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Abstract: A persistent stratospheric aerosol layer first appeared during July 2019 above Thessaloniki,
Greece (40.5◦N, 22.9◦E). It was initially at 12 km and, during August 2019, was even up to 20 km,
with increased thickness and reduced attenuated backscatter levels till the end of the year. In this
study, we analyze the geometrical and optical properties of this stratospheric layer, using ground-
based Lidar measurements, CALIOP/CALIPSO & OMPS-LP space-borne observations, as well as
CAMS/ECMWF assimilation experiments. The main aim of the paper is to present an overview of this
atmospheric feature and to identify any temporal changes in the aerosol properties that would signify
substantial changes in the composition of this long-lasting stratospheric plume over Thessaloniki.
This aim is further enhanced by emphasizing the importance of the combined information based
on active ground- and space-borne lidars, passive remote sensing, and models during the complex
stratospheric aerosol conditions as those encountered during 2019. The layer’s origin is linked to the
Raikoke volcanic eruption in the Kuril Islands in June 2019, yielding a particle linear depolarization
ratio less than 0.05, while some indications exist that the intense forest fires at mid and high northern
latitudes throughout the summer of 2019 also contributed to the persistent layer. We report that in
July, mainly volcanic sulphate aerosol layers with a 1–3 km vertical extent were identified in the
stratosphere at ~15 km over Thessaloniki, while after August and until the end of 2019, the plume
heights showed a significant month-to-month variability and a broadening (with thickness greater
than 3 km) towards lower altitudes. The aerosol optical thickness was found to be in the range
between 0.004 and 0.125 (visible) and 0.001 and 0.095 (infrared) and the particle depolarization of the
detected stratospheric plume was found to be 0.03 ± 0.04, indicative of spherical particles, such as
sulphate aerosols.

Keywords: stratospheric layer; remote sensing; Raikoke volcano; CAMS/ECMWF assimilation;
space-borne observations

1. Introduction

The impact of stratospheric aerosols in the Earth’s radiative budget and ozone burden
is widely recognized [1,2]. Their monitoring and characterization are important, not only
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for understanding the changes in atmospheric temperature and ozone profiles, but also
for their potential use as a geoengineering tool to reduce the impact of global warming [3].
Stratospheric aerosols have a notable impact on global climate due to their long residence
time in the stratosphere and their large-scale dispersion [4]. Explosive volcanic eruptions
can inject large amounts of ash and sulfur dioxide (SO2) gas into the lower and middle
stratosphere, while volcanic ash can remain in the stratosphere for weeks or, in extreme
episodes, for months [5]. Dominated by sulphate aerosols, stratospheric aerosols are
typically features extending from the tropopause up to 35 km above sea level (a.s.l.) in
the tropics, and about 30 km a.s.l. at midlatitudes [6]. In recent years, there has been
evidence that pyrocumulonimbus (PyroCb) events during large wildfires can also inject
smoke aerosol into the stratosphere, which can be comparable to volcanic aerosol injections
in terms of radiative impact on the stratosphere [7–10].

Several techniques have been reported to monitor the evolution of stratospheric
aerosol layers in the literature, including ground-based lidars [11–18], balloon-borne in
situ measurements [19], as well as satellite-borne instrumentation [20–23]. The availability
of synergistic information from the different instrumentation enhances the retrievals of
the spatio-temporal variability and the geometrical, optical, and microphysical properties
of the stratospheric features. Ground-based systems provide measurements with high
temporal and vertical resolution, whilst satellite-borne instruments can provide global
coverage over several years, compensating the generally low signal-to-noise ratio at high
altitudes of the ground based lidars.

In the summer of 2019, the Raikoke volcano in the Kuril Islands (48.3◦N, 153.3◦E)
erupted on the 22nd of June, emitting ash and volcanic gases over the North Pacific [24]
and releasing around 1.5 TgSO2 into the atmosphere [25]. The SO2 and ash plume rose
to around 8–18 km [26,27], resulting in a considerable amount of the SO2 reaching the
stratosphere. Analysis of the CALIOP lidar observations (cloud-aerosol lidar with orthog-
onal polarization) on board the CALIPSO (Cloud-Aerosol and Lidar Infrared Pathfinder
Observations) platform showed that the volcanic plume had circumnavigated the globe
by the 30th of August, affecting the stratosphere in the entire northern hemisphere above
30◦N [28]. Additionally, intense, record-breaking wildfire activity at high northern latitudes,
namely in Alaska, Alberta, and Siberia, was reported during the summer and autumn
of 2019 [29,30]. Both types of events can create updrafts strong enough to penetrate the
tropopause and it is possible that both sources contributed to the long-lasting observed
aerosol plume over Thessaloniki which lasted until the end of 2019.

In this contribution, we discuss the complex stratospheric aerosol conditions that took
place above Thessaloniki during the second part of 2019, with simultaneously occurring
volcanic and smoke layers. These events are depicted combining different ground and
space-based sensing platforms, with the aim of identifying the main source for this long-
lasting, but not always stable, stratospheric aerosol layer. The overall purpose of the paper
is three-fold: (a) to present an overview of the signatures of the long-lasting stratospheric
plume over Thessaloniki, (b) to identify any temporal changes in the aerosol properties
indicative of composition changes in the layer, and (c) to emphasize the importance of the
combined information based on active ground- and space-borne lidars, passive remote
sensing, and models towards trustworthy and complementary global stratospheric aerosol
monitoring, given the complex stratospheric aerosol conditions as those encountered during
2019.

The article is structured as follows: the instrumentation and the derived products,
along with the methodology adopted for monitoring the stratospheric layer are presented
in Section 2. In Section 3, the temporal evolution, the identification of its origin, model
simulations, and the geometrical and optical properties of the stratospheric layer are
presented, along with the correlative lidar, satellite, and model observations in a case study
on July 2019 (pure volcanic sulphate conditions). Finally, Section 4 contains the summary
and main conclusions of this article.
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2. Instrumentation and Data Products
2.1. THEssaloniki LIdar SYStem (THELISYS)

The intriguing stratospheric features over Thessaloniki for the second part of year
2019 were monitored with THELISYS (Thessaloniki Lidar System), the multi-wavelength
lidar system for aerosol characterization designed and operated by the Laboratory of
Atmospheric Physics in Aristotle University of Thessaloniki (LAP-AUTH). THELISYS has
been part of the European Aerosol Research Lidar Network (EARLINET) [31] since 2000
and currently also part of the aerosols, clouds, and trace gases research infrastructure
(ACTRIS; https://www.actris.eu/, accessed on 15 November 2023). The system operating
during 2019 consisted of three elastic channels at 355, 532, and 1064 nm, two night-time
only Raman channels at 387 nm and 607 nm, and two depolarization channels at 532 nm
(cross polarized and parallel polarized to the linearly polarized laser beam). The combined
use of the analogue and photon-counting mode allows for the retrieval of the aerosol
optical and geometrical properties from 800 m up to ~20 km above the ground. The
main and basic aerosol optical properties, derivable from the lidar observations, are the
particle backscatter coefficient profiles (355, 532, 1064 nm), the particle extinction coefficient
profiles (355, 532 nm), the respective extinction-to-backscatter ratio (lidar ratio) at 355
and 532 nm, and the particle linear depolarization ratio (PLDR) at 532 nm. A detailed
description of the THELISYS technical characteristics can be found in Siomos et al. [32],
whilst a detailed description of the signal processing and the applied algorithms are
provided in Voudouri et al. [33]. The THELISYS dataset is regularly analyzed and quality
assured (following all the Q/A procedures within EARLINET) and is publicly available at
https://www.earlinet.org/, accessed on 15 November 2023.

Geometrical and Optical Retrievals with THELISYS

The geometrical boundaries of the stratospheric layer are defined following the
methodology of Platt et al. [34]. The layer base altitude is defined as the level at which there
is first an increase in signal above the clear background level and of a magnitude equal
to 3 times the standard deviation of the background fluctuations. It is further required
that the signal continues to increase, or does not decrease, for at least 500 m. This latter
requirement ensures that sudden noise “spikes” are not misinterpreted as layer/cloud. The
layer top (or effective top) is detected following the same process but moving downward
in altitude from the maximum range.

For the optical retrievals and the calculation of the backscatter and extinction coefficient
profiles, different approaches are applied to the lidar signals, including the Klett inversion
technique [35], the independent determination of the extinction and backscatter coefficients
that provides the extinction-to-backscatter ratio; the so-called Raman method [36]; and
the transmittance approach [37]. All these techniques require a high enough signal-to-
noise ratio (SNR) to cover the stratospheric aerosol layer. In our study, the transmittance
approach was applied to the lidar signals at 1064 nm, as the infrared wavelength magnifies
the differences in the vertical distribution of the aerosol load, resulting in layers that are
easily identified. Cloud-free cases with high SNR were processed for deriving reliable
and quantitative results for the geometrical boundaries and the optical properties of the
stratospheric layer. An SNR threshold, defined as the lowest altitude where the signal
increases above the clear background level by a magnitude of at least 3 times the standard
deviation of the background fluctuations, was applied [38], since the lidar signal is strongly
attenuated at higher altitude levels and the noisy parts of the signal should be rejected. The
layer detection algorithm searches the layer base above the tropopause height that was
defined from radiosondes that are released at Thessaloniki airport, twice a day.

The optical depth of the layer can be determined by comparing the backscattering
signals just below and above the layer assuming lidar signals correctly represent the
scattering medium [37]. Two linear fits of the scattering signals just below and above the
layer were applied, permitting the optical depth calculation. Giannakaki et al. [39] used the
transmittance method for retrieving the cirrus AOD and compared it with the Klett–Fernald
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approach and the Raman method. The sets of independently derived optical depths were in
good agreement, with a correlation coefficient of 0.82 for the transmittance/Klett–Fernald
comparison and of 0.90 for the Raman/Klett–Fernald comparison.

2.2. CALIPSO/CALIOP Observations and Aerosol Optical Properties and Typing Retrievals

The presence of the stratospheric plume was further monitored during the same pe-
riod with CALIOP lidar (cloud-aerosol lidar with orthogonal polarization) on board the
CALIPSO (Cloud-Aerosol and Lidar Infrared Pathfinder Observations) platform, a dual-
wavelength standard backscatter lidar with three measurement channels [40], hereafter
CALIPSO. CALIPSO is a joint NASA/CNES (Centre National d’ Études Spatiales) satellite,
and part of the A-Train orbit (https://atrain.nasa.gov/, last access: 15 November 2023),
designed to monitor aerosols and clouds at a global scale for improving our understanding
of their role in the atmospheric processes. CALIPSO is a sun-synchronous polar orbiting
satellite with an equatorial crossing time of around 13:30 LT and approximately 16 days
repetition orbit. CALIPSO data consist of three basic types of information: (a) profile prod-
ucts, (b) layer products, and (c) the vertical feature mask (VFM). Profile products provide
retrieved extinction and backscatter profiles, layer products provide layer integrated or
layer-averaged properties of detected aerosol and cloud layers, and the VFM provides
information on cloud and aerosol locations and types. The CALIPSO main observables are
the attenuated backscatter coefficients at 532 and 1064 nm and the volume linear depolar-
ization ratio at 532 nm, while the main output is the particle linear depolarization ratio at
532 nm [41]. A more detailed description of the CALIPSO satellite products is available
on the NASA website (https://www-calipso.larc.nasa.gov/documents/, last access: 15
November 2023). In the study, the Level-2 version 4.20—Standard CALIPSO aerosol layer
product (Alay) and the vertical feature mask (VFM) were used.

VFM products were classified into characteristic classes [42], namely into clear air,
cloud, aerosol, stratospheric, surface, subsurface, totally attenuated, or invalid feature
types. The CALIPSO aerosol-typing scheme is based on the layer-integrated PLDR at
532 nm, that provides critical information related to the particle shape [40,43], and the
layer-integrated attenuated backscatter coefficients at 532 and 1064 nm. Additionally,
the tropopause height and temperature were considered in the classification. In the V4
version of the CALIPSO algorithm, aerosols are classified into seven subtypes in the
troposphere and four subtypes in the stratosphere, namely ash, sulphate/other, smoke,
and polar stratospheric aerosol [40]. An updated version, V4.5, of the CALIPSO L2 dataset
is described in Tackett et al. [44], which includes an extensive description of the V4.2
stratospheric aerosol subtyping algorithm.

2.3. Space-Borne OMPS-LP Aerosol Extinction Vertical Profiles

Launched on board the Joint Polar Satellite System (JPSS) Suomi National Polar-
orbiting Partnership (S-NPP) platform on 28 October 2011, the Ozone Mapping and Profiler
Suite (OMPS) Limb Profiler (LP) captures aerosol extinction coefficient profiles with a
sampling of ~1 km in altitude and 1.6–1.8 km vertical resolution. OMPS-LP views the
atmosphere in a backward direction along the orbit track with three vertical slits, one
(central) aligned with the orbit track and the other two (left and right) separated horizontally.
In this work, we used the publicly available aerosol Extinction Vertical Profile swath daily 3
slit (AER) V2.1 product [45]. The AER product provides the stratospheric aerosol abundance
and evolution at 6 wavelengths (510, 600, 675, 745, 869, and 997 nm) from the cloud top
up to 40 km, providing global daily coverage. The OMPS-LP algorithm detects cloud-top
height to provide cloud-free and uncleared aerosol products [46,47]. It also provides the
stratospheric aerosol optical depths (sAOD) at six wavelengths by integrating the aerosol
profile from the tropopause to ~35 km. Taha et al. [48] reported that the V2.0 extinction
coefficients at 745, 869, and 997 nm are the most accurate, with relative accuracies and
precisions of 10% and 15%, respectively, while the 675 nm relative accuracy and precision
is 20%. V2.1 updated the retrieval conversion criteria which improves the aerosol retrieval
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at short wavelengths (510–745 nm) and in the presence of fresh volcanic plumes for all
wavelengths [49]. OMPS-LP measurements have previously been used to study the global
impact of the Raikoke 2019 [28,49–51].

2.4. Stratospheric Composition Modelling

The Copernicus Atmosphere Monitoring Service (CAMS; [52]), operated by the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) on behalf of the European
Commission, provides daily SO2 analyses and 5-day forecasts of volcanic SO2 in near-
real-time [53]. CAMS currently assimilates total column SO2 products from the GOME-2
instruments on MetOp-B and MetOp-C and the TROPOMI instrument on Sentinel-5P, both
of which provide information about the location and strength of volcanic plumes. However,
the operational TROPOMI and GOME-2 SO2 data do not provide any information about
the height of the volcanic plumes and, therefore, the SO2 increments are placed in the mid-
troposphere, around 550 hPa or 5 km in the CAMS data assimilation system (operational in
Q1/2023).

Inness et al. [53] explored the use of a modified version of the CAMS system that
made use of the ESA Sentinel-5p+ Innovation project (S5p + I) TROPOMI SO2 Layer Height
data (LH) [54,55] and found that the forecast skill and the agreement with IASI/Metop
retrieved SO2 altitudes was significantly improved if information about the plume altitude
was used. Total column SO2 maps from one of the experiments using TROPOMI LH
data and referred to as LHexp in Inness et al. [53] were used in this study to illustrate
the transport of SO2 from the Raikoke eruption around the Northern Hemisphere (NH)
and in the Mediterranean area in the weeks following the eruption, i.e., from 22 June to
29 September 2019.

The operational CAMS model uses a tropospheric chemistry scheme, CB05, which
is a modified and extended version of the Carbon Bond 2005 chemistry scheme [56] for
the troposphere, as also implemented in the chemical transport model (CTM) TM5 ([57])).
The CAMS system is constantly being developed and further enhanced, and one such
version is the ICBG. The ICBG results from the coupling of two integrated forecast systems:
(i) the IFS-GLOMAP and (ii) the IFS-CB05-BASCOE. The first module is a tropospheric–
stratospheric aerosol modal scheme [58] that is embedded in the ECMWF Integrated
Forecasting System (IFS), whilst the second one is a tropospheric (IFS-CB05; [57]) and strato-
spheric (IFS-BASCOE; [59]) chemistry scheme. The coupling of BASCOE and GLOMAP
works two-ways: GLOMAP computes the nucleation and condensation of gaseous sul-
phuric acid onto liquid sulphuric acid particles, as well as the evaporation of liquid sul-
phuric acid into gaseous state using the prognostic gaseous sulphuric acid concentration
from BASCOE and provides the corresponding tendencies to BASCOE. Also, the surface
area density (SAD) of the stratospheric aerosol particles as computed by GLOMAP are
used in BASCOE for heterogeneous chemistry reactions. The general objective of ICBG is
to simulate the aerosol and chemical impact of large volcanic events, using the detailed
aerosol microphysical scheme of GLOMAP, the skill of the IFS in simulating tropospheric
and stratospheric circulation, and the validated tropospheric and stratospheric global
chemistry schemes. In these simulations, only stratospheric sulphate is considered (i.e.,
no tropospheric sulphate). For this study, time-series of the simulated extinction profile at
532 nm over Thessaloniki were generated with the ICBG (experiment hb4e), along with the
simulated total and sulphate AOD.

2.5. Summary of the Datasets Used in This Work

A summary of the technical characteristics of the different instrumentation and mod-
elling results used in this study are provided in Table 1. Table 2 gives an overview of
the observational and modelling geophysical parameters used in this work and their
contribution to this study.
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Table 1. Technical characteristics of the instrumentation and models used in this work.

Spatial Resolution Temporal Coverage

THELISYS 7.5 m (1064 nm) Monday and Thursday following the EARLINET schedule [31]

CALIPSO Horizontal: 1000 m|Vertical: 60 m 16-day repeat cycle

OMPS-LP Horizontal: ~250 km|Vertical: 1.6–1.8 km 16-day repeat cycle

CAMS LHexp Horizontal: 40 km|Vertical: 137 model levels
between the surface and 0.01 hPa 6-hourly from 22 June to 29 September 2019

ICBG Horizontal: 80 km|Vertical: 137 model levels
between the surface and 0.01 hPa 3-hourly from 1 June to 30 November 2019

Table 2. Summary of the observational and modelling geophysical parameters discussed in this
work.

Geophysical Parameter Aim in This Paper

THELISYS
Layer top and base altitude

Backscatter extinction profiles at 532 and 1064 nm
Stratospheric AOD at 1064 nm

Layer temporal evolution, geometrical
boundaries, AOD at 1064 nm

CALIPSO

Layer top and base altitude
Stratospheric AOD at 532 nm and 1064 nm

Particle depolarization ratio at 532 nm
Aerosol classification

Geometrical boundaries, AOD at 532 nm,
aerosol typing

OMPS-LP Extinction profile at 997 nm
Stratospheric AOD at 997 nm Layer temporal evolution, AOD at 997 nm

CAMS LHexp SO2 plume [D.U.] SO2 transport around the NH

ICBG Stratospheric AOD at 550 nm
Extinction profile at 550 nm

Layer temporal and spatial evolution, AOD
at 550 nm

In short, ground- and space-based datasets were used to monitor the signatures of
the atmospheric feature and to identify any temporal changes in the aerosol properties
during the 2019 measuring period. The ground-based system provided information on
the temporal evolution of the stratospheric layer via its attenuated backscatter profiles
and the stratospheric AOD retrievals, with high temporal sampling and high vertical
resolution, whilst the correlative CALIPSO and OMPS-LP retrievals, having different
temporal coverage, enhanced the spatial sampling by capturing the stratospheric features
after the eruption. On top of that, the model simulations suggested the presence of volcanic
particles in the stratosphere while the CALIPSO typing scheme identified their origin and
their geometrical and optical properties, given the complex atmospheric situation after
August 2019.

3. Results and Discussion

The Raikoke volcano erupted around 18:00 UTC on the 22 June 2019 and emitted
considerable amounts of SO2 and ash in a series of explosive events and influenced the
aerosol conditions in the lower stratosphere at all latitudes north of about 20◦N during the
summer and autumn of 2019 [24,49,50,60]. A stratospheric layer was primarily detected
by the THELISYS ground-based lidar in July 2019, stimulating the investigation of the
main source of this permanent, but not stable, aerosol layer. We further probed the lower
stratosphere for this aerosol layer during the period July–December 2019 using space-borne
CALIOP/CALIPSO and OMPS-LP observations. The CAMS layer height data assimilation
experiment of the Raikoke eruption (referred to as LHexp in the following) also confirmed
that the SO2 plume arrived over the Mediterranean and Thessaloniki station, corroborated
by CALIPSO measurements which suggested that the main composition of the layer was
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sulphate particles, until August, when local or high northern latitude (i.e., Alaska, Alberta,
Siberia) fires also contaminated the lower stratosphere.

An overview of the temporal evolution of the persistent aerosol layer over Thessaloniki
as observed by the ground-based lidar measurements, the CAMS Lhexp simulations and
the space-borne OMPS-LP observations is discussed in Section 3.1. The identification of the
vast majority of the stratospheric aerosols by the CALIPSO typing algorithm are presented
in Section 3.2, while the CAMS ICBG stratospheric simulations shown in Section 3.3 further
strengthen the previous findings on the sulphate origin of the layer. The geometrical and
optical properties of the stratospheric layer, based on ground and space-based observations,
are then provided in Section 3.4. One case study, for 25 July 2019, with the combined results
of ground, space and simulations is presented and discussed in Section 3.5.

3.1. Temporal Evolution of the Stratospheric Layer

In Figure 1, the evolution of the atmospheric features monitored by THELISYS is
presented during the July to October 2019 period. In total, 41 daytime and 17 night-time
measurements were performed during this period, out of which 31 cloud-free measure-
ments were analyzed. Figure 1 presents the attenuated scattering ratios at 1064 nm, i.e., the
measured 1064 nm attenuated backscatter profiles divided by profiles of molecular attenu-
ated backscatter coefficients (obtained from radiosondes) and calibrated via normalization
to the molecular attenuated backscatter value at 8 km. Figure 1 shows that the stratospheric
layers first appeared on the 11 July 2019, with a significant month-to-month variability in
the plume heights.
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Figure 1. Time–height cross-section of the 1064 nm attenuated scattering ratio retrieved from THE-
LISYS observations between June and November 2019. Cases have been placed one next to the other
for visualization purposes. The black dashed line represents the tropopause altitude derived using
radiosondes.

On the 1st of August 2019, distinct layers were monitored in similar altitudes but
with increased thickness and reduced attenuated backscatter levels. During September,
the backscatter levels decreased even further while the layer thickness started growing,
while in October, the layer can be seen to extend from 10 to 20 km. Low particle linear
depolarization ratios (<0.05 at 532 nm), indicative of spherical particles (i.e., sulphate
aerosols), were measured with THELISYS for the whole period.

Figure 2 illustrates the OMPS-LP V2.1 aerosol properties at 997 nm within a box of
±1◦ in latitude and ±25◦ in longitude around Thessaloniki between July and December
2019. In the upper panel, the stratospheric aerosol optical depth is shown, while the
bottom panel depicts the extinction-to-molecular ratio, a measure similar to the mixing



Remote Sens. 2023, 15, 5394 8 of 21

ratio. The white dashed line is the tropopause altitude, which identifies possible cloud
contamination in the levels below. Similar to the lidar observations (Figure 1), the OMPS-
LP first observation of the volcanic plume over Thessaloniki was on the second week of
July at ~13 km altitude. The figure shows that the volcanic cloud fully dispersed into the
stratosphere over Thessaloniki at the end of August, spreading between the tropopause
and ~22 km. The aerosol extinction peaked in September and started decreasing toward the
end of the year. OMPS-LP continued to detect volcanic aerosol even after October due to its
enhanced sensitivity in the stratosphere [45,50]. Regarding the stratospheric content prior
to the eruption, OMPS/LP showed a clean stratosphere from the beginning of year 2019.
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Figure 2. The lower panel depicts a time vs. altitude cross-section of the OMPS-LP aerosol extinction
to molecular ratio daily zonal mean profiles at 997 nm within ±1◦ latitude and ±25◦ longitude
around Thessaloniki. The white line in the lower panel is the tropopause altitude derived using the
NASA Global Modelling and Assimilation Office near-real time atmospheric analyses. White regions
indicate no profile was available within the selection criteria. The top panel is the daily zonal mean
stratospheric aerosol optical depth (sAOD) at 997 nm.

To further reinforce our premise that the observed features by the ground-based lidar
as well as the space-borne OMPS-LP instrument are due to the Raikoke eruption, we
show in Figure 3 the temporal evolution of the Raikoke SO2 plume from the CAMS data
assimilation experiment LHexp. This figure illustrates how SO2 from the eruption was
transported around the NH during the month after the eruption till the end of September.
Starting in the week after the eruption, upper left, on June 29th the plume of high SO2
values was located over the Pacific reaching the north American west coast. It reached
Europe by July 14th (upper right) where a part of the plume was clearly visible over Greece.
A week later (bottom panels), the plume was seen to cover Europe and the Mediterranean,
giving rise to sulphate aerosols in the stratosphere of that part of the NH.
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Figure 3. (a–d) CAMS SO2 total columns (DU) on the 29th of June and 14th, 20th, and 23rd of
July 2019 at 00:00 UTC obtained by assimilating (S5p + I) TROPOMI SO2 layer height the CAMS
data assimilation system (LHexp). The triangle marks the location of Raikoke and the diamond the
location of Thessaloniki.

3.2. Identification of the Stratospheric Layer Origin Using CALIOP Aerosol Typing

In Figure 4, we present three selected case studies for the 23 July, 26 August, and
12 September 2019, during CALIPSO night-time overpasses. The CALIPSO total attenuated
aerosol backscatter at 532 nm as a height–latitude/longitude display is shown on the left
column, while on the right column, the CALIPSO aerosol subtype classification from the
level 2 vertical feature mask is shown for the three days in question. We should note
here that CALIPSO monitors a stable plume extending from the upper troposphere to
the stratosphere from the beginning of July till the end of September 2019. For the three
example days, the thin blue plumes in the backscatter plots on the left correlate nicely
with the dark grey plumes on the right where the CALIPSO VFM algorithms classified the
majority of the elevated plumes as stratospheric aerosol layers of subtype 10, i.e., sulphate
aerosol, due to their low PLDR values (<0.05).
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Figure 4. CALIPSO measurement (height–latitude/longitude) display of the total attenuated aerosol
backscatter 532 nm (left) and aerosol subtype classification from the level 2 vertical feature mask
(right) on 23rd July (first row), 26th August (second row), and 12th September 2019 (third row).
Figures adapted from https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4
_index.php, last access: 31 August 2023).

As previously noted, CALIPSO retrieves aerosol level 2 data products only where
layers were detected and subsequently identified as aerosols. Figure 5 (left) presents the
distribution of the aerosol plume, classified as sulphate by the CALIPSO algorithm scheme,
against height and latitude, while Figure 5 (right) presents the distribution of the aerosol
plume, classified as smoke by the CALIPSO algorithm scheme, against height and latitude.
The smoke particles could possibly originate from the Siberian and Canadian fires, and
these are nearly always located below the identified sulphate particles, while the more
pronounced smoke layers were identified beyond and to the North of Thessaloniki which
is at 40◦N. The majority of the plume above the tropopause was classified as sulphate
(Figure S1), assigned at a frequency of 91.01%, with smoke and ash classifications at rates
of 8.79% and 0.2%, respectively, based on the depolarization ratio values. We should note
here that smoke misclassifications are expected given the overlap in distributions of the
PLDR between the sulphates and the depolarizing smoke regimes as shown in the study of
Ansmann et al. [61]. New algorithm improvements are planned to be implemented in the
near future, with improved aerosol subtyping in the stratosphere by better accounting for
the depolarization thresholds and the assumed lidar ratio values of the observed layers [44].

https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4_index.php
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4_index.php
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Figure 5. CALIPSO observations of the stratospheric plumes classified as sulfates (left) and as smoke
(right) from July to September 2019 during day and night-time CALIPSO overpasses.

Using model simulations, the OMPS-LP extinction measurements at 869 nm and the
Angstrom exponent, also for the Raikoke eruption, Wells et al. [51] showed that including
ash in the model simulation provided better agreement with the measurements, indicating
that the observed volcanic particles were mostly sulfate mixed with ash.

3.3. Identification of the Stratospheric Layer Origin Using CAMS ICBG Simulations

Time-series of the simulated extinction profiles at 550 nm over Thessaloniki with
and without the ICBG experiment hb4e are presented in Figure 6. In the upper left panel,
the ICBG simulation without including the Raikoke effect shows a constant stratospheric
aerosol extinction profile, while in the upper right panel, the effect of including the Raikoke-
induced particles shows clear enhancements in the stratosphere above 10–12 km, increasing
as the time-series moves from July to November. In the bottom panel of Figure 6, their
difference shows that most of the volcanic aerosol layer is simulated roughly between 12
and 16 km, in agreement with the ground-based THELISYS observations and the OMPS-LP
measurements shown previously. Higher extinction values were reported starting around
the middle of July 2019, at the time when the CAMS LHexp showed that the Raikoke SO2
plume arrived and stabilized over Europe and the Mediterranean region. These high aerosol
extinction values remained above their background levels until the end of November 2019.

Remote Sens. 2023, 15, x FOR PEER REVIEW  11  of  21 
 

 

ash in the model simulation provided better agreement with the measurements, indicat-

ing that the observed volcanic particles were mostly sulfate mixed with ash. 

 

Figure 5. CALIPSO observations of the stratospheric plumes classified as sulfates (left) and as smoke 

(right) from July to September 2019 during day and night-time CALIPSO overpasses. 

3.3. Identification of the Stratospheric Layer Origin Using CAMS ICBG Simulations 

Time-series of the simulated extinction profiles at 550 nm over Thessaloniki with and 

without the ICBG experiment hb4e are presented in Figure 6. In the upper left panel, the 

ICBG simulation without including the Raikoke effect shows a constant stratospheric aer-

osol extinction profile, while in the upper right panel, the effect of including the Raikoke-

induced particles shows clear enhancements in the stratosphere above 10–12 km, increas-

ing as the time-series moves from July to November. In the bottom panel of Figure 6, their 

difference shows that most of the volcanic aerosol layer is simulated roughly between 12 

and 16 km, in agreement with the ground-based THELISYS observations and the OMPS-

LP measurements  shown  previously. Higher  extinction  values were  reported  starting 

around the middle of July 2019, at the time when the CAMS LHexp showed that the Rai-

koke SO2 plume arrived and stabilized over Europe and the Mediterranean region. These 

high aerosol extinction values remained above their background levels until the end of 

November 2019.   

 

Figure 6. Cont.



Remote Sens. 2023, 15, 5394 12 of 21

Remote Sens. 2023, 15, x FOR PEER REVIEW  12  of  21 
 

 

 

Figure 6. Simulated extinction profile at 550 nm over Thessaloniki without (upper left) and with 

(upper right) the Raikoke signal and their absolute differences (bottom). The dynamical tropopause 

height as computed from ERA5 data, provided by Hoffmann et al. [62] is shown in the three panels 

with a dashed line. 

In Figure 7, the associated stratospheric AOD with and without the Raikoke signal 

from the ICGB experiments is shown as a time-series. The enhancement starting in mid-

July, which reappears after October, is more pronounced in this representation and shows 

how the sulphate AODs remained above their expected background levels.   

 

Figure 7. Simulations without  (black) and with  (blue)  the Raikoke eruptions of  the stratospheric 

AOD at 550 nm over Thessaloniki between the 19 June and the 30 November 2019. 

3.4. Geometrical and Optical Aerosol Properties from Ground‐ and Space‐Based Measurements 

Figure 8 shows the time-series of the THELISYS aerosol layer geometrical thickness 

and the associated stratospheric AOD values in colors. The geometrical thickness of the 

stratospheric plume ranged from less than 0.5 km to ~6.5 km, while broader plume layers, 

with thickness greater than 3 km were observed after August 2019. Optically denser layers, 

with an infrared AOD mean value of 0.04 ± 0.03, were also found after mid-August 2019 

and early October, possibly  linked with  the  intrusion of  smoke particles  in  the  strato-

sphere  and  the  broadening  of  the  stratospheric  layer.  The  plume  thickness  remained 

broad till the end of 2019, exhibiting lower AOD values after November.   

Figure 6. Simulated extinction profile at 550 nm over Thessaloniki without (upper left) and with
(upper right) the Raikoke signal and their absolute differences (bottom). The dynamical tropopause
height as computed from ERA5 data, provided by Hoffmann et al. [62] is shown in the three panels
with a dashed line.

In Figure 7, the associated stratospheric AOD with and without the Raikoke signal
from the ICGB experiments is shown as a time-series. The enhancement starting in mid-July,
which reappears after October, is more pronounced in this representation and shows how
the sulphate AODs remained above their expected background levels.
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Figure 7. Simulations without (black) and with (blue) the Raikoke eruptions of the stratospheric
AOD at 550 nm over Thessaloniki between the 19 June and the 30 November 2019.

3.4. Geometrical and Optical Aerosol Properties from Ground- and Space-Based Measurements

Figure 8 shows the time-series of the THELISYS aerosol layer geometrical thickness
and the associated stratospheric AOD values in colors. The geometrical thickness of the
stratospheric plume ranged from less than 0.5 km to ~6.5 km, while broader plume layers,
with thickness greater than 3 km were observed after August 2019. Optically denser layers,
with an infrared AOD mean value of 0.04 ± 0.03, were also found after mid-August 2019
and early October, possibly linked with the intrusion of smoke particles in the stratosphere
and the broadening of the stratospheric layer. The plume thickness remained broad till the
end of 2019, exhibiting lower AOD values after November.
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Figure 8. Time-series of the THELISYS aerosol layer geometrical thickness and associated strato-
spheric AOD [colors]. Square (circle) values correspond to daytime (night-time) retrievals.

Figure 9 (left) illustrates the distribution of THELISYS geometrical boundaries of
the observed stratospheric layers, during both day- and night-time measurements, while
Figure 9 (right) shows the frequency distribution of the stratospheric AOD column at
1064 nm, from the detected aerosol features. The majority of the detected stratospheric
aerosol layers by THELISYS were found in the altitude range between 9.5 and 20 km, with
a mean geometrical thickness of 3.2 ± 1.6 km.
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Figure 9. Histogram of the THELISYS night-time stratospheric layer base and layer top boundaries
(left) and night-time AOD retrievals at 1064 nm based on the ground-based observations over
Thessaloniki (right).

The measured stratospheric AOD at 1064 nm was found to be equal to 0.04 ± 0.03,
with the majority of infrared AODs being at the range between 0.001 and 0.03, exhibiting
two peaks, one in the range between 0.001 and 0.008 and the second one between 0.07 and
0.099. The secondary peak observed over Thessaloniki denoting the existence of highly
absorbing aerosols was deemed to be a local effect; it could be possibly linked to smoke
contamination from local sources.

Additionally, CALIPSO daytime and night-time observations of the stratospheric
aerosol features were analyzed for the time period between the 1st of July and the 30th of
September 2019 within a broadened selected area along 30◦–50◦ N and 5◦–35◦ E (Figure S2).
The majority of these cases were night-time overpasses (66 out of 75) and were character-
ized by a higher SNR compared to daytime retrievals, thus providing higher accuracy in
retrieving the boundaries of the aerosol layers as well as their optical properties [42].

Figure 10 illustrates the distribution of the CALIPSO geometrical boundaries of the
observed stratospheric layers, during both day and night-time measurements. The majority
of the detected stratospheric aerosol layers by CALIPSO were found to be in an altitude
range between 8 and 23 km, in accordance with THELISYS retrievals and the plume
thickness ranged between 0.4 and 6.4 km with a mean geometrical depth of 1.2 km.
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Figure 10. Histogram of CALIPSO “Layer Top” and “Layer Base” boundaries for layers classified as
sulphates.

The AOD was retrieved only in the stratospheric region, not including the tropospheric
component. Figure 11 (left) shows the frequency distribution of the CALIPSO stratospheric
AOD column at 532 nm, whilst Figure 11 (right) shows the frequency distribution of the
AOD column at 1064 nm. The mean observed AOD at 532 nm was found to be 0.03 ± 0.026,
while the mean AOD at 1064 nm was found to be 0.006 ± 0.005. The higher AOD values
at 1064 nm observed from THELISYS lidar compared to CALIPSO retrievals could be
attributed to contamination of localized smoke particles.
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Figure 11. Histogram of the CALIPSO stratospheric AOD at 532 nm (left) and the stratospheric AOD
at 1064 nm (right).

The mean particle depolarization ratio of the detected stratospheric layers was found
to be 0.03 ± 0.04 (Figure 11 left), indicating the prevalence of a spherical component such as
sulphate aerosols. The low PLDR values are consistent with the ground-based THELISYS
measurements. Additionally, the calculated Angstrom exponent ranged mostly between
1 and 3 with a mean value of 2.05 ± 1.11, indicating the presence of smaller particles
(Figure 12 right).
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and the stratospheric Angstrom exponent (right).

3.5. Correlative Stratospheric Measurements for 25 July 2019

In the current section, a specific day of interest, the 25 July 2019, is presented in detail
whereupon all different information sources discussed previously are merged to provide a
clear common picture for the stratospheric aerosol plume.

OMPS-LP observations of the stratospheric layer of July 25th, 2019, are presented in
Figure 13, showing the volcanic aerosol layer extending between the tropopause altitude
and ~17.5 km near Thessaloniki (Figure S3).
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Figure 13. OMPS-LP aerosol extinction to molecular ratio profiles measured on the 25th of July
2019 in longitudes near Thessaloniki and latitudes between 20◦ and 60◦N. The white line denotes
the tropopause altitudes, which is included in OMPS-LP daily files and provided by NASA Global
Modeling and Assimilation Office (GMAO) [48].

CALIPSO observations of the stratospheric layer for the same date are presented in
Figure 14. Two overpasses at close proximity to the ground-based lidar were analyzed;
the first one occurred at night (00:44–00:57 UTC) at 60.0 km distance from Thessaloniki
and the second one occurred during the day (11:48–12:02 UTC) at 50.0 km (Figure S4). The
attenuated backscatter coefficient showed aerosol structures between 15.6 and 16.9 km
height from 40◦ to 43◦N during the daytime overpass and between 12.5 and 17.5 km from
39◦ to 48◦N during the night-time overpass (Figure 14a,c).
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Figure 14. Aerosol layer properties observed by CALIPSO on 25 July 2019 during the daytime
(a,b) and night-time (c,d) overpasses across Greece. Aerosol subtyping (a,c) and layer geometrical
boundaries (b,d), with top and base altitudes represented as red and blue dots, respectively. Figures
adapted from https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4_index.
php, last access: 31 August 2023. The red vertical line denotes the closest track point location to
Thessaloniki lidar station.

The CALIPSO aerosol typing scheme classified the layer as stratospheric aerosol layer
of sulphate type, see dark grey areas in Figure 14a,b. Figure 14b,d show the bottom and
top altitude of the detected aerosol plumes. Aerosol heights of the vertically homogeneous
sulphate layers were found to range between 12.5 and 17.5 km. These aerosol layers showed
low PLDR values at 532 nm (PLDR < 0.075), suggesting the presence of spherical sulphate
particles. The total attenuated backscatter values exhibited values of the order of 0.001 to
0.005 km−1·sr−1 and the mean AOD was found to be 0.023 ± 0.03 at 532 nm and 0.017 at
1064 nm. THELISYS also detected the stratospheric layer at height ranges between 16.2 and
16.8 km. The plume exhibited low PLDR values (<0.05) and mean AOD values at 532 nm
and 1064 nm around 0.012 and 0.0095, respectively.

A summary of the geometrical and optical retrievals from ground observations, space-
borne measurements, and model simulations are given in Table 3. For the ICBG experiment
and the OMPS-LP observations, a standard Gaussian fit was applied to the profiles pro-
vided to calculate the layer’s base and top height. All sources denote the presence of the
stratospheric plume over Thessaloniki at heights around 16 km, with thicknesses that range
from less than 1 km for the THELISYS and the daytime CALIPSO sensing, to ~3 km for the
OMPS-LP observation. The ICBG hb4e experiment with the Raikoke signal reported a dou-
ble layer for that day, with the extinction profile at 550 nm showing a weak signal between
10.7 and 12.38 km and a stronger well-defined peak from 14.77 to 16.13 km. The aerosol
optical thickness of the detected stratospheric plume was found at the range between 0.009
and 0.023 (visible) and 0.007 and 0.0095 (infrared) and the particle depolarization was
found to be less than 0.08, indicating the presence of spherical particles, such as sulphate
aerosols.

https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4_index.php
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/std_v4_index.php
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Table 3. Summary of the stratospheric geometrical, and optical retrievals from 25 July 2019.

THELISYS
CALIPSO

ICBG OMPS-LP
Daytime Night-Time

Layer Base Height (km) 16.2 16.04 15.40 ± 1.71 14.77 14.47 ± 0.53

Layer Top Height (km) 16.8 16.44 16.68 ± 1.32 16.13 17.88 ± 0.13

PLDR <0.05 0.086 0.018 ± 0.003 n/a n/a

AOD IR (wavelength in nm) 0.0095 (1064) n/a 0.002 ± 0.006 n/a 0.007 ± 0.0015 (997)

AOD VIS (wavelength in nm) 0.012 (532) 0.017 (532) 0.023 ± 0.03(532) 0.009 (550) n/a

4. Conclusions

i. Complex stratospheric aerosol conditions with simultaneously occurring volcanic
and smoke layers took place in the second half of 2019 over Thessaloniki, Greece.
A persistent stratospheric layer with variable geometric boundaries (from 10 up to
20 km) was monitored with a Raman lidar over Thessaloniki, Greece, starting from
July 2019, stimulating the investigation of the main source of this persistent, but
not stable, aerosol layer. We further probed the lower stratosphere for this aerosol
layer during the period July–December 2019 using space-borne CALIOP/CALIPSO
and OMPS-LP observations. A CAMS data assimilation experiment of the Raikoke
eruption also confirmed that the SO2 plume arrived over the Mediterranean and
Thessaloniki station, corroborated by CALIPSO measurements which indicated that
the main composition of the layer was sulphate particles. This was until August, when
local or high northern latitudes (i.e., Alaska, Alberta, Siberia) fires also contaminated
the lower stratosphere. All sensors with different detection limitations captured the
temporal and height variability of the observed layer above Thessaloniki during the
complex stratospheric aerosol conditions of 2019. In short, the ground-based system
monitored the stratospheric layer with high temporal sampling and high vertical
resolution, denoting an increased thickness till the end of 2019, whilst the correlative
CALIPSO and OMPS-LP retrievals, having different temporal coverage, enhanced
the spatial sampling by capturing the stratospheric features after the eruption. On
top of that, the model simulations suggested the presence of volcanic particles in the
stratosphere and the CALIPSO typing scheme identified the plume’s origin and geo-
metrical and optical properties. The combined results of ground measurements, space
observations, and model simulations are summarized as follows. The pronounced
aerosol layer was present from July 2019 to the end of that year. During July, volcanic
sulphate aerosol layers (particle linear depolarization ratio < 0.08) with a 1–3 km
vertical extent were mainly identified in the stratosphere over Thessaloniki, while
after August, the plume heights showed significant month-to-month variability and a
broadening (with thickness greater than 3 km) towards lower altitudes.

ii. The aerosol optical thickness was found to be in the range between 0.004 and 0.125
(visible) and 0.001 and 0.095 (infrared) and the particle depolarization of the detected
stratospheric plume was found to be 0.03 ± 0.04, indicative of spherical particles such
as sulphate aerosols.

iii. The CALIPSO aerosol-typing identified the volcanic sulphate aerosol type as the
dominant type of the stratospheric plume for ~91% of the identified stratospheric
layers throughout the year of 2019, whilst a small number of aerosol layers (~9%)
were classified as smoke and ash particles, possibly originating from Siberian and
Canadian fires. The smoke particles were nearly always located below the identified
sulphate particles, while the more pronounced smoke layers were identified beyond
and to the North of Thessaloniki.

iv. The consistency of the active and passive measurements and CAMS assimilations
was identified for the case study of the 25 July. The case presented, in detail, the
geometrical boundaries (~16 km) and the optical signature of the stratospheric plume
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from the different sources and the CALIPSO aerosol-typing identified the volcanic
sulphate aerosol type as the predominant type of the stratospheric plume.

We aim to apply the main lessons and insights stemming from this study to the ongoing
severe 2023 fire season in Greece. From the lidar observations, we aim to apply a novel
aerosol species separation algorithm on the THELISYS observations, designed to retrieve
vertical concentration profiles of individual aerosol species by combining measurements
from lidar systems and spectrophotometers [63]. Pure, as well as mixed aerosol types
can be identified which will greatly enable future in-depth studies of the aerosol layers
reaching Thessaloniki. The OMPS-LP observations should also be further exploited by
calculating the aerosol particle mode radius which, alongside the Ångström exponent, will
allow determination of the particles’ nature with more confidence.

While the differences in spatial resolution, temporal availability, and spectral ranges
of the different observational, as well as simulation datasets is irrefutable, the synergistical
analysis of ground-based, space-borne, and modelling outputs can only benefit their assim-
ilation into climate and Earth-system models, to account for the impact of stratospheric
features and the aerosol–cloud interactions for long-term climate work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15225394/s1.

Author Contributions: Conceptualization, D.B., N.S., K.A.V. and M.-E.K.; data curation, K.A.V., K.M.,
A.I., S.R., G.T. and G.P.; writing—original draft preparation, K.A.V.; writing—review and editing,
M.-E.K. and M.P. All authors have read and agreed to the published version of the manuscript.
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