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Abstract: The aim of this paper is to study the spatio-temporal evolution of a long-lasting Canadian
biomass burning event that affected Europe in August 2018. The event produced biomass burning
aerosol layers which were observed during their transport from Canada to Europe from the 16 to the
26 August 2018 using active remote sensing data from the space-borne system Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO). The total number of aerosol layers detected
was 745 of which 42% were identified as pure biomass burning. The remaining 58% were attributed
to smoke mixed with: polluted dust (34%), clean continental (10%), polluted continental (5%), desert
dust (6%) or marine aerosols (3%). In this study, smoke layers, pure and mixed ones, were observed
by the CALIPSO satellite from 0.8 and up to 9.6 km height above mean sea level (amsl.). The mean
altitude of these layers was found between 2.1 and 5.2 km amsl. The Ångström exponent, relevant to
the aerosol backscatter coefficient (532/1064 nm), ranged between 0.9 and 1.5, indicating aerosols of
different sizes. The mean linear particle depolarization ratio at 532 nm for pure biomass burning
aerosols was found equal to 0.05 ± 0.04, indicating near spherical aerosols. We also observed that,
in case of no aerosol mixing, the sphericity of pure smoke aerosols does not change during the air
mass transportation (0.05–0.06). On the contrary, when the smoke is mixed with dessert dust the
mean linear particle depolarization ratio may reach values up to 0.20 ± 0.04, especially close to the
African continent (Region 4).

Keywords: CALIPSO; Lidar; biomass burning aerosol; Canadian smoke; Canadian wildfires 2018

1. Introduction

Atmospheric aerosols are a fundamental part of the Earth’s atmosphere with a significant impact
on climate, as they can interact with radiation and clouds [1–3]. Atmospheric aerosols are difficult to
characterize due to their highly variable spatio-temporal distribution and their production mechanisms.
Moreover, natural and anthropogenic aerosols from different sources can be mixed or aged during
transport, which furthermore influences their properties [1–3].

Wildfires, agricultural burnings and increased use of wood as fuel for heating are the major
sources of atmospheric aerosols related to biomass burning [4]. Biomass burning aerosols (BBs) can
directly scatter and absorb solar radiation (so-called direct effect). They can also interact with clouds
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and change their properties, such as cloud albedo, precipitation efficiency and lifetime (so called
indirect effect) [2,5–7].

Furthermore, increased attention is drawn to the fact that a lot of health risks of great importance
are related with the increase of biomass burning. BBs can be produced by natural sources and/or
anthropogenic processes. On a global scale, central and southern Africa, North America, Canada
and Siberia (Russian Federation), the Midwest and the Amazon in Brazil, form the largest sources of
biomass burning aerosols on Earth, mostly during the dry seasons [8–10].

It is well known that the kind of vegetation burning influences the released amount of
soot (Black carbon: BC) and the size of the emitted smoke aerosols and, thus, their optical and
physico-chemical properties [7,11]. BBs are one of the key aerosol types in climate research and due to
the scarcity of relevant data in the literature, the vertical stratification of their optical, microphysical
and chemical properties in free tropospheric layers is urgently needed [4].

Furthermore, smoke plumes from forest fires can be injected directly into the planetary boundary
layer (PBL) and the free troposphere [12,13], or even to the lower stratosphere [14,15]. Long-range
transport mechanisms, found in the free troposphere and lower stratosphere can distribute these smoke
aerosols hemispherically [7,16,17].

This fact leads to an important issue regarding the transformation processes undertaken by the
smoke aerosols, such as coagulation, condensation, and gas-to-particle conversion frequent during
long-range transport leading to changes in their size and therefore to their optical properties [4].

In recent years, an increasing number of investigations focusing on the retrieval of the vertical
profiling of the BBs’ geometrical and physico-chemical properties in the case of large fires all over
the world is based on ground-based and spaceborne lidar systems [7,14,18–24]. In this paper, we
investigate the modification of the vertical profiles of the BBs’ geometrical and optical properties
during a long-range biomass burning event that occurred over Canada from the 16 to 26 August 2018,
as observed by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite, following the BBs from their source along their pathway towards Europe. The mean values of
smoke plumes’ altitude, and the relevant values of BBs’ aerosol backscatter coefficients (β), the particle
linear depolarization ratio (LPDR) at 532 nm, as well as the backscatter-related Ångström exponent
(AE 532/1064 nm) are presented and discussed during this intercontinental transport.

2. Methodology and Data

2.1. Smoke Event Description

In 2018, the Canadian region of British Columbia (BC) experienced its worst fire season on
record since 2115 fires burned over 1.35 million hectares. This large fire event surpassed the 2017 fire
season—previously the largest burned area—in which over 1.22 million ha were burned. The fires
of 2018 in BC accounted for about 60% of the total burned area in Canada in 2018, compared to an
average of 7% over the 1990 to 2018 period [25]. Smoke emitted from these fires largely contributed to
the poor air quality measured in the province during the fire period of April to September. All air
quality measuring stations had at least one day where the Air Quality Health Index (AQHI) reached
7 or even higher values. Furthermore, most of these stations preserved these high values for more
than seven days, while three of them for almost a month (British Columbia’s forest fires, 2018). On the
16 August 2018 in BC 559 wildfires were active, leading the local BC. government to declare this
province at the state of emergency. These smoke aerosol plumes travelled across the Atlantic Ocean
and affected the western coasts of Europe on the 25 and 26 August.

In the frame of this paper, this intercontinental transport event will be studied with the
synergy of satellite observations and models: data from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) lidar system on board the CALIPSO satellite, the Moderate Resolution Imaging
Spectroradiometer (MODIS), instrument on board the Terra and Aqua satellites, the HYSPLIT trajectory
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model and the NASA’s tool Giovanni will be used to study the source, the transportation and the
modification of the geometrical and physical properties of the detected BBs.

2.2. Satellites, Models and Tools

MODIS is flying on two satellites in orbits that complement each other and provides the diurnal
variation of the rapidly varying atmospheric parameters for climate and global change studies with
almost complete global coverage in one day [26]. In this study active fire data from MODIS Terra and
Aqua, distributed through the Fire Information for Resource Management System (FIRMS), were used
to analyze the distribution of fires in Canada during the studied period. In Figure 1b we present with a
red dot the location where MODIS detected at least one fire event during the compositing time period,
with confidence greater that 80% (The fire maps are available from NASA’s Earth Observing System
Data and Information System (EOSDIS) (https://firms.modaps.eosdis.nasa.gov). The period covered by
the fire map shown was set to 8 days, from 8 to 16 August 2018 coinciding with the period of intense
wildfires in Canada.
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Figure 1. (a) Time Averaged Map of Combined Dark Target and Deep Blue AOD at 550 nm for land and
ocean: Mean daily 1◦ [MODIS-Aqua MYD08_D3 v6.1] from 16 August 2018 and for a 10 day period.
(b) The 10 day forward HYSPLIT trajectories starting on 16 August and ending on 10 August. The red
dots correspond to active fires observed in BC, Canada, by MODIS with confidence greater than 80%.
Magenta and green lines correspond to nighttime and daytime CALIPSO orbits, respectively. Red,
yellow, purple and cyan boxes correspond to the four subregions (R1–R4) of the smoke motion that will
be further analyzed in Section 3.2.

Aerosol observations from several space-borne instruments can be accessed through the Giovanni
tool, which is a data exploration system for visualization, and analysis of NASA Earth Science data
(https://giovanni.gsfc.nasa.gov/giovanni/) [27]. The Giovanni tool was used to verify the path of smoke
plume motion and visualize the AOD at 550 nm (based on MODIS (Aqua) data, with a temporal
resolution of 24 h and spatial resolution of 1◦ (Figure 1a). In this figure we see that AOD values at
550 nm were greater than 0.825 close to the burning areas, while at the time smoke was reaching the
European continent these values were still increased (>0.413).

The HYSPLIT model “ensembles” has been an attractive approach to study an atmospheric
transport (https://www.ready.noaa.gov). The “ensemble” method, that was used for the analysis of
the forward air mass trajectories, is created by slightly offsetting the meteorological data to test the

https://firms.modaps.eosdis.nasa.gov
https://giovanni.gsfc.nasa.gov/giovanni/
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sensitivity of the advection calculation to the gradients in the meteorological data fields. Multiple
trajectories start from the selected starting point, and each member of the trajectory ensemble is
calculated by offsetting the meteorological data by a fixed grid factor. As a result, 27 members occur
for all-possible offsets in longitude, latitude and altitude. This can work as an approximation of
the true flow field [28,29]. One indicative forward air mass trajectory is shown in Figures 1 and 2.
The coordinates and altitudes of the smoke plumes were observed over Canada and categorized as
smoke aerosols by the CALIPSO algorithm. These coordinates and altitudes were used as initial values
for the model. The air mass starting point was placed at 52.6◦ N and 124.7◦ W, for this indicative
trajectory, and the height was at 4500 amsl. The vertical motion calculation method used was the
model vertical velocity along with the meteorological data GDAS1 (Global Data Analysis System).
The duration of the trajectory was 240 h forward. The trajectory analysis showed the path that the
smoke followed to reach Europe.
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Figure 2. (a) 10-day forward ensemble air mass trajectories starting on 16 August (11:00 UTC),
as provided by HYSPLIT. Different color-lines of the forward trajectories correspond to trajectories
for all-possible offsets in longitude, latitude and altitude according to the ensemble analysis).
(b) 10-day-forward ensemble air mass trajectories (foreground) over plotted along with selected
CALIPSO curtains.

The CALIPSO satellite was the main tool used in this study, as it offers the unique opportunity of
studying such a dynamic event, from its source region and across an intercontinental path passing
over the Atlantic Ocean, where no ground-based lidars exist. CALISPO is a polar-orbiting satellite
flying at an altitude of about 705 km, with a laser footprint covering 0.2% of the Earth’s surface during
one full cycle. The CALIOP elastic backscatter lidar system, on board the CALIPSO satellite, emits
simultaneously at 532 and 1064 nm (https://www-calipso.larc.nasa.gov/) is able to provide the vertical
structure of aerosols along with their optical properties [30]. In this work, we used Level 2 CALIPSO
products, specifically the Lidar Level 2 Vertical Feature Mask data product (VFM) and the Lidar Level
2 Aerosol Profile data products (APro) of version 3.40, which is provided in horizontal resolution of
5 km. The VFM product was the one used in order to separate the atmospheric aerosol layers, that the
CALIPSO algorithm categorized as smoke, from the other types of aerosols. The mean altitude of the
corresponding smoke layers was also obtained by the VFM product. Afterward, the optical properties
used for the analysis were obtained by the Apro product. The nighttime and daytime orbits used in
this study are presented with the magenta and green lines in Figure 1b.

https://www-calipso.larc.nasa.gov/
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2.3. Methods and Data Analysis

Since the active fires in the Canadian region were detected by MODIS, the CALIPSO orbits were
used, at first, to observe the smoke layers in this region, near the wildfires area. The night and day orbits
were used in order to track the transport of the smoke plume towards Europe, from 16 to 26 August.
The plume was observed initially over the BC on the 16 August (11:00 UTC) between 45–56◦ N and
123–127◦ W, within the height region 2–5 km amsl. In Figure 2(b1–b4), we present the orbits of
CALIPSO, along with the forward ensemble air mass trajectory.

The CALIPSO “curtains” shown in the background represent the vertical distribution of the total
attenuated backscatter coefficient at 532 nm, while in the foreground, the forward air mass trajectories
show the path that the smoke plume followed, from Canada to Europe in a 10-day period.

The observations of CALIOP were used to track the biomass burning plumes throughout their
transport from Canada to Europe. In order to study the geometrical and optical properties of the
smoke layers, the main region of smoke’s spatial distribution was limited from 38◦ N to 58◦ N and
from 125◦ W to 10◦ E. The nighttime and daytime CALIPSO orbits where used to follow the smoke
aerosol layers. The horizontal averaging applied to the CALIOP data was 105 km, in order to enhance
the detection of the aerosol layers. For the data analysis, we used Atmospheric Volume Description
(AVD) to screen out any other scatterer apart from aerosols. The standard cloud-aerosol discrimination
(CAD) score, reported in the CALIPSO products range between −100 and 100. The sign of the
CAD score indicates the feature type: positive values signify clouds, while negative values signify
aerosols. The absolute value of the CAD score provides a confidence level for the classification (https:
//www.calipso.larc.nasa.gov/resources/calipso_users_guide/data_summaries/profile_data.php). To be
on the safe side and exclude any cloud contamination, CAD score was set between −80 and −100.

The vertically resolved particle optical properties (β and LPDR at 532 nm and AE 532/1064 nm)
were retrieved by the CALIPSO nighttime and daytime orbits. The retrievals were made per 2

◦

latitude and longitude, along the CALIPSO orbits. The dates of the orbits used are presented in
Figure 1b. Magenta and green lines correspond to nighttime and daytime CALIPSO orbits, respectively.
The retrievals were made per 2◦ latitude and longitude, along each one of the CALIPSO orbits
used. Profiles not containing any smoke layers were excluded. However, most of them, usually,
included more than one smoke layer, in different heights. As mentioned before, the minimum spatial
averaging of the CALIPSO product is 5 km and the average we used was 105 km. While the average
can be applied in intensive aerosol parameters (β and LPDR at 532 nm and AE 532/1064 nm) it can’t be
applied in the typing product. Thus, more than one aerosol type was attributed in each layer, as it can
be seen in Figure 3d.

As an example of the aforementioned retrievals, the vertically resolved aerosol optical properties
and the corresponding subtypes are presented in Figure 3 as derived from the nighttime CALIPSO
orbit on 20 August 2018, 07:03, 42.5◦ N and 73.8◦ W. As it is shown in this figure, at least 5 aerosol
layers were observed (Figure 3d). Two of them were categorized as pure smoke (S), while 3 as smoke
mixed with clean continental aerosols (S+CC), smoke with polluted dust (S+PD) and smoke with
polluted continental (S+PC).

Initially, all layers containing smoke, according to CALIPSO aerosol typing algorithm, were isolated
and analyzed. However, as all the studied layers contained either pure smoke, or smoke mixed with
other aerosols, 6 new categories were added in this work: pure smoke (1), smoke mixed with polluted
dust (2), with desert dust (3), with clean continental (4), with polluted continental (5) and with marine
aerosols (6). In that way, two aerosol categories containing smoke mixed with dust have emerged,
the first containing smoke mixed with polluted dust and the second containing smoke mixed with
dessert dust. In the first category the smoke is mixed with dust that is already mixed with smoke or
other continental polluted aerosols, while the second category is a mixture of two pure aerosol types:
smoke and dessert dust. Differences between these categories occurred, mostly, based on their LPDR
and LR values.

https://www.calipso.larc.nasa.gov/resources/calipso_users_guide/data_summaries/profile_data.php
https://www.calipso.larc.nasa.gov/resources/calipso_users_guide/data_summaries/profile_data.php
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Figure 3. Vertically resolved aerosol optical properties: (a) β at 532 nm, (b) β-related AE 532/1064 nm,
(c) LPDR at 532 nm and (d) aerosol typing according to the CALIPSO algorithm (M: marine, D: Dust,
PC: Polluted Continental, CC: Clean Continental, PD: Polluted Dust, S: Smoke), as retrieved from the
nighttime CALIOP orbit on 20 August. The coordinates used to derive these properties were 42.5◦ N
and 73.8◦ W. Green shadowed lines correspond to the standard deviation for each aerosol property.

The analysis applied on the data sets was the box plot. The box plot analysis is useful for analyzing
data sets as large as those studied here, as they provide a visual summary of the data and an easy
identification of the median and mean values, the dispersion of the data set, and signs of skewness.
The minimum and maximum values are found at the end of the whiskers and are useful for providing a
visual indicator regarding the range of the data. The 75th percentile and 25th percentile values indicate
the values at which 75% of the data are above it and 25% below.

The box plot analysis was first applied on the whole dataset of the event, then on the four
subregions that the smoke region was divided and finally, only on the pure smoke aerosol layers which
were identified. Regarding the four subregions (R1 to R4), the first subregion (R1) contains all the
smoke layers located over the active fires and up to two days eastward travel from the fire source.
The second subregion (R2) is the one containing all the smoke layers eastward of the first region and
up to the eastern Canadian coasts. The third subregion (R3) contains the smoke layers which cross
the Atlantic Ocean and finally the fourth subregion (R4) contains the smoke layers that reached the
western coasts of Europe (in Figure 1 the four subregions are presented with the corresponding colors).

3. Results and Discussion

3.1. Mixed Smoke Layers Analysis

The total attenuated aerosol backscatter coefficient at 532 nm for each day of the tracked smoke
plume, in the time period 16–26 August 2018, are presented in Figure 4, where the corresponding color
bar on the right of the figure indicates the intensity of the aerosol load (e.g., the atmospheric aerosol
layers are delineated by the yellow, orange and light-red colors). These aerosol layers were identified
as smoke, pure or mixed with other aerosol types, by the CALIPSO algorithm. The corresponding
aerosol types, according to CALIPSO’s algorithm, are presented in Figure 5. With black color are
represented the smoke layers, with brown and yellow colors the polluted dust and desert dust,
respectively, with green and red colors the clean and polluted continental and, finally, with blue color
the marine layers.
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Figure 5. Percentages of aerosol layers mixing types for the total event, types found in percentages less
than 3%, are not presented with numbers in the figure.

The total number of the corresponding profiles obtained was 715. We then focused on the aerosol
layers of pure smoke or mixtures of smoke aerosols as categorized by CALIPSO. In total, we found
745 layers of smoke: 312 of them were identified as pure smoke, 257 as smoke mixed with polluted dust,
74 as smoke mixed with clean continental aerosols, 35 as smoke mixed with polluted continental, 41 as
smoke mixed with dessert dust and, finally, 26 as smoke mixed with marine aerosols, the percentages
are extensively shown in Figure 5.
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Furthermore, we proceeded with the box-plot analysis of the aerosol layers’ properties concerning
their geometrical height properties (amsl.), the values of β and LPDR at 532 nm, as well as the β-related
AE 532/1064 nm. This analysis was performed using all available biomass burning layers and their
mixtures to obtain representative values of aerosol properties during a large-scale biomass burning
event. The results are presented in Figure 6 containing the box plot analysis that represents the
distribution of the values of the aerosol properties mentioned before for all aerosol layers studied
within this event. Each color of the boxes corresponds to the aerosol type of pure smoke and different
smoke mixtures. Green rhombus correspond to the mean values. The horizontal line inside the box
represents the median values, while the smallest and largest values are put at the end of the whiskers.
The box limits (up and down) correspond to the 75th percentile and 25th percentile values that indicate
the values at which 75% of the data are above it and 25% below. The number of layers for all mixing
types are presented above the altitude box.
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Figure 6. Aerosol layers mixtures according to (a) their altitude (amsl.), (b) β at 532 nm, (c) LPDR at
532 nm, (d) AE 532/1064 nm, related to β, for the total event (S: pure smoke layers, PD: smoke mixed
with polluted dust layers, CC: smoke mixed with clean continental layers, PC: smoke mixed with
polluted continental layers, D: smoke mixed with dust layers and M: smoke mixed with marine layers).

From the analysis of Figure 6a, it was found that mean values of the layers’ altitude ranged
between 2.1 ± 0.9 km (smoke mixed with polluted continental aerosols) and 5.2 ± 1.5 km (smoke mixed
with clean continental aerosols). The 75% of the smoke mixed with polluted continental aerosol layers
was found at altitudes greater than 2.6 km and 25% at altitudes lower than 1.3 km amsl. Specifically,
the smoke layers containing polluted continental aerosols were probed at lower altitudes. Smoke
mixed with clean continental aerosol layers were found at altitudes greater than 6.3 km in 75% and
only 25% were found at altitudes lower than 4 km amsl. This could be explained by the fact that the
sources of the polluted continental aerosols are, mostly, at near ground levels. Moreover, the pure
smoke aerosol layers were found mostly above 5.9 km amsl. (75%).

Concerning the mixtures of smoke with marine aerosols the mean altitude of these layers was
found at about 2.9 ± 0.3 km amsl. (2.8 to 3.7 km amsl.), which seems quite improbable, as typically,
the marine boundary layer (MBL) does not exceed 1.5 km height [31,32]. Therefore, this could be due
to a possible aerosol misclassification by the CALIPSO algorithm. In our case, layers of pure smoke,
smoke mixed with polluted dust or with clean continental aerosols were observed at, approximately,
the same altitude ranges, is in agreement with studies related to smoke injection height [13,16].

In general, the meanβ values at 532 nm (Figure 6b) retrieved from each of the corresponding smoke
layers, ranged from 0.8 to 2.6 Mm−1sr−1. On the other hand, layers including smoke aerosols mixed
with dust, pure or polluted showed mean β values at 2.2 ± 0.9 and 1.7 ± 0.6 Mm−1sr−1, respectively.
More precisely, for these smoke mixtures 75% of the β values were greater than 2.9 and 2.1 Mm−1sr−1.
The β values of pure smoke layers appeared to be mainly (75%) greater than 2.0 Mm−1sr-1, with some
values reaching even 8 Mm−1sr−1. The smoke mixed with clean continental aerosol layers showed the
smallest β values (0.8 ± 0.5 Mm−1sr−1).

The mean values of the LPDR and AE (Figure 6c,d) indicate changes in the shape and size of the
aerosols due to the transforming processes that smoke aerosols went through, during their long-range
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transport, as mentioned before. The LPDR values, that ranged between 0.04 to 0.15 and those of AE
greater than 1 (not exceeding 1.9), are representative for smoke aerosols [33,34]. On the other hand,
LPDR values, greater than 0.20 and AE values close to zero, indicate the presence of dust aerosols [1,19].
We further found that 75% of the pure smoke aerosols LPDR and AE values were greater than 0.07 and
1.4, respectively. The corresponding LPDR and AE values for the smoke aerosols mixed with polluted
dust were 0.11 and 1.6, respectively. For the layers containing smoke mixed with clean and polluted
continentals the LPDR and AE values were 0.06, 0.09 and 1.3, 1.4, respectively. In Table 1 are presented
extensively all values obtained by the analysis of the data in Figure 6. An Appendix A is also found at
the end of a paper containing all the information of the box plot analysis from the following sections as
well (Tables A1–A5).

Table 1. Descriptive statistics of the altitude, β, LPDR and AE values for different aerosol types for the
total event: mean, standard deviation (std), median, maximum value (max), minimum value (min),
75th and 25th percentile for all variables.

Type Parameter Mean Std Median Max Min 75th perc 25th perc

Pure S

Alt [km] 4.8 2.0 4.9 9.6 1.1 5.9 3.4
β [Mm−1sr−1] 1.7 1.6 1.1 8.0 0.2 2.0 0.7

LPDR 0.05 0.04 0.05 0.19 0.01 0.07 0.03
AE 1.1 0.7 1.1 3.2 −1.0 1.4 0.7

Smoke
mixed with

PD

Alt [km] 4.6 1.4 4.9 8.2 0.9 5.5 3.7
β [Mm−1sr−1] 1.7 0.6 1.4 6.6 0.2 2.1 0.9

LPDR 0.09 0.05 0.08 0.20 0.01 0.11 0.06
AE 1.3 0.6 1.3 2.8 −0.9 1.6 0.9

D

Alt [km] 3.9 1.8 3.1 7.5 1.2 5.0 2.0
β [Mm−1sr−1] 2.2 0.9 2.2 4.5 0.6 2.9 1.6

LPDR 0.15 0.06 0.13 0.25 0.07 0.21 0.09
AE 1.3 0.4 1.2 2.3 0.4 1.6 1.0

CC

Alt [km] 5.2 1.6 5.2 9.5 2.2 6.3 4.0
β [Mm−1sr−1] 0.8 0.5 0.7 2.9 0.2 0.9 0.5

LPDR 0.05 0.03 0.04 0.13 0.01 0.06 0.03
AE 0.9 0.5 0.9 1.9 −0.8 1.3 0.7

CP

Alt [km] 2.1 1.0 2.0 3.9 0.7 2.6 1.3
β [Mm−1sr−1] 2.1 1.4 1.7 4.5 0.4 3.2 0.8

LPDR 0.07 0.04 0.07 0.15 0.01 0.09 0.03
AE 1.0 0.4 1.7 1.7 −0.4 1.4 0.7

M

Alt [km] 3.0 0.2 2.9 3.7 2.8 3.2 2.8
β [Mm−1sr−1] 2.6 1.0 2.7 4.1 0.6 3.3 2.2

LPDR 0.06 0.04 0.13 0.13 0.01 0.12 0.03
AE 1.5 0.4 1.6 1.9 0.6 1.8 1.2

In conclusion, the layers of smoke mixed with clean continental aerosol differentiated compared
to the other aerosol categories, regarding the low value of β. This fact might explain the reason why
CALIPSO algorithm classified these layers as clean continental ones. Furthermore, the smoke layers
mixed with desert dust were those that seem to pole apart from the other types. The mean altitude of
these layers was 3.9 ± 1.8 km amsl., and the AE 532/1064 nm mean value was similar to that of the
other types, although it presented the smallest variation. However, the LPDR values of this category
were the only ones which were greater than 0.20. Compared to the smoke mixed with polluted dust
category, aerosol layers of smoke mixed with dessert dust were found in lower altitudes and were more
depolarized (LPDR equal to 0.15 ± 0.06), but with the same AE mean values of the order of 1.3 ± 0.4.

3.2. Smoke Transportation Analysis per Region

For each one of these four subregions that the study region was divided, the studied layers were
also analyzed to percentages per mixing type and per region. In R1, 263 aerosol layers were detected,
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from them 40% of which were identified as pure smoke and the rest 60% as smoke mixed with polluted
dust, clean and polluted continental and dust. The R2 contained a 51% of pure smoke layers. In R3,
33% was categorized as pure smoke layers, 38% as smoke mixed with polluted dust and 12% as smoke
mixed with aerosols. Finally, in R4, 48% of the layers were categorized as pure smoke and 36% as
smoke mixed with polluted dust. The exact percentages are shown in Figure 7.
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found in percentages less than 3%, are not presented with numbers in the figure.

As discussed previously, the majority of the identified smoke layers were either pure or mixed
with polluted dust. However, we have to note that the percentages of pure smoke layers are larger in
the subregions R2 and R4 compared to R1, which is the active fire area. This could be explained by
the fact that the first CALIPSO trajectory may have passed over the fires but did not pass at the exact
time or place that the smoke layers were more intense. It could also be related to smoke layers from
the same event or even layers originating from other fires, which may have contributed to already
existing smoke layers in subregion R2. The thriving percentages of smoke mixed with polluted dust,
in subregions R1 to R4, is something worth to be mentioned. This could be related to the mechanisms
which are responsible for the mixing of dust with smoke during BB events. It has been shown that
flaming fires may be efficient enough to mobilize the surface soil dust [35] and so dust can be elevated
and thus mixed with the smoke. This could also lead to the conclusion that some of the layers were
misclassified by the automated CALIPSO classification [36].

In contrast to the smoke layers mixed with polluted dust, smoke layers mixed with marine aerosols
are observed only in subregions R2 and R3 in almost insignificant percentages (26 layers in total).
This is quite expected and related to the injection of the marine aerosols into the lowermost part of the
atmosphere, with a maximum of MBL height up to 1.5 km height [31,32] thus not mixing with smoke
aerosols present, mostly, in the free troposphere. The percentages of clean and polluted continental
aerosols mixed with smoke were found between 5–15% in each subregion, indicating insignificant
contribution of the aerosol types to the smoke layers, as they were transported towards Europe.

In Figure 8 we present the box-plot analysis for the four subregions over which smoke was
observed. Each colored box corresponds to the aerosol type of pure smoke and smoke mixtures.
The mean, median, min, max values and 75th, 25th percentiles for all variables (altitude, β, LPDR and
AE) are presented as mentioned before. The number of layers for all mixing types are presented above
the altitude boxes within each subregion (R1 to R4: left to right).
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Figure 8. Aerosol layers mixtures according to (a) their altitude (amsl.), (b) β at 532 nm, (c) LPDR at
532 nm, (d) AE related to β (532/1064 nm). R1–R4 (left to right) correspond to the four subregions
(S: pure smoke layers, PD: smoke mixed with polluted dust layers, CC: smoke mixed with clean
continental layers, PC: smoke mixed with polluted continental layers, D: smoke mixed with dust layers
and M: smoke mixed with marine layers).

Thus, in the R1 region (Figure 8) all aerosol subtypes (smoke and smoke mixtures) were found,
except the marine aerosol mixtures. We found 106 pure smoke layers, 95 smoke mixtures with
polluted dust, 33 mixed with clean continental, 15 mixed with polluted continental and 14 mixed with
desert dust. The smoke layers and those mixed with polluted dust were found at mean altitudes
of 4.0 ± 1.9 km and 4.1 ± 1.4 km, respectively. The clean continental layers were observed at mean
altitude of 5.4 ± 1.5 km and the layers containing polluted continental and dust aerosols were found at
2.8 ± 0.9 km and 2.3 ± 0.5 km, respectively. The corresponding aerosol β mean values for all subtypes
ranged between 0.7–3.1 Mm−1sr−1, while the mean LPDRs ranged from 0.04 ± 0.02 (for smoke with
clean continental aerosols) to 0.10 ± 0.05 (for smoke mixed with dessert dust). Finally, the mean AE
values ranged from 0.9 to 1.2.

In the R2 region all aerosol subtypes of smoke and smoke mixtures were observed. We found
91 pure smoke layers, 50 polluted dust smoke mixtures, 26 clean continental smoke mixtures, nine
polluted continental smoke mixtures, two layers of smoke mixed with dust and one with marine
aerosols. Smoke and polluted dust were detected at 5.1 ± 2.2 and 5.2 ± 1.1 km altitude, respectively,
while smoke mixed with clean continental aerosols at 5.2 ± 1.5 km. Layers of smoke mixed with
dust had a mean altitude of 4.7 ± 0.1 km, while smoke mixed with polluted continental and marine
aerosols were found at 1.6 ± 0.6 and 2.9 km, respectively. The corresponding values of β ranged
from 1.0 to 3.0 Mm−1sr−1. The LPDR values ranged from 0.05 to 0.18, while the AE mean values were
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found equal to 0.6 for smoke mixed with marine aerosol layers and 1.6 ± 0.1 for smoke mixed with
dust aerosols.

In the R3 region all aerosol subtypes of smoke and smoke mixtures were, also, observed. We
found 68 pure smoke layers, 77 polluted dust smoke mixtures, 22 layers of smoke mixed with desert
dust, seven clean continental smoke mixtures, six polluted continental smoke mixtures and 25 layers of
smoke mixed with marine aerosols. Pure smoke layers and those mixed with polluted and dessert dust
were detected at 5.3 ± 1.5, 4.7 ± 1.2 and 4.9 ± 1.6 km, respectively. Clean continental layers were found
at 4.0 ± 1.9 km, while the layers containing polluted continental and marine smoke mixtures were
found at 1.8 ± 0.6 and 3.0 ± 0.3 km, respectively. The values of β ranged from 0.9 to 2.6 Mm−1sr−1,
while the LPDR means ranged from 0.05 to 0.16. The AE mean values ranged from 0.7 to 1.5.

In the R4 region, over western Europe, all aerosol subtypes (smoke and smoke mixtures) were found
except the marine aerosol mixtures. We found 47 pure smoke layers, 35 polluted dust smoke mixtures,
eight clean continental smoke mixtures, five polluted continental and three smoke layers mixed
with dessert dust. Smoke and polluted dust mixed layers were detected at 5.5 ± 2.0 and 4.8 ± 1.8 km
altitude, respectively. The smoke mixed with clean continental aerosol layers and polluted continental
were found at 5.6 ± 2.0 and 1.1 ± 0.3 km, respectively, while the desert dust smoke mixtures were
detected at 2.4 ± 2.2 km. The corresponding β values ranged from 0.7 to 1.8 Mm−1sr−1. The mean LPDR
values ranged from 0.05 to 0.20 (for pure smoke and smoke mixed with dessert dust, respectively),
while those of AE ranged from 0.9 to 1.2.

According to Figures 6a and 8a, we observe a large variability in the layers’ height. This could
be explained by the fact that the BB injection heights can differ according to the itensity of the BB
event. Studies based on CALIPSO data obtained over the mid and high latitudes, showed that BB
plumes can be equally injected within the mixing layer (50%) and the free troposphere (50%) [13,16].
On the other hand, the LPDR values (Figure 9c) for the smoke mixtures with dust ranged from
0.10 ± 0.05 to 0.20 ± 0.04, in all subregions, which is in accordance with values previously found in
the literature [19,21,37–39]. The relevant values for the pure smoke aerosols were found equal to
0.05 ± 0.04, again in agreement with literature findings [7,17,40]. As for the polluted dust smoke
mixtures, the mean LPDR value was quite stable and equal to 0.09 ± 0.05, in all subregions. The rest of
the smoke mixtures showed LPDR values (in all subregions) ranging from 0.04 ± 0.02 to 0.09 ± 0.04.
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Figure 9. Pure smoke aerosol layers according to (a) their altitude (amsl.) and relevant optical properties:
(b) β at 532 nm, (c) LPDR at 532 nm, (d) AE related to β (532/1064 nm). R1–R4 correspond to the
four subregions.

In general, the β-related AE (532/1064 nm) values regarding the biomass burning aerosols from
different sources, pure or mixed, presented a large variability (from 0.8 to 2.2). The AE mean values
obtained in this paper ranged from 0.8 to 1.2 for smoke mixed with other types of aerosols in R1. In R2,
the AE mean values were found equal to 0.6 for smoke mixed with marine aerosol layers, and to
1.6 ± 0.1 for smoke mixed with dust aerosols. In R3 and R4 subregions, the values of AE ranged from
0.7 to 1.5 and 0.9 to 1.2, respectively, again in agreement with values found in the literature for pure
smoke and smoke mixtures [22,38,40,41].
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3.3. Pure Smoke Layers Properties

In the following section we will focus on the study of the modification of the pure smoke aerosol
layers and the relevant optical properties during their travel from Canada to Europe. We found
312 pure smoke layers of which the mean altitudes are presented in Figure 9a. The relevant optical
properties of pure smoke aerosols (β and LPDR at 532 nm, and the β-related AE (532/1064 nm)), are also
presented in Figure 9b–d, respectively for each subregion. The four colors of the boxplots correspond
to the four subregions (R1 to R4). Each colored box corresponds to the aerosol type of pure smoke
and smoke mixtures. The mean, median, min, max values and 75th, 25th percentiles for all variables
(altitude, β, LPDR and AE) are presented as mentioned before. The number of the pure smoke layers
for each subregion is presented above the altitude box.

According to Figure 9, the aerosol layers identified as pure smoke were found to be 106 in R1, 91
in R2, 68 in R3 and 47 in R4 subregions. As expected, the number of pure smoke layers during the air
mass transport from R1 to R4 diminishes, as we move away from the BB area. We also observe that the
smoke layers’ height is increasing during its motion towards Europe, with mean values starting at
4.0 ± 1.9 km and reaching 5.5 ± 2.0 km height amsl. On the other hand, the mean value of β at 532 nm,
is decreasing as expected from 2.1 to 1.1 Mm−1sr−1, while the LPDR and AE mean values, seem to
keep a steady value in all subregions, around 0.05 ± 0.04 and 1.0 ± 0.6, respectively.

The optical properties of the pure smoke layers in all regions seem to agree well with values found
in the literature for Canadian and North American (tropospheric) biomass burning events (Table 2).
The mean LPDR value of 0.05 ± 0.04 is within the limits originated by literature values, indicating LPDR
values lower than 0.05 [42] that can reach up to 0.14 [5]. According to Gross et al. (2015) [1], the LPDR
at 532 nm for the Canadian Biomass Burning measurements was found at 7 ± 2%. Ancellet et al. [17]
showed values that ranged from 0.02 to 0.08, while Ortiz-Amezcua et al. [7] presented values ranging
from 0.05 to 0.10. The mean AE value obtained by this study is among the lowest found in the literature
(1.0 ± 0.6), regarding tropospheric Canadian and North American BB events [41–44].

Table 2. Optical properties of smoke aerosols measured during Canadian and North American biomass
burning events, as cited in the relevant literature (2002–today).

Reference LPDR (532 nm) AE (532/1064 nm)

[18] Wandiger et. al. (2002) 0.06–0.11 -
[43] Dubovic et al. (2002) - 1.0–2.3
[41] Müller et al. (2005) - 0–2.1
[42] Müller et al. (2007) ≤5% 1.0

[5] McKendry et al. (2011) 0.07–0.14 -
[44] Preißler et al. (2013) - 2.2

[1] Groß et al. (2015) 7 ± 2%. -
[44] Veselovskii et al. (2015) - -

[17] Ancellet et al. (2016) 0.02–0.08 -
[7] Ortiz-Amezcua et al. (2017) 5–10% -

[18] Vaughan et al. (2018) ≤6% -
This study 0.05 ± 0.04 1.0 ± 0.6

4. Conclusions

In this paper a long-range transport event of biomass burning aerosols was studied, where aerosol
layers of pure biomass burning, and mixed smoke aerosols were detected and analyzed in a region
spanning from the wildfire sources up to the European continent. Forward trajectory analysis and
satellite fire observations were the main tools used in order to analyze the evolution of this biomass
burning event. The CALIOP lidar on board the CALIPSO satellite was used to track the transport of
the smoke layers. The altitude of the observed layers, the values β and LPDR at 532 nm, as well as
those of the β-related AE (532/1064 nm) were fully studied.
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From the 745 aerosol layers detected, 42% of them were identified as pure biomass burning aerosols.
The remaining 58% were attributed to smoke mixed with: polluted dust (34%), clean continental (10%),
polluted continental (5%), Saharan dust (6%) or marine aerosols (3%). The smoke layers observed by
the CALIPSO satellite were found within a wide range of altitudes from 0.8 km up to 10 km height.
Most of the layers’ altitude was found between 2.1 and 5.2 km amsl. The mean value of β at 532 nm,
for every smoke mixing type ranged from 0.8 to 2.6 Mm−1sr−1, while the mean value of LPDR at
532 nm, ranged from 0.04 ± 0.02 (smoke mixed with clean continental aerosols in R1), indicating nearly
spherical aerosols, to 0.20 ± 0.04 (for smoke mixed with desert dust in R4). The mean LPDR value at
532 nm concerning pure biomass burning aerosols was found equal to 0.05 ± 0.04. The mean value of
the β-related AE (532/1064 nm) ranged for all smoke mixed layers between 0.8 to 1.6, while for pure
biomass burning aerosols stayed constant at 1.0 ± 0.6, within each subregion.

The majority of the identified smoke layers were either pure or mixed with polluted dust. However,
for the smoke mixed with polluted dust layers we found mean values of LPDR and AE, equal to
0.09 ± 0.05 and 1.3 ± 0.6, respectively, in all subregions. These values do not seem to be indicative
of dust aerosols (even polluted), thus this kind of layering could be possibly misclassified by the
CALIPSO algorithm. The percentages of the clean and polluted continental aerosols were found
between 5–15%, in each subregion, with no significant contribution in the aerosol optical properties.
We, also, found that the smoke layers mixed with desert dust was the aerosol type showing the most
observable changes, mostly in the LPDR values. Another result of our study was that the marine
aerosols were not found to be significantly mixed with smoke aerosols as they were, mostly, confined
within the MBL. The altitudes where the marine smoke mixtures were found (3.0 ± 0.2 km), along with
the values of AE (0.6 to 1.9), could also lead to a possible aerosol misclassification by the CALISPO
algorithm. Additionally, we found that the shape and the size (as they result from the LPDR and AE
values) of pure smoke aerosols are not significantly changing during this smoke aerosol transportation.
Finally, the mixing of smoke with other aerosol types played the major role for the changes observed in
the aerosol optical properties.
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Appendix A

Table A1. Descriptive Statistics for different aerosol types for Region 1 (R1): mean, standard deviation
(std), median, maximum value (max), minimum value (min), 75th and 25th percentile for all variables.

Region 1

Type Parameter Mean Std Median Max Min 75th perc 25th perc

Pure S

Alt [km] 4.0 1.9 4.0 7.8 1.1 5.8 2.1
β [Mm−1sr−1] 2.1 2.0 1.2 8.0 0.2 2.6 0.8

LPDR 0.05 0.04 0.04 0.17 0.01 0.06 0.03
AE 1.0 0.7 1.1 2.2 −0.9 1.3 0.7

Smoke
mixed with

PD

Alt [km] 4.1 1.4 4.2 8.2 0.9 5.3 3.1
β [Mm−1sr−1] 2.3 1.6 1.7 6.6 0.2 3.5 1.0

LPDR 0.09 0.04 0.08 0.20 0.01 0.11 0.06
AE 1.1 0.6 1.2 2.5 −0.3 1.5 0.8

D

Alt [km] 2.3 0.5 2.0 3.4 1.7 2.5 2.0
β [Mm−1sr−1] 2.9 0.8 2.9 3.9 1.6 3.4 2.0

LPDR 0.10 0.05 0.09 0.25 0.07 0.13 0.07
AE 1.2 0.3 1.1 2.0 0.9 1.3 1.0

CC

Alt [km] 5.4 1.5 5.3 9.5 2.2 6.4 5.0
β [Mm−1sr−1] 0.7 0.3 0.6 1.8 0.2 0.8 0.5

LPDR 0.04 0.02 0.04 0.08 0.01 0.04 0.03
AE 0.8 0.5 0.8 1.5 −0.3 1.1 0.6

CP

Alt [km] 2.8 0.9 2.7 3.9 1.2 3.6 2.3
β [Mm−1sr−1] 3.1 1.1 3.0 4.5 1.5 4.2 2.1

LPDR 0.06 0.04 0.07 0.15 0.01 0.08 0.03
AE 1.2 0.3 1.2 0.7 1.7 1.4 1.0

M

Alt [km] N/A N/A N/A N/A N/A N/A N/A
β [Mm−1sr−1] N/A N/A N/A N/A N/A N/A N/A

LPDR N/A N/A N/A N/A N/A N/A N/A
AE N/A N/A N/A N/A N/A N/A N/A

Table A2. Descriptive Statistics for different aerosol types for Region 2 (R2): mean, standard deviation
(std), median, maximum value (max), minimum value (min), 75th and 25th percentile for all variables.

Region 2

Type Parameter Mean Std Median Max Min 75th perc 25th perc

Pure S

Alt [km] 5.1 2.2 5.2 9.6 1.3 6.4 3.3
β [Mm−1sr−1] 1.8 1.7 1.0 8.0 0.2 2.8 0.6

LPDR 0.06 0.04 0.04 0.18 0.01 0.09 0.03
AE 1.0 0.9 1.1 3.0 −0.9 1.6 0.4

Smoke
mixed with

PD

Alt [km] 5.2 1.1 5.3 7.3 1.8 6.0 4.7
β [Mm−1sr−1] 1.2 0.6 1.0 4.0 0.3 1.6 0.8

LPDR 0.09 0.06 0.09 0.20 0.01 0.12 0.06
AE 1.4 0.7 1.5 2.8 0.5 1.9 1.1

D

Alt [km] 4.7 0.1 4.7 N/A N/A N/A N/A
β [Mm−1sr−1] 3.0 0.2 3.0 3.2 2.9 3.2 2.9

LPDR 0.18 0.06 0.19 0.23 0.14 0.23 0.14
AE 1.6 0.1 1.6 1.7 1.6 1.7 1.6

CC

Alt [km] 5.2 1.5 4.6 8.7 3.0 6.0 4.0
β [Mm−1sr−1] 1.0 0.7 0.8 2.9 0.4 0.9 0.6

LPDR 0.05 0.02 0.05 0.10 0.02 0.07 0.03
AE 0.9 0.6 1.1 1.7 −0.8 1.2 0.8

CP

Alt [km] 1.6 0.6 1.3 2.6 1.2 2.1 1.2
β [Mm−1sr−1] 1.6 1.0 1.6 3.4 0.6 2.3 0.7

LPDR 0.09 0.04 0.11 0.12 0.02 0.12 0.07
AE 1.1 0.4 1.1 1.6 0.7 1.4 0.7

M

Alt [km] 2.9 0.0 2.9 N/A N/A N/A N/A
β [Mm−1sr−1] 1.7 0.0 1.7 N/A N/A N/A N/A

LPDR 0.05 0.00 0.05 N/A N/A N/A N/A
AE 0.6 0.0 0.6 N/A N/A N/A N/A
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Table A3. Descriptive Statistics for different aerosol types for Region 3 (R3): mean, standard deviation
(std), median, maximum value (max), minimum value (min), 75th and 25th percentile for all variables.

Region 3

Type Parameter Mean Std Median Max Min 75th perc 25th perc

Pure S

Alt [km] 5.3 1.5 5.2 9.3 1.8 5.8 4.4
β [Mm−1sr−1] 1.1 0.7 0.9 2.9 0.2 1.6 0.6

LPDR 0.06 0.04 0.05 0.19 0.01 0.79 0.03
AE 1.1 0.7 1.2 3.2 −0.9 1.6 0.8

Smoke
Mixed
With

PD

Alt [km] 4.7 1.2 4.8 7.5 1.3 5.4 3.8
β [Mm−1sr−1] 1.5 0.8 0.9 4.2 0.2 1.6 0.6

LPDR 0.09 0.05 0.05 0.19 0.01 0.08 0.03
AE 1.4 0.5 1.4 2.7 −0.9 1.6 1.1

D

Alt [km] 4.9 1.6 5.0 7.5 2.0 5.6 3.0
β [Mm−1sr−1] 1.8 0.9 2.1 4.5 0.6 2.3 1.0

LPDR 0.16 0.05 0.08 0.20 0.01 0.11 0.05
AE 1.4 0.4 1.4 2.3 0.7 1.7 1.0

CC

Alt [km] 4.0 1.9 4.0 8.0 2.5 4.4 2.6
β [Mm−1sr−1] 0.9 0.5 1.1 1.6 0.3 1.4 0.4

LPDR 0.06 0.04 0.04 0.13 0.01 0.09 0.04
AE 0.9 0.3 0.8 1.4 0.5 1.0 0.7

CP

Alt [km] 1.8 0.6 2.0 2.3 0.7 2.0 1.4
β [Mm−1sr−1] 1.3 1.0 0.9 3.3 0.7 0.9 0.8

LPDR 0.05 0.02 0.05 0.09 0.01 0.07 0.05
AE 0.7 0.6 0.8 1.2 −0.4 1.0 0.6

M

Alt [km] 3.0 0.3 2.9 3.7 2.8 3.2 2.8
β [Mm−1sr−1] 2.6 1.0 2.7 4.1 0.6 3.4 2.3

LPDR 0.07 0.04 0.06 0.13 0.01 0.12 0.03
AE 1.5 0.4 1.6 1.9 0.6 1.8 1.3

Table A4. Descriptive Statistics for different aerosol types for Region 4 (R4): mean, standard deviation
(std), median, maximum value (max), minimum value (min), 75th and 25th percentile for all variables.

Region 4

Type Parameter Mean Std Median Max Min 75th perc 25th perc

Pure S

Alt [km] 5.5 2.0 5.2 8.8 1.7 6.9 4.3
β [Mm−1sr−1] 1.3 0.7 1.2 3.3 0.2 1.7 0.7

LPDR 0.05 0.03 0.05 0.14 0.01 0.06 0.03
AE 1.0 0.5 1.0 2.2 −0.1 1.4 0.6

Smoke
Mixed
With

PD

Alt [km] 4.8 1.8 4.7 8.2 1.9 6.0 3.2
β [Mm−1sr−1] 1.4 0.7 1.3 3.5 0.2 1.6 1.0

LPDR 0.10 0.05 0.05 0.14 0.01 0.06 0.03
AE 1.2 0.5 1.1 2.8 −0.4 1.3 1.1

D

Alt [km] 2.4 2.0 N/A 4.7 1.2 3.8 1.2
β [Mm−1sr−1] 1.8 0.2 1.8 2.0 1.6 2.0 1.6

LPDR 0.20 0.04 0.09 0.20 0.02 0.23 0.17
AE 1.0 1.0 0.5 2.2 0.4 1.8 0.4

CC

Alt [km] 5.6 2.0 4.6 8.0 3.9 8.0 3.9
β [Mm−1sr−1] 0.7 0.3 0.5 1.2 0.3 0.7 0.3

LPDR 0.05 0.04 0.03 0.10 0.01 0.09 0.02
AE 1.2 0.6 1.1 1.9 0.6 1.7 0.6

CP

Alt [km] 1.1 0.3 1.1 1.4 0.8 1.4 0.8
β [Mm−1sr−1] 0.7 0.3 0.7 1.0 0.4 0.9 0.4

LPDR 0.06 0.06 0.03 0.13 0.01 0.12 0.02
AE 0.9 0.6 1.1 1.7 0.2 1.3 0.3

M

Alt [km] N/A N/A N/A N/A N/A N/A N/A
β [Mm−1sr−1] N/A N/A N/A N/A N/A N/A N/A

LPDR N/A N/A N/A N/A N/A N/A N/A
AE N/A N/A N/A N/A N/A N/A N/A
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Table A5. Descriptive Statistics: mean, standard deviation (std), median, maximum value (max),
minimum value (min), 75th and 25th percentile for all variables regarding the pure smoke layers.

Region Parameter Mean Std Median Max Min 75th perc 25th perc

Region 1

Alt [km] 4.0 1.9 4.0 7.8 1.1 5.8 2.1
β [Mm−1sr−1] 2.1 2.0 1.2 8.0 0.2 2.6 0.8

LPDR 0.05 0.04 0.04 0.17 0.01 0.06 0.03
AE 1.0 0.7 1.1 2.2 −0.9 1.3 0.7

Region 2

Alt [km] 5.1 2.2 5.2 9.6 1.3 6.4 3.3
β [Mm−1sr−1] 1.8 1.7 1.0 8.0 1.0 2.8 0.6

LPDR 0.06 0.04 0.04 0.18 0.01 0.09 0.03
AE 1.0 0.9 1.1 3.0 −0.9 1.6 0.4

Region 3

Alt [km] 5.3 1.5 5.2 9.3 1.8 5.8 4.4
β [Mm−1sr−1] 1.1 0.7 0.9 2.9 0.2 1.6 0.6

LPDR 0.06 0.04 0.05 0.19 0.01 0.79 0.03
AE 1.0 0.7 1.2 3.2 −0.9 1.6 0.8

Region 4

Alt [km] 5.5 2.0 5.2 8.8 1.7 6.9 4.3
β [Mm−1sr−1] 1.3 0.7 1.2 3.3 0.2 1.7 0.7

LPDR 0.05 0.03 0.05 0.14 0.01 0.06 0.03
AE 1.0 0.5 1.0 2.2 −0.1 1.4 0.6

References

1. Groß, S.; Freudenthaler, V.; Wirth, M.; Weinzierl, B. Towards an aerosol classification scheme for future
EarthCARE lidar observations and implications for research needs. Atmos. Sci. Lett. 2015, 16, 77–82.
[CrossRef]

2. Shin, S.K.; Tesche, M.; Noh, Y.; Müller, D. Aerosol-type classification based on AERONET version 3 inversion
products. Atmos. Meas. Tech. 2019, 12, 3789–3803. [CrossRef]

3. Liu, B.; Ma, Y.; Shi, Y.; Jin, S.; Jin, Y.; Gong, W. The characteristics and sources of the aerosols within the
nocturnal residual layer over Wuhan, China. Atmos. Res. 2020, 241, 104959. [CrossRef]

4. Nepomuceno Pereira, S.; Preißler, J.; Guerrero-Rascado, J.L.; Silva, A.M.; Wagner, F. Forest fire smoke
layers observed in the free troposphere over Portugal with a multiwavelength Raman lidar: Optical and
microphysical properties. Sci. World J. 2014, 2014. [CrossRef]

5. McKendry, I.; Strawbridge, K.; Karumudi, M.L.; O’Neill, N.; MacDonald, A.M.; Leaitch, R.; Jaffe, D.; Cottle, P.;
Sharma, S.; Sheridan, P.; et al. Californian forest fire plumes over southwestern British Columbia: Lidar,
sunphotometry, and mountaintop chemistry observations. Atmos. Chem. Phys. 2011, 11, 465–477. [CrossRef]

6. IPCC. Climate Change 2013; IPCC: Geneva, Switzerland, 2013; ISBN 9781107661820.
7. Ortiz-Amezcua, P.; Luis Guerrero-Rascado, J.; Granados-Munõz, M.J.; Benavent-Oltra, J.A.; Böckmann, C.;

Samaras, S.; Stachlewska, I.S.; Janicka, L.; Baars, H.; Bohlmann, S.; et al. Microphysical characterization
of long-range transported biomass burning particles from North America at three EARLINET stations.
Atmos. Chem. Phys. 2017, 17, 5931–5946. [CrossRef]

8. Generoso, S.; Bréon, F.M.; Balkanski, Y.; Boucher, O.; Schulz, M. Improving the seasonal cycle and interannual
variations of biomass burning aerosol sources. Atmos. Chem. Phys. 2003, 3, 1211–1222. [CrossRef]

9. Freitas, S.R.; Longo, K.M.; Silva Dias, M.A.F.; Silva Dias, P.L.; Chatfield, R.; Prins, E.; Artaxo, P.; Grell, G.A.;
Recuero, F.S. Monitoring the transport of biomass burning emissions in South America. Environ. Fluid Mech.
2005, 5, 135–167. [CrossRef]

10. Kim, J.S.; Kug, J.S.; Jeong, S.J.; Park, H.; Schaepman-Strub, G. Extensive fires in southeastern Siberian
permafrost linked to preceding Arctic Oscillation. Sci. Adv. 2020, 6, 1–8. [CrossRef]

11. Bougiatioti, A.; Bezantakos, S.; Stavroulas, I.; Kalivitis, N.; Kokkalis, P.; Biskos, G.; Mihalopoulos, N.;
Papayannis, A.; Nenes, A. Biomass-burning impact on CCN number, hygroscopicity and cloud formation
during summertime in the eastern Mediterranean. Atmos. Chem. Phys. 2016, 16, 7389–7409. [CrossRef]

12. Giannakaki, E.; Balis, D.S.; Amiridis, V.; Zerefos, C. Optical properties of different aerosol types: Seven years
of combined Raman-elastic backscatter lidar measurements in Thessaloniki, Greece. Atmos. Meas. Tech.
2010, 3, 569–578. [CrossRef]

http://dx.doi.org/10.1002/asl2.524
http://dx.doi.org/10.5194/amt-12-3789-2019
http://dx.doi.org/10.1016/j.atmosres.2020.104959
http://dx.doi.org/10.1155/2014/421838
http://dx.doi.org/10.5194/acp-11-465-2011
http://dx.doi.org/10.5194/acp-17-5931-2017
http://dx.doi.org/10.5194/acp-3-1211-2003
http://dx.doi.org/10.1007/s10652-005-0243-7
http://dx.doi.org/10.1126/sciadv.aax3308
http://dx.doi.org/10.5194/acp-16-7389-2016
http://dx.doi.org/10.5194/amt-3-569-2010


Sensors 2020, 20, 5442 18 of 19

13. Labonne, M.; Bréon, F.M.; Chevallier, F. Injection height of biomass burning aerosols as seen from a spaceborne
lidar. Geophys. Res. Lett. 2007, 34. [CrossRef]

14. Baars, H.; Ansmann, A.; Ohneiser, K.; Haarig, M.; Engelmann, R.; Althausen, D.; Hanssen, I.; Gausa, M.;
Pietruczuk, A.; Szkop, A.; et al. The unprecedented 2017–2018 stratospheric smoke event: Decay phase and
aerosol properties observed with the EARLINET. Atmos. Chem. Phys. 2019, 2019, 15183–15198. [CrossRef]

15. Hu, Q.; Goloub, P.; Veselovskii, I.; Bravo-Aranda, J.A.; Elisabeta Popovici, I.; Podvin, T.; Haeffelin, M.;
Lopatin, A.; Dubovik, O.; Pietras, C.; et al. Long-range-transported Canadian smoke plumes in the lower
stratosphere over northern France. Atmos. Chem. Phys. 2019, 19, 1173–1193. [CrossRef]

16. Amiridis, V.; Giannakaki, E.; Balis, D.S.; Gerasopoulos, E.; Pytharoulis, I.; Zanis, P.; Kazadzis, S.; Melas, D.;
Zerefos, C. Smoke injection heights from agricultural burning in Eastern Europe as seen by CALIPSO.
Atmos. Chem. Phys. 2010, 10, 11567–11576. [CrossRef]

17. Ancellet, G.; Pelon, J.; Totems, J.; Chazette, P.; Bazureau, A.; Sicard, M.; Di Iorio, T.; Dulac, F.; Mallet, M.
Long-range transport and mixing of aerosol sources during the 2013 North American biomass burning
episode: Analysis of multiple lidar observations in the western Mediterranean basin. Atmos. Chem. Phys.
2016, 16, 4725–4742. [CrossRef]

18. Wandinger, U.; Müller, D.; Böckmann, C.; Althausen, D.; Matthias, V.; Bösenberg, J.; Weiß, V.; Fiebig, M.;
Wendisch, M.; Stohl, A.; et al. Optical and microphysical characterization of biomass-burning and
industrial-pollution aerosols from multiwavelength lidar and aircraft measurements. J. Geophys. Res. Atmos.
2002, 107. [CrossRef]

19. Groß, S.; Tesche, M.; Freudenthaler, V.; Toledano, C.; Wiegner, M.; Ansmann, A.; Althausen, D.; Seefeldner, M.
Characterization of Saharan dust, marine aerosols and mixtures of biomass-burning aerosols and dust by
means of multi-wavelength depolarization and Raman lidar measurements during SAMUM 2. Tellus Ser. B
Chem. Phys. Meteorol. 2011, 63, 706–724. [CrossRef]

20. Tesche, M.; Müller, D.; Gross, S.; Ansmann, A.; Althausen, D.; Freudenthaler, V.; Weinzierl, B.; Veira, A.;
Petzold, A. Optical and microphysical properties of smoke over Cape Verde inferred from multiwavelength
lidar measurements. Tellus Ser. B Chem. Phys. Meteorol. 2011, 63, 677–694. [CrossRef]

21. Tesche, M.; Wandinger, U.; Ansmann, A.; Althausen, D.; Müller, D.; Omar, A.H. Ground-based validation
of CALIPSO observations of dust and smoke in the Cape Verde region. J. Geophys. Res. Atmos. 2013, 118,
2889–2902. [CrossRef]

22. Nicolae, D.; Nemuc, A.; Müller, D.; Talianu, C.; Vasilescu, J.; Belegante, L.; Kolgotin, A. Characterization
of fresh and aged biomass burning events using multiwavelength Raman lidar and mass spectrometry.
J. Geophys. Res. Atmos. 2013, 118, 2956–2965. [CrossRef]

23. Vaughan, G.; Draude, A.P.; Ricketts, H.M.A.; Schultz, D.M.; Adam, M.; Sugier, J.; Wareing, D.P. Transport of
Canadian forest fire smoke over the UK as observed by lidar. Atmos. Chem. Phys. 2018, 18, 11375–11388.
[CrossRef]

24. Floutsi, A.A.; Baars, H.; Radenz, M.; Haarig, M.; Yin, Z.; Seifert, P.; Jimenez, C.; Wandinger, U.; Engelmann, R.;
Barja, B.; et al. Biomass burning aerosols in the southern hemispheric midlatitudes as observed with a
multiwavelength polarization Raman lidar. Atmos. Chem. Phys Discuss. 2020. [CrossRef]

25. Remer, L.A.; Kaufman, Y.J.; Tanré, D.; Mattoo, S.; Chu, D.A.; Martins, J.V.; Li, R.R.; Ichoku, C.; Levy, R.C.;
Kleidman, R.G.; et al. The MODIS aerosol algorithm, products, and validation. J. Atmos. Sci. 2005, 62,
947–973. [CrossRef]

26. Berrick, S.; Leptoukh, G.; Farley, J.; Rui, H. Giovanni: A Web service workflow-based data visualization and
analysis system. IEEE Trans. Geosci. Remote Sens. 2009, 47, 106–113. [CrossRef]

27. Stein, A.F.; Draxler, R.R.; Rolph, G.D.; Stunder, B.J.B.; Cohen, M.D.; Ngan, F. NOAA’s Hysplit atmospheric
transport and dispersion modeling system. Bull. Am. Meteorol. Soc. 2015, 96, 2059–2077. [CrossRef]

28. Rolph, G.; Stein, A.; Stunder, B. Real-time Environmental Applications and Display sYstem: READY.
Environ. Model. Softw. 2017, 95, 210–228. [CrossRef]

29. Winker, D.M.; Vaughan, M.A.; Omar, A.; Hu, Y.; Powell, K.A.; Liu, Z.; Hunt, W.H.; Young, S.A. Overview of
the CALIPSO mission and CALIOP data processing algorithms. J. Atmos. Ocean. Technol. 2009, 26, 2310–2323.
[CrossRef]

30. Wu, D.; Hu, Y.; Xu, K.M.; Liu, Z.; Smith, B.; Omar, A.H.; Chang, F.L.; McCormick, M.P. Deriving
Marine-Boundary-Layer lapse rate from collocated CALIPSO, MODIS, and AMSR-E data to study global
low-cloud height statistics. IEEE Geosci. Remote Sens. Lett. 2008, 5, 649–652. [CrossRef]

http://dx.doi.org/10.1029/2007GL029311
http://dx.doi.org/10.5194/acp-19-15183-2019
http://dx.doi.org/10.5194/acp-19-1173-2019
http://dx.doi.org/10.5194/acp-10-11567-2010
http://dx.doi.org/10.5194/acp-16-4725-2016
http://dx.doi.org/10.1029/2000JD000202
http://dx.doi.org/10.1111/j.1600-0889.2011.00556.x
http://dx.doi.org/10.1111/j.1600-0889.2011.00549.x
http://dx.doi.org/10.1002/jgrd.50248
http://dx.doi.org/10.1002/jgrd.50324
http://dx.doi.org/10.5194/acp-18-11375-2018
http://dx.doi.org/10.5194/acp-2020-453
http://dx.doi.org/10.1175/JAS3385.1
http://dx.doi.org/10.1109/TGRS.2008.2003183
http://dx.doi.org/10.1175/BAMS-D-14-00110.1
http://dx.doi.org/10.1016/j.envsoft.2017.06.025
http://dx.doi.org/10.1175/2009JTECHA1281.1
http://dx.doi.org/10.1109/LGRS.2008.2002024


Sensors 2020, 20, 5442 19 of 19

31. Ho, S.P.; Peng, L.; Anthes, R.A.; Kuo, Y.H.; Lin, H.C. Marine boundary layer heights and their longitudinal,
diurnal, and interseasonal variability in the southeastern Pacific using COSMIC, CALIOP, and radiosonde
data. J. Clim. 2015, 28, 2856–2872. [CrossRef]

32. Amiridis, V.; Balis, D.; Giannakaki, E.; Stohl, A.; Kazadzis, S.; Koukouli, M.; Zanis, P. Optical characteristics
of biomass burning aerosols over Southeastern Europe determined from UV-Raman lidar measurements.
Atmos. Chem. Phys. Discuss. 2008, 9. [CrossRef]

33. Giannakaki, E.; Pfüller, A.; Korhonen, K.; Mielonen, T.; Laakso, L.; Vakkari, V.; Baars, H.; Engelmann, R.;
Beukes, J.P.; Van Zyl, P.G.; et al. One year of Raman lidar observations of free-tropospheric aerosol layers
over South Africa. Atmos. Chem. Phys. 2015, 15, 5429–5442. [CrossRef]

34. Nisantzi, A.; Mamouri, R.E.; Ansmann, A.; Hadjimitsis, D. Injection of mineral dust into the free troposphere
during fire events observed with polarization lidar at Limassol, Cyprus. Atmos. Chem. Phys. 2014, 14,
12155–12165. [CrossRef]

35. Burton, S.P.; Ferrare, R.A.; Vaughan, M.A.; Omar, A.H.; Rogers, R.R.; Hostetler, C.A.; Hair, J.W. Aerosol
classification from airborne HSRL and comparisons with the CALIPSO vertical feature mask. Atmos. Meas. Tech.
2013, 6, 1397–1412. [CrossRef]

36. Tesche, M.; Ansmann, A.; Müller, D.; Althausen, D.; Engelmann, R.; Freudenthaler, V.; Groß, S. Vertically
resolved separation of dust and smoke over Cape Verde using multiwavelength Raman and polarization
lidars during Saharan Mineral Dust Experiment 2008. J. Geophys. Res. Atmos. 2009, 114, 1–14. [CrossRef]

37. Tesche, M.; Gross, S.; Ansmann, A.; Müller, D.; Althausen, D.; Freudenthaler, V.; Esselborn, M. Profiling of
Saharan dust and biomass-burning smoke with multiwavelength polarization Raman lidar at Cape Verde.
Tellus Ser. B Chem. Phys. Meteorol. 2011, 63, 649–676. [CrossRef]

38. Soupiona, O.; Samaras, S.; Ortiz-Amezcua, P.; Böckmann, C.; Papayannis, A.; Moreira, G.A.;
Benavent-Oltra, J.A.; Guerrero-Rascado, J.L.; Bedoya-Velásquez, A.E.; Olmo, F.J.; et al. Retrieval of optical and
microphysical properties of transported Saharan dust over Athens and Granada based on multi-wavelength
Raman lidar measurements: Study of the mixing processes. Atmos. Environ. 2019, 214. [CrossRef]

39. Samaras, S.; Nicolae, D.; Böckmann, C.; Vasilescu, J.; Binietoglou, I.; Labzovskii, L.; Toanca, F.; Papayannis, A.
Using Raman-lidar-based regularized microphysical retrievals and aerosol mass spectrometer measurements
for the characterization of biomass burning aerosols. J. Comput. Phys. 2015, 299, 156–174. [CrossRef]

40. Müller, D.; Mattis, I.; Wandinger, U.; Ansmann, A.; Althausen, D.; Stohl, A. Raman lidar observations of
aged Siberian and Canadian forest fire smoke in the free troposphere over Germany in 2003: Microphysical
particle characterization. J. Geophys. Res. D Atmos. 2005, 110, 75–90. [CrossRef]

41. Müller, D.; Mattis, I.; Ansmann, A.; Wandinger, U.; Ritter, C.; Kaiser, D. Multiwavelength Raman lidar
observations of particle growth during long-range transport of forest-fire smoke in the free troposphere.
Geophys. Res. Lett. 2007, 34. [CrossRef]

42. Dubovik, O.; Holben, B.; Eck, T.F.; Smirnov, A.; Kaufman, Y.J.; King, M.D.; Tanré, D.; Slutsker, I. Variability
of absorption and optical properties of key aerosol types observed in worldwide locations. J. Atmos. Sci.
2002, 59, 590–608. [CrossRef]

43. Preißler, J.; Wagner, F.; Guerrero-Rascado, J.L.; Silva, A.M. Two years of free-tropospheric aerosol layers
observed over Portugal by lidar. J. Geophys. Res. Atmos. 2013, 118, 3676–3686. [CrossRef]

44. Veselovskii, I.; Whiteman, D.N.; Korenskiy, M.; Suvorina, A.; Perez-Ramirez, D. Use of rotational Raman
measurements in multiwavelength aerosol lidar for evaluation of particle backscattering and extinction.
Atmos. Meas. Tech. 2015, 8, 4111–4122. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1175/JCLI-D-14-00238.1
http://dx.doi.org/10.5194/acpd-8-18267-2008
http://dx.doi.org/10.5194/acp-15-5429-2015
http://dx.doi.org/10.5194/acp-14-12155-2014
http://dx.doi.org/10.5194/amt-6-1397-2013
http://dx.doi.org/10.1029/2009JD011862
http://dx.doi.org/10.1111/j.1600-0889.2011.00548.x
http://dx.doi.org/10.1016/j.atmosenv.2019.116824
http://dx.doi.org/10.1016/j.jcp.2015.06.045
http://dx.doi.org/10.1029/2004JD005756
http://dx.doi.org/10.1029/2006GL027936
http://dx.doi.org/10.1175/1520-0469(2002)059&lt;0590:VOAAOP&gt;2.0.CO;2
http://dx.doi.org/10.1002/jgrd.50350
http://dx.doi.org/10.5194/amt-8-4111-2015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology and Data 
	Smoke Event Description 
	Satellites, Models and Tools 
	Methods and Data Analysis 

	Results and Discussion 
	Mixed Smoke Layers Analysis 
	Smoke Transportation Analysis per Region 
	Pure Smoke Layers Properties 

	Conclusions 
	
	References

