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Abstract: The remote sensing ground-based platform for atmospheric research hosted by the ER-
ATOSTHENES Centre of Excellence will be the key research infrastructure of the Cyprus Atmospheric
Remote Sensing Observatory (CARO) in Limassol, Cyprus. Between the 27th of October to the 1st of
November 2020, the lidar system observed a pronounced and well-aged stratospheric aerosol layer
with a backscatter maximum around 10 km asl and clear wildfire smoke signatures. The observed
smoke plume was caused by extreme wildfires on the west coast of the U.S. Long-range aerosol
transport events observed over Limassol are used for the study of the influence of organic aerosol
particles (serving as ice-nucleating particles, INPs) in a cirrus formation in the upper troposphere.
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1. Introduction

Heterogeneous ice formation is an important process in aerosol-cloud interaction.
Solid aerosol particles trigger the nucleation of ice crystals at relatively high temperatures
from 0 to about —35 °C usually via heterogeneous freezing and nucleation mechanisms. At
these temperatures, ice formation (and the formation of mixed-phase clouds) is not possible
without the assistance of ice-nucleating particles (INPs). Even at lower temperatures
(from —40 to —65 °C), at which homogeneous freezing usually dominates, heterogeneous ice
nucleation with dust and soot particles can have a strong impact at relative humidities (RHs) of
ice, with an RHi of <140-150% on the evolution and lifetime of tropospheric clouds.

Cyprus, in the centre of the eastern Mediterranean region, offers favourable conditions
for atmospheric and climate research, especially in the field of cloud and precipitation
formation, with a focus on the influence of natural (desert dust, soil dust, and marine
particles) and anthropogenic aerosols (urban haze and biomass burning smoke) on these
processes. The island exhibits Middle Eastern atmospheric and climate conditions, and its
air quality is strongly affected by a mixture of urban haze originating mainly from urban
and industrial conglomerations in southeastern Europe, but also from the Middle East and
northern Africa. There are very few locations on Earth which experience such complex
aerosol structures, vertical layering, and mixtures, which can sensitively influence cloud
evolution and precipitation processes.

In this article here, we discuss lidar observations of ice clouds that were generated in
aged North American wildfire smoke layers at the tropopause. The measurements were
performed in Limassol, Cyprus, in the Eastern Mediterranean in October-November 2020.
Ice nucleation started in the lowest part of these smoke layers (just below the tropopause).
The freshly nucleated ice crystals formed extended fields of long fall streaks (virga). The
simultaneous occurrence of smoke layers together with intense cirrus features is a strong
sign that smoke particles served as the dominant INPs.
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2. Dataset and Methodology
2.1. Cyprus Atmospheric Remote Sensing Observatory

An aerosol multiwavelength polarization Raman lidar Polly system (POrtabLe Lidar
sYstem) [1] and a wind doppler lidar system currently operate at the Cyprus Atmospheric
Remote Sensing Observatory (CARO) of the Eratosthenes Centre of Excellence in Limassol
(34.677° N, 33.0375° E, and 2.8 m above sea level, a.s.1.) for the continuous vertical profiling
of aerosols and wind. The observatory is expected to be fully operational by 2024, with a
containerized cloud radar, microwave radiometer, and a disdrometer used for cloud and
precipitation monitoring. The fully equipped station will allow in depth studies of the
interaction between aerosols, clouds, precipitation, and atmospheric dynamics in the highly
polluted eastern Mediterranean region, where complex mixtures of desert and soil dust,
biogenic particle components, and anthropogenic haze regularly occur [2-4]. CARO is
the planned ACTRIS (Aerosols, Clouds and Trace gases Research InfraStructure) National
Facility of the Republic of Cyprus for the remote sensing of aerosols and clouds, and the
Limassol lidar station is part of PollyNET, a network of continuously operated Polly lidar
stations [5]. In addition, a sun photometer has been operated in Limassol since 2010 in the
framework of AERONET (Aerosol Robotic Network, CUT-TEPAK station) [6,7].

2.2. The Methodology

In this study, the profiles of the 532 nm particle backscatter coefficients at the smoke
and cirrus height levels retrieved by the PollyXT lidar system in Limassol were used. The
so-called Klett-Fernald method [8,9] allows the determination of the backscatter coefficient
profiles from strong elastic backscatter signal profiles. The prior lidar ratio given as the
input may cause the relative uncertainty in the order of 20-40%. In contrast, the Raman
lidar method [10] does not need critical input parameters, and thus, is more accurate; to
keep the influence of enhanced signal noise low, longer vertical smoothing and longer
signal averaging times are required when using this method.

The POLIPHON (POlarization LIdar PHOtometer Networking) method [11,12] en-
ables us to retrieve aerosol-type-dependent microphysical products from the measured
height profiles of the particle backscatter coefficient and to estimate cloud-process-relevant
properties, such as CCN and INP concentrations. A detailed view of the POLIPHON
potential regarding dust and wildfire smoke retrievals is given in [13,14]. In this study,
we make use of the conversion of 532 nm backscatter coefficients into particle surface
area concentration (s) and particle number concentration (n250) (number concentration of
particles with radius >250 nm). S is the smoke input parameter in the INP parameterization,
which is described in the next section, and n250 can be regarded as a rough proxy for the
INP reservoir (available particles that could potentially be activated as INP). The relation-
ships given in [12,14] are used to calculate s and n250 with the extinction-to-surface-area
conversion factor cs and the extinction-to-number conversion factor ¢250 for 532 nm equal
to 1.75 Mm pm? cm 3 and 0.35 Mm cm 3, respectively, as is indicated for strongly light-
absorbing smoke particles. Considering an uncertainty of 25% in the conversion factors
and a lidar ratio uncertainty of about 15-20%, we can obtain the microphysical properties
with a relative uncertainty of about 30%.

3. Observations
3.1. Smoke Identifications and Optical Properties

From 21 October to 3 November 2020, extended North American wildfire smoke layers
crossed the Mediterranean Basin from Portugal to Cyprus in the altitude range of 6-14 km
asl [15]. The smoke originated from large wildfires in California, USA, and travelled for 8 days
before reaching Europe. The top of Figure 1 top shows the smoke measurements taken with
the Polly instrument in Cyprus on 27 October 2020, and the bottom of Figure 1 shows the
smoke layers on 30 October 2020 [16]. Weak aerosol structures are visible at 6-11 km asl, and
pronounced layers were detected in the altitude range of 11-14 km asl.
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Figure 1. (a) Wildfire smoke layer between 11 and 13.5 km asl over Limassol, Cyprus, on 27 October 2020
(top) and 10.5-12 km on 30 October 2020 (bottom). (b—e) Mean profiles of particle backscatter coefficients
at 355, 532, and 1064 nm, extinction coefficients, lidar ratios, LR at 355 and 532 nm, backscatter Angstrém
exponents (AE; blue for the 355-532 nm spectrum, and orange for the 532-1064 nm spectrum), and
particle linear depolarization ratios (PLDR) at 355 and 532 nm.

The strong wavelength dependence of the backscatter coefficient and the respective
high-level backscatter Angstrom exponents of 1-2 and the weak wavelength dependence
of the extinction coefficient are typical for aged, strongly light-absorbing wildfire smoke
particles. In the optically thickest part at 12-13 km asl with the highest particle extinction
coefficients, the lidar ratio was about 70-90 sr at 532 nm and 50-60 sr at 355 nm. This
inverse spectral dependence of the lidar ratio is characteristic for aged wildfire smoke [17].
The main smoke layer was above the tropopause.

The enhanced particle depolarization ratio of 0.1-0.15 at both wavelengths indicates
non-spherical particles.

3.2. Ice Nucleation in Smoke Layers

On 28 and 30 October 2020, ice clouds developed at the tropopause over Cyprus. Data
from Athalassa’s Radiosondes Station 17607 (35.14° N, 33.39° E, and 160 m a.s.l.) in Nicosia,
Cyprus, were used in this study for the estimation of the tropopause heights. The sonde
measures the pressure, temperature, dew point, horizontal wind velocity, and direction
(Nicosia-Athalassa-RS, 2023). The radiosonde station is 61.4 km northeast of CARO.

The main smoke layer was located between the tropopause and 12-12.5 km asl on
these two days, as shown in Figure 2b,d. The sharp drop in the RH profiles in Figure 2a,c
at 10.5 km (28 October) and 11 km (30 October) indicates the tropopause. The volume
depolarization ratio is shown in Figure 2b to better identify the smoke layers at 10-12 km
and at 6 km asl on this day. The white, tilted column-like features in Figure 2b,d are ice
virga consisting of falling ice crystals. The nucleation of ice crystals on smoke particles



Enwviron. Sci. Proc. 2023, 26, 197

40f6

most probably started at the top of the humid layer in the coldest part of the troposphere
(at temperatures from —47 to —53 °C).
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Figure 2. Formation of cirrus in the lower part of an aged wildfire smoke layer (at 10-12.5 km asl)
on 28 October 2020 (a,b) and 30 October 2020 (c,d). In (a,c), radiosonde profiles of temperature
(red) and relative humidity (RH, blue) are shown (radiosonde launches in (a) at 5 UTC and in (c)
at 11 UTC). The sharp drop in the RH profile at 10.5 km (a) and 11 km (c) indicates the tropopause.
The height-time displays of the volume depolarization ratio (in b) and of the range-corrected
1064 nm backscatter signal (in d, equivalent to the 1064 nm attenuated backscatter coefficient)
show smoke layers at 10-12 km and around 6 km (b) and 10-12.5 km and at 14 km asl (d).

These ice crystals grew fast in supersaturated air and immediately started to fall.
Well-structured coherent virga are formed by these crystals. Hexagonal ice crystals cause
strong depolarization ratios around 40%. The virga are visible as long as the RH is high so
that the sublimation of ice crystals, even in subsaturated air, is slow or prohibited.

Cirrus formation intensified on 30 October from 6 UTC to 12 UTC, and the optical depth of
the virga increased so that the smoke layer above the virga is no longer visible in Figure 2d (after
9:45 UTC). The colour plot is based on the lidar profiles measured with 7.5 m vertical and 30 s
temporal resolutions. Averaging the signal profiles over, e.g., 15-20 min and vertical smoothing
with window lengths of 150-750 m are required to resolve the entire cirrus and smoke layer
structures up to the smoke layer top.

Strong ice nucleation and virga evolution were observed over many hours in the
evening of 30 October 2020 (not shown here).

3.3. Conclusions

In this study, we present lidar observations in Limassol, Cyprus, in the eastern Mediter-
ranean region that shown clear evidence of the impact of wildfire smoke on cirrus formation
in the tropopause region from —47 to —53 °C. Optically dense smoke layers crossed the
Mediterranean Basis in October-November 2020.

This analysis was based on the application of a specific INP parameterization devel-
oped for organic aerosol particles to describe the ice-nucleating efficiency of aged wildfire
smoke particles. This work will be further extended with respect to gravity waves simu-
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lation analysis (publication under preparation: [18]). We will continue our research not
only analysing lidar observations, but the lidar-derived INP estimates in addition to com-
bine radar-lidar observations for the estimation of the ice crystal number concentration
following the methodology presented in [19,20].
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