tropopause height, as these fire-driven 

thunderstorms provide a direct pathway for injecting large quantities of smoke aerosols and gases into the lower stratosphere 

(Torres et al., 2020; Yu et al., 2021; Fromm et al., 2019; Tencé et al., 2022; Christian et al., 2019; Peterson et al., 2018b; 210 

Kablick et al., 2020). Complementary evidence includes satellite measurements of plume altitude, enhancements in sAOD, 

estimated smoke mass injected, and the observed persistence and transport range of the resulting stratospheric smoke layers. 

Table 2 summarizes major wildfire events in the NH between 2007 and 2022, based on documented PyroCb activity or 

subsequent widespread stratospheric smoke observations, to have likely contributed significantly to the stratospheric aerosol 

load during the study period. This list focuses on large-scale events with recognized stratospheric consequences potentially 215 

observable over Europe and may not be exhaustive of all pyroCb occurrences globally. 

21 May 2011 Grímsvötn Iceland (64.4° N, 17.3° W) 4 (Ansmann et al., 2012; Tesche et al., 2012; 

Prata et al., 2017) 

13 Jun 2011 Nabro Eritrea (13.4° N, 41.7° E) 4 (Clarisse et al., 2014; Min et al., 2017; 

Aubry et al., 2021; Zerefos et al., 2017) 

21-22 Jun 2019 Raikoke Kuril Islands, Russia (48.3° N, 

153.3° E) 

4 (Ansmann et al., 2021a; Trickl et al., 2024; 

Voudouri et al., 2023; Ohneiser et al., 

2021; Khaykin et al., 2022; Kloss et al., 

2020; Vaughan et al., 2021; Grebennikov 

et al., 2020) 

9 Apr 2021 La Soufrière St. Vincent (13.3° N, 61.2° W) 4 (Taylor et al., 2023; Bruckert et al., 2023) 
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Table 2. Summary of major Northern Hemisphere wildfire periods (2007-2022) known for producing pyroCb clouds and 

potentially injecting significant smoke aerosols into the stratosphere. 

Event Name/Region Period Reference 

Western Canada Fires May & Jul-Aug 2007 unavailable 

Siberian Fires May-Jun 2012 unavailable 

Canadian Wildfires (PNW Event) Aug 2017 (Ansmann et al., 2018; Das et al., 2021; Torres et al., 

2020; Peterson et al., 2018a; Baars et al., 2019; 

Haarig et al., 2018; Hu et al., 2019) 

Siberian Wildfires Summer 2019 (Ansmann et al., 2021a, 2022) 

US West Coast Wildfires Aug-Sep 2020 (Ansmann et al., 2021b; Baars et al., 2021; Mamouri 

et al., 2023) 

Canadian Wildfires Summer 2021 (Sharma et al., 2024) 

Siberian Wildfires Summer 2021 (Popovicheva et al., 2025; Cheremisin et al., 2022) 

Siberian Wildfires May-Summer 2022 (Popovicheva et al., 2025) 

 220 

The wildfire events listed in Table 2 represent some of the most significant episodes that influenced the stratospheric aerosol 

budget through the years. PyroCb activity acts as the primary conduit for lofting biomass burning aerosols to altitudes where 

their atmospheric lifetime is significantly extended, allowing for long-range transport (Fromm, 2010). The 2017 Pacific 

Northwest Event (PNW) originating in British Columbia, Canada, was particularly impactful, injecting an estimated 0.1-0.3 

Tg of smoke via multiple intense pyroCbs (Ansmann et al., 2018; Das et al., 2021; Torres et al., 2020; Peterson et al., 2018a; 225 

Baars et al., 2019; Haarig et al., 2018; Hu et al., 2019). This resulted in dense stratospheric smoke layers observed over 

Europe and widely across the NH, for several months afterwards. Large Siberian wildfires, notably during the summer of 

2019 (Ansmann et al., 2021a), were also identified as substantial sources contributing to stratospheric smoke observed over 

Europe (Ansmann et al., 2021a, 2022), co-existing with volcanic aerosols from the Raikoke eruption that year (Voudouri et 

al., 2023). Furthermore, intense US West Coast fires in 2020 (Ansmann et al., 2021b; Baars et al., 2021; Mamouri et al., 230 

2023)  and significant fire seasons with pyroCb activity in Canada and Siberia in 2021 and 2022 (Sharma et al., 2024; 

Popovicheva et al., 2025), contributed notable amounts of smoke to the UTLS. 

3.2 Stratospheric aerosol observations and vertical distribution 
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Figure 4 presents the total number of nighttime aerosol profiles – defined as the orbital average of aerosol profiles per 

subregion together with the number of profiles containing stratospheric aerosols. 235 

Figure 4: Graph bars showing the total number of nighttime aerosol profiles (green) and number of profiles containing 

stratospheric aerosols (orange). 

CALIOP stratospheric observations across Europe show distinct spatial and temporal variations. The most pronounced peaks 

occurred in 2009 and 2019, with nearly all subregions—particularly those in the north (N-1 through N-4)—registering their 

highest counts of valid nighttime stratospheric profiles in those years. For instance, N-3 and N-2 reached 103 and 86 240 

stratospheric profiles respectively in 2009, with similarly elevated numbers in 2019. Southern regions (S-1 to S-4) 

consistently showed lower overall number of stratospheric profiles, though they mirrored the same peak years, particularly 

S-1 and S-3 which saw moderate increases (44 and 57 respectively) in 2009. In contrast, 2016 and 2022 marked wide low 

points, with most regions—north, central, and south—reporting fewer than 10 stratospheric profiles in many instances. 

Central Europe (C-1 to C-4) generally had intermediate values, peaking modestly in 2009 and 2019. Longitudinally, eastern 245 

subregions (e.g., N-4, C-4, S-4) maintained slightly lower values compared to their western counterparts in several peak 

years. 

Figure 5 illustrates the vertical distribution of stratospheric aerosols across the 12 European subregions from 2007 to 2022. 
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Figure 5: Vertical distribution of stratospheric aerosols across the 12 subregions. The different background and line colors denote 250 
the different years. Varying width of the corresponding-colored area indicates the number of observations per year. 

While stratospheric aerosol layers are consistently observed across all regions, the data show a progressive increase in the 

vertical extent and altitude that aerosols reach, with the most elevated distributions occurring in 2022 and the latter years of 

the study. This trend is largely driven by the increasing frequency of pyroCb events and intense wildfire seasons, which 

injected smoke plumes deep into the stratosphere. In the Northern regions, N-1 layers shifted from a range of 10.10–13.86 255 

km in 2009 (following the Sarychev Peak eruption) to a significantly higher 12.07–14.53 km in 2022. N-2 moved from a low 

and narrow range of 10.82–11.74 km in 2013 to a wider 12.67–15.14 km in 2022. N-3 exhibited broad extents early on 

(14.82–16.99 km in 2007) and reached its highest average top of 17.82 km in 2022. N-4 displayed high vertical extents 

during the 2009 volcanic period (10.50–14.18 km) and remained elevated in 2021 (13.67–16.04 km) following the La 

Soufrière and Siberian fire events. 260 

The Central regions also varied significantly. C-1 was dynamic, moving from a narrow range of 10.92–11.54 km in 2015 to a 

wide 13.61–15.37 km in 2020. C-2 contrasted a narrow 10.82–11.92 km in 2014 with an upward expansion to 13.40–13.85 

km in 2022, having also peaked significantly in 2017 (14.66–17.16 km) due to the Canadian PNW wildfires. C-3 showed 

broad distributions in 2009 (11.75–14.88 km) and 2011 (13.14–15.65 km) and continued this trend with 12.55–13.49 km in 

2022. C-4 experienced a dramatic shift from very narrow ranges in 2012/2013 (around 11 km) to a much wider 13.92–15.41 265 

km by 2022, directly reflecting the impact of Siberian smoke transport into Eastern Europe. 
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Across Southern Europe, S-1 varied from 11.77–12.29 km in 2007 to a broader 13.71–16.06 km in 2019 following the 

Raikoke eruption. S-2 demonstrated extreme variations, moving from a narrow 11.07–12.23 km in 2016 to an anomalous 

peak of 26.74–28.36 km in 2018, before settling at 13.90–15.02 km in 2022. S-3 showed broad extents in 2007 (13.53–14.88 

km), narrowed significantly in 2014 (9.92–10.50 km), and returned to a higher 15.25–19.08 km in 2022. Finally, S-4 270 

displayed a general upward shift, expanding from 10.10 km in 2010 to 17.58 km in 2022. 

3.3 Stratospheric aerosol types and sAOD regional annual analysis 

Figure 6 illustrates the long-term (2007–2022) spatial distribution of the averaged stratospheric aerosol loading and 

composition across Europe. It presents the aerosol subtype percentages along with 16-year mean classified profile counts for 

the 12 European subregions (N1-S4) nighttime CALIPSO observations. 275 

 

Figure 6: Time series (2007–2022) of annual CALIPSO profile counts in the stratosphere (black lines), attributed to 

different stratospheric aerosol subtypes—Smoke, PSA, Volcanic Ash, Sulfate, and Unclassified—and their percentage 

contribution to the total number of classified profiles (stacked bars), shown separately for each of the 12 European 

subregions. 280 

nighttime observations yield high total counts (regional means up to ~1.2×10⁷). The significant difference between day and 

night counts (1.6×106 and 6.7×106, respectively) in general, reflects the increased nighttime sensitivity of CALIOP. This is 

critical for the robust retrieval of thin stratospheric aerosol profiles, which are frequently attenuated or obscured by solar 

noise during daytime orbits. A distinct latitudinal gradient in counts (N>C>S) is evident, reflecting both CALIPSO’s higher 
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sampling frequency poleward and likely the frequent impact on northern latitudes from the high-latitude NH sources. 285 

Depending on the strength of the Brewer–Dobson circulation, stratospheric materials such as aerosols can be rapidly 

transported from the tropics to high latitudes (Bègue et al., 2017). 

More specifically, N1-N4 demonstrate the impact of the abovementioned events as well as seasonal Arctic processes. The 

persistent PSA fraction (~1.5–2.5%) is directly linked to winter low temperatures. The high background and volcanically 

enhanced sulfate levels (~75–78%) reflect the cumulative SO₂ input from nearly all listed NH eruptions, both high-latitude 290 

and tropical (Nabro 2011, La Soufrière 2021), which most likely dispersed poleward due to the Brewer–Dobson circulation 

(Kloss et al., 2022; Fu et al., 2020). The notable smoke fraction (~4%–6%) integrates signals from Boreal forests fires 

seasons impacting the stratosphere. The moderate volcanic ash average (~1%) represents the blending of quiescent years 

with strong injections from eruptions like Kasatochi (2008) or Raikoke (2019). 

A notable latitudinal gradient emerges at night; while the N regions are dominated by sulfate (~75–78%), the S regions 295 

exhibit a significant increase in the unclassified fraction (~28–36%). This gradient likely reflects the transition from 

relatively fresh, concentrated plumes to more “aged” or “mixed” aerosols in the South. Such low-intensity layers potentially 

lack the distinct optical signatures required for specific classification, leading to a higher frequency of unclassified detections 

as the aerosols disperse and evolve during their transport. 

 300 

Figure 7: Time series (2007–2022) of the annual sAOD mean (continous black line) and median (dotted black line) during 

nighttime observations, for each of the 12 European subregions. Shaded areas correspond to the standard deviation (std). 
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Figure 7 displays the annual evolution of mean and median sAOD from 2007 to 2022 for each of the twelve European 

subregions. The plots show nighttime sAOD observations, with shaded areas representing the standard deviation (std). 

Across the study period, the time series revealed distinct annual fluctuations. 305 

Combining Fig. 7 and Table 1 and 2, we observe the influence of the events on sAOD. The impact of high-latitude volcanic 

activity is particularly evident in the northern regions. The 2008 Okmok (53.4° N, 168.1° W; VEI 4) and Kasatochi (52.2° N, 

175.5° W; VEI 4) eruptions, both originating from the Aleutian Islands, demonstrably left a clear signal, especially 

pronounced in the northernmost regions of our study (N-1, N-2, N-3). In Region N-1, the nighttime sAOD increased from 

0.030±0.025 in 2007 to a peak of 0.049±0.032 in 2009. Similarly, N-2 maintained elevated nocturnal values, such as 0.054± 310 

0.031 in 2009 and 0.052±0.033 in 2019. Despite high variability in certain years (e.g., N-1 in 2014), their persistence points 

to a sustained presence of stratospheric aerosols during nocturnal observations. This regional enhancement is directly   

attributable to the geographical proximity of these eruptions to the northern study areas, facilitating efficient transport and 

injection of aerosols. 

Further contributing to the elevated sAOD levels in the subsequent year was the 2009 Sarychev Peak eruption (48.1° N, 315 

153.2° E, VEI 4) in the Kuril Islands. This event’s influence was particularly noticeable in 2009, with sAOD in N-2 at 

0.054±0.031. The continued proximity of this eruption to the northern regions reinforces the observed localized impact. 

Beyond these initial events, other significant injections played a role. A particularly strong sAOD signal is observed possibly 

following the 2011 Grímsvötn (64.4° N, 17.3° W, VEI 4) and Nabro (13.4° N, 41.7° E, VEI 4) eruptions. While Grímsvötn's 

higher latitude location affected the NH (Tesche et al., 2012; Zuev et al., 2017), Nabro's tropical injection allowed for wider 320 

global dispersion due to the Brewer-Dobson circulation (Sawamura et al., 2012). Elevated sAOD values were observed in 

2014, particularly in the Central and Southern regions (e.g., C-1 sAOD: 0.045±0.077, S-2 sAOD: 0.113±0.055), even 

without a specific volcanic event present. The widespread Siberian and Canadian wildfires throughout the study period, 

particularly those listed in Table 2, would also have contributed to regional and potentially wider stratospheric aerosol 

burdens, especially in the northern latitudes where these events are more frequent. 325 

Across the entire study period, the N regions consistently display the highest sAOD values and the largest fluctuations, 

particularly in years following major high-latitude volcanic eruptions (e.g., Okmok, Kasatochi, Grímsvötn) and significant 

wildfire seasons (e.g., Siberia, Canada). This is expected as these regions are often closer to the source of the injections and 

within the predominant transport pathways of stratospheric aerosols in the NH. It is worth noting that while tropical 

eruptions (e.g., Nabro) can have a more widespread, global impact on stratospheric aerosols due to atmospheric circulation 330 

patterns, their signature might be less intensely confined to specific regions compared to high-latitude events (Toohey et al., 

2025). 

3.4 Stratospheric aerosol types and sAOD regional seasonal contributions 

The seasonal distribution of sAOD across the study period exhibits notable inter-annual variability. The averaged seasonal 

contributions to sAOD across all analyzed regions for nighttime conditions are presented in Fig. 8.  335 
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Figure 8: Seasonal percentage contribution to the nighttime sAOD, across the 12 European subregions. The seasons 

are defined as follows: Winter (split into Jan-Feb and Dec), Spring, Summer, and Fall, for the years 2007–2022. 

Nighttime sAOD distributions exhibit strong seasonal variability, with the dominance of specific seasons shifting 

significantly according to regional proximity to aerosol sources and large-scale transport pathways. Summer and fall 340 

frequently emerged as the dominant seasons across the study area, as seen in 2009 with fall (55% in N-1 and 61% in N-4) 

and 2017 with summer (77% in N-1 and 87% in S-4). Spring often contributed substantially, particularly during years of 

volcanic quiescence, such as 2016 (100% in C-2, 98% in S-1, and 89% in C-3). Winter contributions, while generally lower, 

remained significant in specific years and subregions, such as 2012 (74% in N-1, Jan-Feb 59%, Dec 15%) and 2010 (80% in 

C-4, Jan-Feb 19%, Dec 61%). 345 

The regional breakdown reveals some distinct longitudinal fingerprints of aerosol transport and persistence across the 

European sector. Northern regions (N-1 to N-4) demonstrate a high sensitivity to high-latitude volcanic and boreal smoke 

signals, often showing a marked eastward intensification in seasonal impact; for instance, in 2008, fall contributions 

increased from 54% in N-1 to 89% in N-4. The Central regions (C-1 to C-4) act as a transition zone with extreme inter-

annual variability, as seen in C-1 where the dominant season shifted from summer in 2014 (91%) to winter in 2022 (Jan-Feb: 350 

84%). Southern regions (S-1 to S-4) display the most localized seasonal extremes and unique sensitivity to tropical or mid-
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latitude injections, evidenced in 2013 when winter (Jan-Feb) accounted for 100% of the annual signal in S-2, and in 2011 

when summer reached 95% in S-4.  

This spatial and temporal heterogeneity underscores the complexity of stratospheric aerosol evolution as plumes dilute and 

evolve during their transit across different latitudinal and longitudinal bands. It is important to note, however, that these 355 

regional variations are likely to be influenced by the intersection of plume transport and satellite orbital geometry. The 

detection of a “peak” signal in a specific longitudinal subregion often depends on whether the satellite overpass coincides 

spatially and temporally with the maximum concentration of the aerosol layer, potentially leading to localized enhancements 

in the recorded sAOD. 

Figure 9: (Top) Time series of annual mean (solid lines) and median (dotted lines) sAOD nighttime observations; shaded area 360 
denotes the std. Vertical arrows highlight major stratospheric events: wildfire events (orange) and volcanic eruptions (red), 

corresponding to events listed in Table 1 and 2. (Bottom) Distribution of CALIPSO stratospheric aerosol subtype counts. 
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3.5 Seasonal Contributions to Total sAOD and type Attribution 

 By combining sAOD measurements with the seasonal distribution of aerosol subtypes (smoke, PSA, volcanic ash, sulfate, 

and unclassified) across all 12 subregions, we provide a unified characterization of stratospheric aerosols over a broad 365 

European domain. Figure 9 illustrates the annual variability of mean and median sAOD for nighttime observations over 

Europe from 2007 to 2022, together with the major wildfire and volcanic events. 

The data captures the distinct influence of major volcanic and wildfire events over the 16-year period. The record begins in 

2007, a year marked by the Western Canada fires, with a nighttime mean of 0.032 ± 0.006 (median 0.019). Following the 

high-latitude eruptions of Okmok and Kasatochi in 2008, the subsequent Sarychev Peak eruption in 2009 resulted in a 370 

notable increase in the nighttime mean to 0.047 ± 0.001 (median 0.043). During 2010 and 2011, which saw the eruptions of 

Grímsvötn, and Nabro, nighttime values remained relatively stable, potentially because these events primarily impacted the 

troposphere rather than the stratosphere (Mona et al., 2012; Papayannis et al., 2012; Zerefos et al., 2017; Tesche et al., 2012). 

A slight increase in 2012 is observable, likely due to Siberian fires, the nighttime mean was recorded at 0.029 ± 0.005 

(median 0.016). Following a period of relative quiescence, a major peak is observed in 2017, directly attributed to the 375 

extreme Canadian wildfire (PNW) event; here, the nighttime mean reached 0.067 ± 0.009 (median 0.035). In 2019, the 

Raikoke eruption and Siberian wildfires led to a nighttime mean of 0.049 ± 0.001 (median 0.046). The record for 2020 and 

2021 reflects a continued aerosol presence from the US West Coast and Siberian wildfires. Finally, in 2022, a second major 

peak driven by extensive Siberian wildfires resulted in a nighttime mean of 0.039 ± 0.006 (median 0.022).  

In parallel with the annual sAOD variability described above, the distribution of seasonal contributions offers further insight 380 

into how specific volcanic eruptions and wildfire events shaped the aerosol burden over Europe, summarized in Fig. 10. 

Figure 10: Seasonal percentage contribution to the sAOD for nighttime observations over Europe (2007-2022). 
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Years dominated by major wildfire activity show the strongest nighttime summer contributions, including 2017 (66%) 

during the PNW wildfire episode and 2021 (45%) following widespread US West Coast and Siberian fires, whereas the 

elevated contribution in 2011 (61%) is linked to aerosols from the Nabro eruption rather than wildfire activity. Spring 385 

contributions remain substantial during periods of enhanced aerosol transport, reaching 36% in 2012 and 47% in 2018. 

Winter shows pronounced interannual variability, again aligning with key events: contributions peak in 2012 (35%: Jan–Feb 

32%, Dec 3%) and 2020 (38%: Jan–Feb 26%, Dec 12%), mirroring the influence of strong wintertime smoke transport from 

Siberia. Fall contributions become particularly elevated in 2009 (51%) and 2019 (58%), consistent with the lingering 

presence of volcanic aerosols from Sarychev Peak (2009) and Raikoke (2019), combined with widespread late-season 390 

Siberian burning. 

Taken together, the seasonal contributions closely reflect the timing and intensity of the major volcanic eruptions and 

wildfire events documented in the interannual sAOD variability. Summers amplify the influence of large-scale wildfire 

smoke and volcanic plumes, Springs capture efficient secondary aerosol formation and long-range transport, and Winters 

display episodic yet event-linked enhancements. These seasonal patterns provide a complementary perspective to the annual 395 

means, reinforcing the central role of episodic natural events in shaping the temporal structure of sAOD over Europe 

throughout 2007–2022. Moreover, they are particularly distinct at night, as the behavior highlights features associated with 

the reduced influence of photochemistry. 

To better understand the seasonal structure underlying the sAOD variability described above, we examine the seasonal 

contributions of the four major stratospheric aerosol subtypes: smoke, PSA, volcanic ash, and sulfate (Fig. 11). These 400 

subtype-specific patterns clarify which aerosol sources dominate in different seasons, observed in the sAOD record. 

Although some aerosol types follow physically meaningful seasonal cycles (e.g., PSA in winter, sulfate in summer), others, 

such as volcanic ash, reflect the timing of major eruptive events rather than recurring seasonal behavior. 

3.5.1 Smoke aerosols 

Smoke aerosols display the clearest connection to known wildfire events, characterized by a strong summer dominance in 405 

major fire years. In years heavily impacted by boreal or North American wildfires—such as 2013 (92%), 2014 (95%), 2015 

(81%), 2017 (76%), and 2021 (95%)—summer contributions are the primary driver of the annual count. Spring becomes the 

leading season in years with early-season or significant Siberian fire activity, most notably in 2012 (72%), 2016 (97%), and 

2022 (60%). Fall contributions strengthen in years with prolonged transport or late-season activity, particularly in 2008 

(53%) and 2020 (83%). Winter contributions generally remain negligible but reached a notable 29% in 2022. 410 
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Figure 11: Seasonal percentage contribution of the four major stratospheric aerosol subtypes—smoke, PSA, volcanic ash, and 

sulfate—to the total detections over Europe for the period 2007–2022, for nighttime observations. 

3.5.2 PSA aerosols 

PSA aerosols exhibit the strongest seasonal confinement of all types, appearing exclusively during the winter months, as 

expected. Their presence reflects the cold stratospheric temperatures and polar vortex conditions typical of the mid-winter 415 

period. PSA is entirely winter-bound, with variability arising only from the relative dominance of the early (Jan–Feb) or late 

(December) winter periods. Jan–Feb-dominated years include 2010 (97%), 2012 (100%), 2014 (100%), and 2021 (88%). 

Conversely, December-dominated years include 2007 (100%), 2011 (100%), 2019 (91%), and 2022 (73%). No contributions 

are observed in spring, summer, or fall across the 16-year record. As PSA occurs independently of volcanic or wildfire 

activity, it provides a stable wintertime baseline that contributes to occasional winter enhancements in the overall sAOD 420 

record. 
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3.5.3 Volcanic Ash Aerosols 

Volcanic ash contributions correspond directly to the timing of major eruptions. Peaks coincide with key events identified in 

the annual record: 2008–2009 (Okmok, Kasatochi, Sarychev Peak), 2011 (Grímsvötn), 2011 (Nabro), and 2019 (Raikoke). 

During these periods, seasonal dominance shifts according to the eruption date. Summer was the primary season in 2007 425 

(91%), 2017 (66%), and 2019 (40%). Strong spring contributions are frequently observed, particularly in 2010 (68%), 2012 

(68%), 2016 (70%), and 2022 (50%). Fall plays a secondary role but becomes significant during years with long-lived 

plumes, such as 2008 (56%) and 2019 (34%). Winter contributions increase when volcanic aerosol persists into the cold 

season, as seen in 2020 (53% combined). 

3.5.4 Sulfate Aerosols 430 

Sulfate aerosols demonstrate high seasonal variability, often driven by the photochemical production of sulfuric acid 

following volcanic sulfur dioxide injections. Summer dominance is evident in years such as 2009 (66%), 2011 (97%), 2014 

(79%), 2015 (72%), and 2021 (82%). However, sulfate also shows a balanced seasonal structure with significant spring 

contributions, particularly in 2016 (81%), 2020 (47%), and 2022 (42%). Fall contributions were prominent in 2008 (78%) 

and 2019 (54%), reflecting the late-year persistence of sulfate layers. Winter becomes an important factor in specific years, 435 

such as 2012 (69%) and 2020 (31%), likely due to the trapping of sulfate aerosols within the polar vortex or late-season 

volcanic persistence. 

3.6 sAOD Trend 

Understanding the long-term evolution of stratospheric aerosols is critical for quantifying their role in the Earth’s radiative 

budget. While the 16-year record provided by CALIOP represents an unprecedented dataset for vertical profiling, detecting a 440 

definitive climatic trend remains a challenge due to the high frequency of episodic injections. Figure 12 presents the time 

series of the mean annual nighttime sAOD (2007–2022) for the study region along with the weighted least squares (WLS) 

line. Because of the annual sAOD estimates exhibit large variability in sampling density and retrieval uncertainty, we 

applied a WLS regression using weights proportional to N/std2. The weight choice enhances the contribution of well sampled 

and low variability years. sAOD exhibits a mean value of 0.036. The data yield a weak positive slope, +0.0008 sAOD/year, 445 

but not statistically significant (p=0.088)  
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 Figure 12. Time series of the nighttime mean annual sAOD (2007–2022) across the twelve European subregions combined. The 

shaded areas denote the standard deviation. The dashed line represents the WLS, (w = N/std2) fit and the inset panel contains 

relative details as well as information on autocorrelation (DW) and non-parametric trend (MK) tests. 

The lack of a significant trend is further validated by a Mann–Kendall (Kendall, 1975; Mann, 1945) analysis, which yielded 450 

an S-statistic of 35 (p = 0.088) and a consistent Theil–Sen slope (Sen, 1968) of 0.001. This marginal tendency remains stable 

even after accounting for the influence of extreme aerosol injections in 2017 and 2022. Furthermore, the Durbin-Watson 

(DW) statistic for the nighttime data (1.283) indicates a more persistent, autocorrelated signal compared to more transient 

daytime observations. This lower DW value suggests a degree of temporal dependence in the stratospheric background that 

further complicates trend detection in the nighttime record. 455 
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The structural shift in the sAOD is further elucidated by the Cumulative Sum (cusum) plot (Fig. 13). The cusum is calculated 

by taking the difference between each year’s annual mean and the total 16-year long-term average (0.036) and summing 

these differences chronologically starting from 2007. By accumulating these deviations from the mean over time, the cusum 

reveals sustained shifts in the aerosol regime.  

Figure 13:  Cumulative Sum (cusum) of annual nighttime sAOD deviations from the long-term mean (2007–2022). The curve 460 
represents the chronological accumulation of the difference between each year’s annual mean and the 16-year average (0.036). A 

sustained positive slope in the cusum curve indicates a period where sAOD values consistently exceeded this long-term average, 

marking a transition toward a higher stratospheric aerosol loading regime after 2016. 

The resulting curve suggests a prominent change-point around 2016; while the period from 2007 to 2015 is characterized by 

a steady decrease in the cumulative sum, the subsequent sharp upward inflection denotes a transition to a higher-loading 465 

regime. This 2016 transition aligns with an era of increased frequency in moderate-scale volcanic eruptions and extreme 

pyroconvective wildfire events, confirming that the nighttime stratospheric background has shifted toward a sustained 

higher-loading state rather than being driven by isolated, transient events. 

4 Conclusions 

This study uses a complete 16-year nighttime CALIPSO data record (2007-2022) and the updated stratospheric typing 470 

algorithm following (Tackett et al., 2023) to depict the seasonal and interannual characteristics of stratospheric aerosol over 

Europe. The CALIPSO record provides a detailed view of how the European stratosphere responds to a sequence of volcanic 

injections, pyroCb driven wildfire intrusions, and large-scale transport processes. When examined across the twelve 
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subregions spanning southern to northern Europe, we found that the European stratosphere has transitioned into a highly 

dynamic, event-driven regime, where the frequency and vertical extent of aerosol intrusions have increased significantly over 475 

the decade. A consistent spatial structure emerged, northern latitudes experienced the most frequent and most persistent 

aerosol layers, central Europe showed intermediate behavior, and the southern subregions are characterized by weaker, more 

diluted layers. This gradient reflects not only the satellite’s sampling geometry but also the the large-scale transport by the 

Brewer–Dobson circulation, transporting aerosols from the tropics and mid-latitudes toward the poles, leading to a long-term 

accumulation and higher residence times in the lower stratosphere of the high latitudes  (Kloss et al., 2021). 480 

Interannual variability is dominated by a small number of powerful events. The early years (2008–2009) were shaped by the 

eruptions of Okmok, Kasatochi, and Sarychev Peak which led to clear and coherent enhancements across almost all northern 

and central subregions. The period 2010–2012 reflects influences from Grímsvötn, Nabro, and repeated Siberian fire 

seasons, producing elevated sulfate and mixed aerosol layers that lingered for extended periods. A second major phase 

begins in 2017, marked by the exceptionally intense PNW (Ansmann et al., 2018; Baars et al., 2018; Hu et al., 2019; Haarig 485 

et al., 2018) wildfires, followed by large injection from Raikoke in 2019 (Trickl et al., 2024; Ansmann et al., 2021a; 

Voudouri et al., 2023) and multiple years of Siberian and North American wildfires from 2019 to 2022, also observed by 

ground-based lidar stations across Europe, which documented the arrival and persistence of the plumes throughout these 

years (Ansmann et al., 2021a; Baars et al., 2021). 

The analysis of the vertical distribution of the stratospheric aerosols revealed a progressive increase in the altitude and 490 

vertical extend of these aerosols over time, frequently reaching heights of 17–19 km in the latter years of the study. This 

trend is directly linked to the increasing potency of pyroCb events (Peterson et al., 2025, 2018b; Khaykin et al., 2020), which 

now rival moderate volcanic eruptions in their ability to perturb the mid-latitude stratosphere. The seasonal cycle further 

reflects these physical drivers: summer and spring dominate due to wildfire smoke and efficient transport; PSA appears 

during winter, and the imprint of long-lived volcanic or smoke plumes becomes most apparent in autumn. The subtype 495 

distribution reinforces these patterns, with sulfate dominating and smoke peaking sharply during major fire years. The record 

captured the distinct influence of these events through annual mean nighttime sAOD values, which varied from 0.032 in the 

early years (2007) to a major peak of 0.067 in 2017 following the PNW event, before settling at 0.039 in 2022, despite 

extensive Siberian fire activity. 

While the European stratosphere appears increasingly event-driven, the 16-year record from 2007 to 2022 offers a relatively 500 

narrow window for definitive climatic trend analysis (Fromm et al., 2022). Despite the weak and statistically insignificant 

sAOD increase, the cusum analysis revealed a prominent change-point after 2016. This finding aligns with the “new era” of 

elevated aerosol phase which began in 2017 with the exceptionally violent PNW wildfires and has been widely documented 

(Trickl et al., 2024; Tackett et al., 2023; Kar et al., 2019; Fromm et al., 2019, 2022). This shift indicates an important change 

in the aerosol “baseline” for Europe, with significant implications for long-term climate modeling and regional atmospheric 505 

stability. Nonetheless, this suggestive trend, although not significant, requires an expansive record of aerosol profiles in the 

stratosphere forward in time. Since CALIPSO operations ceased in August 2023, the path forward is EarthCARE, a joint 
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ESA-JAXA mission, that was launched on 28 May 2024 (Donovan et al., 2024) and equipped with a high spectral resolution 

lidar called ATLID (Atmospheric Lidar) gives the impetus for further studies. Whilst its design lifetime was around 3 years, 

ESA-JAXA’s current assessment indicates potential for ≥10 years of operations (targeting ~2034 and beyond), providing the 510 

temporal leverage that a 16-year CALIPSO climatology alone cannot offer for separating regime shifts, decadal variability, 

and emerging trends. 

The methodology developed in this study provides a robust framework for the monitoring of stratospheric aerosols through 

the years, offering a scalable approach to quantify the impact of extreme or moderate injection events on atmospheric 

composition, by providing this multi-year dataset of observations of the European stratospheric aerosol load and types. 515 

Furthermore, our methodology is designed to be applied to other regions to provide a consistent global perspective. 

Expanding this analysis to other areas of interest, and specifically to the Arctic would be especially valuable, given the 

region’s sensitivity, long aerosol residence times, and increasing exposure to high-latitude wildfires and volcanic sources. 

Such an expansion would not only help assess hemispheric transport and aerosol evolution but also contribute to a broader 

understanding of how a rapidly changing climate is reshaping the composition and behaviour of the global stratosphere 520 

(Zhong et al., 2026). 
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