
1.  Introduction
Aerosols are suspended particles including a large variety of species, such as minerals, sea salt, dust, nitrates, 
sulfates, water and carbon, which may greatly vary in size (Bonsang et al., 1992; Leck & Bigg, 2005a, 2005b). 
Aerosols are directly injected in the atmosphere as particles (primary aerosols) or may form in it through chem-
ical reactions involving gaseous species (secondary aerosols). While primary aerosols are generated in all sizes, 
secondary aerosols are primarily generated in the sub-micron-meter size range (<0.1 μm).

Tropospheric aerosols represent an important component of the Earth's radiation budget. Atmospheric scat-
tering and absorption of both solar and planetary radiation are strongly dependent on aerosol concentration 
(Albrecht,  1989; Charlson et  al.,  1992; IPCC,  2007; Twomey,  1977). Additionally, aerosol concentrations 
may influence nucleation and cloud microphysical processes (among others. Khain et al., 1999; Thompson & 
Eidhammer, 2014).

Aerosol mass and particle concentrations are characterized by a high space and time variability. Consequently, 
aerosol radiative forcing is ultimately affected by larger uncertainties than greenhouse gases' radiative forcing. 
This is due to the shorter lifetime of atmospheric aerosols as compared to the major greenhouse gases. In order 
to quantitatively estimate aerosol radiative forcing, spatially and temporally resolved information on atmospheric 
aerosol chemical, size, microphysical and radiative properties are necessary (Boucher et al., 2013; Rap, 2013). 

Abstract  This manuscript compares measurements of aerosol size distributions and microphysical 
properties retrieved from the Raman lidar BASIL with those obtained from a series of aircraft sensors 
during HyMeX-SOP1. The attention is focused on a measurement session on 02 October 2012, with BASIL 
measurements revealing the presence of a lower aerosol layer extending up to 3.3 km and an elevated layer 
extending from 3.6 to 4.6 km. Aerosol size distribution and microphysical properties are determined from 
multi-wavelength particle backscattering and extinction profile measurements through a retrieval approach 
based on Tikhonov regularization. A good agreement is found between BASIL and the microphysical sensors' 
measurements for all considered aerosol size and microphysical properties. Specifically, BASIL and in-situ 
volume concentration values are in the range 2–5 μm 3 cm −3 in the lower layer and in the range 1–3.5 μm 3 cm −3 
in the upper layer. Values of the effective radius values from BASIL and the in-situ sensors are in the range 
0.2–0.6 μm in both the lower and upper layer. Aerosol size distributions are determined at 2.2, 2.8, 4 and 
4.3 km, with a good agreement between the Raman lidar and the microphysical sensors at all considered 
heights. We combined these size and microphysical results with Lagrangian back-trajectory analyses and 
chemical composition measurements. From this combination of datasets we conclude that aerosol particles 
below 3 km were probably originated by wildfires in North America and/or by anthropogenic activities in 
North-Eastern Europe, while aerosols above 3 km were also probably originated by wildfires in North America.

Plain Language Summary  Physical and chemical properties of aerosol particles obtained from 
a multi-wavelength Raman lidar and airborne in-situ microphysical and chemical sensors. A retrieval scheme 
exploiting Tikhonov's inversion is applied to the lidar measurements to infer aerosol size and microphysical 
properties. A good agreement between the lidar and the in-situ sensors is found for all considered parameters. 
Ensemble back-trajectory modeling and measurements are combined to determine the types and origin of the 
aerosol particles and source-receptor relationships.
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Among these are the real and imaginary part of the refractive index, the volume concentration, the effective 
radius, the single scattering albedo and the aerosol size distribution.

Vertical profiles of aerosol size and microphysical properties can be measured by few techniques, with airborne 
in-situ sensors probably representing the most effective source of data. However, the exploitation of in-situ 
sensors is costly and complex, and this ultimately translates into a limited use of such sensors. Remote sensing 
techniques, as multi-wavelength Raman lidars, have a strong potential, but their performance needs to be vali-
dated against independent measurements.

Lidar measurements of the aerosol optical properties have been reported since the nineteen-sixties, with 
pioneering measurements by Fiocco and Grams (1964) and Elterman (1966). During the seventies and eighties, 
single-wavelength particle backscatter profile measurements were primarily reported. In those research efforts, 
particle backscattering coefficient profiles were determined from single-wavelength elastic signals through the 
application of different approaches (Di Girolamo et al., 1995, 1999; Fernald, 1984; Klett, 1981, 1985). Later, in 
the nineties, particle extinction coefficient profile measurements became available thanks to the acquired capabil-
ity to measure Raman backscatter lidar signals from N2 and O2 molecules (Ansmann et al., 1990, 1992).

The possibility to determine aerosol size and microphysical properties from multi-wavelength Raman lidar 
measurements of the aerosol backscattering and extinction coefficient and depolarization ratio profiles has 
been demonstrated by a variety of authors (Freudhenthaler et al., 2009; Müller et al., 1999, 2007; Veselovskii 
et al., 2002, 2010, 2018). Retrieved profiles of aerosol size and microphysical properties can be combined with 
co-located atmospheric humidity and temperature profiles to characterize aerosol–cloud interaction mechanisms 
(Di Girolamo et al., 2008, 2018; Di Girolamo, Summa, Cacciani et al., 2012; Wulfmeyer et al., 2005).

The Raman lidar system BASIL developed at Scuola di Ingegneria, University of Basilicata, provides accu-
rate three-wavelength measurements of aerosol optical coefficients with high vertical and temporal resolution. 
BASIL measurements can and have been used for the determination of aerosol size distribution and microphys-
ical properties (Di Girolamo, Summa, Bhawar, et al., 2012; Veselovskii et al., 2010). In the present paper, size 
properties, namely the volume concentration, the effective radius, the parameters of a bi-trimodal size distribu-
tion, and microphysical properties, namely the real and imaginary part of the refractive index, are determined 
from three-wavelength particle backscattering and two-wavelength particle extinction profile measurements. A 
retrieval approach based on Tikhonov regularization has been applied to the multi-wavelength BASIL meas-
urements. Results are compared with measurements from microphysical sensors on-board the French research 
aircraft Avions de Transport Régional (ATR)-42. Reported measurements, collected during the First Special 
Observation Period (SOP1) of the Hydrological Cycle in the Mediterranean Experiment (HyMeX), represent a 
unique data set to assess the performance and accuracy of the inversion approaches applied to infer particle size 
and microphysical properties from multi-wavelength lidar measurements.

HyMeX-SOP1 took place in the North-Western Mediterranean basin in time period September–November 2012. 
The experiment involved a large ensemble of instruments located in a variety of measurement sites. In the frame 
of HyMeX-SOP1, BASIL was placed at a coastal observational site facing the Gulf of Lion in Southern France 
(Candillargues, Lat: 43.61°N, Long: 4.07°E, Elev: 1 m). During HyMeX-SOP1, the ATR-42 was equipped with 
several sensors for the characterization of turbulence and aerosol/cloud microphysical processes. The research 
aircraft performed approximately 60 flight hours, 8 of which being funded by the European Commission 
through a specific project of seventh Framework Program (EUropean Facility for Airborne Research (EUFAR), 
WaLiTemp). The aircraft flight pattern included vertical spirals (hippodromes). Because of the imposed restric-
tions to air-traffic, hippodromes were centered approximately 20 km East of the Raman lidar site.

Measurements benefited from a large aerosol outburst primarily generated by the large and intensive wild-
fires taking place in North America throughout the month of September 2012 associated with the exceptional 
summer-autumn drought over the central Great Plains.

The paper outline is as follows. Section 2 describes the different considered instruments. Section 3 illustrates 
the methodology used to infer aerosol size distributions and microphysical properties from three-wavelength 
particle backscattering and extinction coefficient profile measurements. Section 4 compares retrievals from the 
multi-wavelength Raman lidar measurements with in-situ sensors' measurements. Section  5 summarizes the 
results and gives some perspectives for future activities.
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2.  Instruments
2.1.  BASIL

The Raman lidar BASIL includes a Nd: Yttrium-Aluminium-Garnet laser source equipped with frequency 
doubling and tripling crystals and emitting pulses at 1,064, 532 and 355 nm, with a frequency repetition rate 
of 20 Hz. The receiver is developed around a Newtonian telescope, with a primary mirror diameter of 0.45 m. 
Two 0.05 m diameter lenses are also included in the receiver for the collection of the elastic echoes at 532 and 
1064 nm. BASIL can provide accurate measurements of atmospheric water vapor and temperature profiles, with 
high temporal and vertical resolution, both during the day and at night, based on the exploitation of the vibrational 
and rotational Raman lidar techniques, respectively, in the ultraviolet (Di Girolamo et al., 2004, 2006, 2009; De 
Rosa, Di Girolamo, & Summa, 2018; De Rosa, Di Girolamo, Summa, Flamant et al., 2018; De Rosa et al., 2020). 
Besides water vapor and temperature profiles, BASIL also carries out vertical profile measurements of a variety 
of particle optical parameters. These are the backscattering coefficient at 355, 532, and 1064 (referred to in the 
following as 3 β), the particle extinction coefficient at 355 and 532 (referred to in the following as 2 α), and the 
particle depolarization ratio at 355 and 532 nm. These measurements are used in the paper to infer aerosol size 
and microphysical properties. Before and after HyMeX-SOP1, BASIL participated to a variety of other interna-
tional field deployments (among others, Di Girolamo, Summa, Bhawar, et al., 2012; Di Girolamo et al., 2018; 
Di Girolamo et al., 2020; Summa et al., 2018; De Rosa, Di Girolamo, & Summa, 2018; De Rosa, Di Girolamo, 
Summa, Flamant et al., 2018).

2.2.  Instruments on Board ATR-42 Aircraft

Several microphysical and chemical sensors with in-situ measurement capability are included in the instrumental 
ensemble hosted by the ATR-42 atmospheric research aircraft, operated by Service des Avions Français Instru-
mentés pour la Recherche en Environnement. During HyMeX-SOP1, the research aircraft was based at Montpel-
lier airport. 28 flights were carried out between 11 September and 4 November 2012.

An optical particle counter (hereafter called OPC), produced by GRIMM Aerosol Technik GmbH, provides 
measurements of the aerosol size distribution in the radii range 350–2,500 nm (Heim et al., 2008). The measure-
ment principle relies on a 683 nm laser beam from a diode laser sent over the aerosol sample, with the scattered 
radiation being detected by a photo-sensor module including 31 size bins. Total number concentration is obtained 
by integrating the number concentration size distribution over the above specified size range. The OPC is specif-
ically designed for airborne exploitation (Sullivan et al., 2014).

A Scanning Mobility Particle Sizer (hereafter called SMPS) is used to measure the size distributions of aero-
sol particles in the radii range 20–485 nm. The SMPS operation principle relies on measurements of accumu-
lated charge over a specific target, with the aerosols being first charged and then subjected to an electrical field 
(Crumeyrolle et  al.,  2010). The combined use of the measurements from the SMPS and the OPC allows us 
determining aerosol size distributions throughout the radii range 20 nm–2.5 μm. The upper limit of the in-situ 
measurements prevents from a proper characterization of large and giant aerosols, which represent an important 
fraction of the sounded aerosol particles. This upper size detection limit is absent in the multi-wavelength Raman 
lidar retrievals, which can properly reproduce aerosol size distributions in the radii range 0.075–10 μm (Vese-
lovski et al., 2012).

A compact time-of-flight Aerosol Mass Spectrometer (C-ToF-AMS, Aerodyne, Drewnick et al., 2005; Canagaratna 
et al., 2007) provides mass concentration measurements of the non-refractory submicron fraction of the aero-
sol population. The AMS was used to quantify species such as ammonium sulfate and bisulphate, ammonium 
chloride, ammonium nitrate, and organic compounds. The SMPS represents the primary source of information 
on aerosol composition considered in the present research effort. Information on black carbon is unfortunately 
missing. Because of the imposed restrictions to air-traffic, sensors' operation was not possible over the vertical of 
the lidar site. A specific flight pattern was conceived for the purposes of the EUFAR project “WaLiTemp,” with 
the aircraft spiraling up and down around a central point located approximately 20 km East of the Raman lidar 
site. “WALiTemp” flights took place on 13 September, 02 and 29 October and 05 November 2012, with spiral 
diameters of 5–10 km and ascent and descent speeds of approximately 2.5 m/s.
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3.  Methodology
An appropriate characterization of the space and time variability of aerosol size and microphysical properties is 
of paramount importance for understanding aerosol effects on climate. The most frequently used parameters in 
this regard are: the volume concentration, the mean and effective radius and the real and imaginary part of the 
refractive index. This set of microphysical properties can, for example, be used to estimate the single-scattering 
albedo, which is a key parameter for the assessment of aerosol radiative forcing in climate studies (Canagaratna 
et al., 2007).

Specific retrieval algorithms can be used to determine these parameters from multi-wavelength Raman lidar 
measurements. The measured optical parameters and the retrieved size and microphysical properties are related 
through non-linear and not analytically solvable, integral equations (Fredholm equations of the first kind). This 
represents the main difficulty associated with the application of these algorithms. Numerical solutions of these 
equations are strongly dependent on the statistical and systematic uncertainties affecting the ingested input data. 
Additionally, solutions are not unique. A careful check of the retrieved results is therefore necessary because 
solutions may be mathematically correct, but still not reflect and properly represent the real physical conditions.

In the present research effort, aerosol size and microphysical properties are obtained from three-wavelength 
measurements of the particle backscattering coefficient and two-wavelength measurements of the particle extinc-
tion coefficient through a retrieval scheme based on Tikhonov regularization. The retrieval approach assumes 
particles to be spherical, with kernel functions being constructed accordingly. Veselovskii et al. (2002) demon-
strated that an input data set including particle backscattering coefficient profiles at 355, 532, and 1064  nm 
(β355(z), β532(z) and β1064(z), respectively), and particle extinction coefficient profiles at 355 and 532 nm (α355(z) 
and α532(z), respectively), that is, 3β + 2α, may be used to determine a variety of aerosol size and microphysical 
properties. Among others, the number, surface and volume concentration, the mean and effective radius, the size 
distribution and the real and imaginary part of the refractive index. Veselovskii et al. (2002) also demonstrated 
that reliable retrievals are possible only if the overall uncertainty (statistical and/or systematic) affecting particle 
backscatter profile measurements is smaller than 5% and the uncertainty affecting particle extinction profile 
measurements is smaller than 10%. Veselovskii et al. (2002) also assessed that in the application of the 3β + 2α 
approach, a 10% uncertainty affecting the input optical data translates into a 20% uncertainty in the retrieved 
mean radius, a 10%–20% uncertainty in the retrieved effective radius, a 5%–10% uncertainty in the retrieved 
volume concentration and an uncertainty of 0.05% and 50% in the retrieved real and imaginary part of the refrac-
tive index, respectively.

4.  Results
4.1.  Particle Backscattering and Extinction Profiles From BASIL

We focused our attention on the Raman lidar and in-situ measurements carried out on 02 October 2012. Meas-
urements by BASIL started on this day at 16:00 Universal Time Coordinated (UTC) and ended at 24:00 UTC. 
Figure 1 shows the flight pattern of the ATR-42 on this day. The plane took off at 19:43 UTC from Montpellier 
airport to reach few minutes later an area in the proximity of the observational site in Candillargues. Unfortu-
nately, because of the imposed restrictions to air-traffic, the central location of the aircraft flight pattern, includ-
ing spirals up and down, was displaced approximately 20 km East of the lidar site (spiral center coordinates: Lat: 
43°65 N and Long: 4°30 E). At 20:57 UTC the aircraft ended its spiral up, reaching a height of 6 km, and began 
to make the descending spiral. At 22:22 UTC the plane landed in Montpellier airport.

The color map in Figure 2 shows the time evolution of the aerosol backscattering coefficient measurements at 
355 nm, β355(z), from BASIL covering ∼ 4 hr time interval from 19:20 to 23:40 UTC. The figure clearly reveals 
a lower aerosol layer extending up to ∼3 km and an upper layer above, extending up to ∼4.5 km.

For the purpose of applying the retrieval scheme and determining aerosol size distribution and microphysical 
properties, we focused our attention on a time interval covering the central part of the measurement session, 
characterized by large aerosol concentrations. Additionally, in order to get low enough statistical uncertainties 
for the retrieval approach to be properly applied, a 2 hr averaging time interval from 20:00 to 22:00 UTC was 
considered for both the particle backscattering (β355(z), β532(z) and β1064(z)) and the extinction coefficient (α355(z) 
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and α532(z)) profiles. These profiles, illustrated in Figure 3, more clearly reveal the presence of a lower aerosol 
layer, extending up to 3.3 km, and an elevated aerosol layer extending from 3.6 to 4.6 km.

For the purpose of reducing the statistical uncertainty affecting the different optical parameters, backscatter-
ing coefficient profiles were vertically smoothed to achieve a vertical resolution of 150  m, while extinction 
coefficient profiles were vertically smoothed to achieved a vertical resolution of 300 m. The consideration of a 
2 hr integration time and the vertical smoothing allows achieving uncertainties on backscattering and extinction 
coefficient profiles smaller than 10%. As we illustrated above, these low uncertainties are required to obtain accu-
rate retrievals of the aerosol size and microphysical parameters. Backscattering coefficient profiles at 355 and 
532 nm were determined through the application of the Raman lidar technique (Ansmann et al., 1992), obtained 
from ratioing the elastic signals at these wavelengths with the corresponding N2 Raman signals at 386.6 and 
607 nm, respectively. Backscattering coefficient profiles at 1064 nm were determined through the application 
of a Klett-modified method (Di Girolamo et al., 1995, 1999). In the application of this approach we assumed a 

Figure 1.  ATR-42 flight pattern from 19:43 to 22:22 UTC (panel a: 3-D image, panel b: horizontal section). The lidar system BASIL is represented as a green dot and 
line in panel (a) and as a green dot in panel (b), while Montpellier airport is represented as a red dot in both panels. The color scale in both figure panels represents the 
ground elevation.
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lidar ratio value of 50 sr and an aerosol-free region above 4,500 m. The extinction coefficient profiles at 355 and 
532 nm were determined through the approach defined by Ansmann et al. (1990). In addition to the three wave-
length particle backscattering and the two wavelength extinction coefficient profiles, Figure 3 also includes the 
profiles of the particle depolarization ratio at 355 nm, δ355(z), and of the lidar ratio at 355 and 532 nm, LR355(z) 
and LR532(z), respectively. Even if both particle depolarization and lidar ratio profile measurements are not used 
in the retrieval scheme, their consideration is of paramount importance for the purpose of aerosol classification 
(Burton et al., 2012; Illingworth et al., 2015). Their vertical variability is carefully considered in the last section 
of the paper for the verification of the results.

4.2.  Back-Trajectory Analysis in Combination With Aerosol Mass Spectrometer Measurements for the 
Assessment of Aerosol Origin and Composition

The NOAA Lagrangian ensemble back-trajectory model HYSPLIT (Draxler & Hess, 1998; Rolph et al., 2017; 
Stein et al., 2015) is applied to determine the origin of the investigated air masses and establish source–receptor 
relationships. The Lagrangian trajectory approach involves the calculation of air parcels movement back in time 
from the receptor site, which yields the back-trajectories of the parcels. Specifically, the ensemble trajectory 
model starts multiple backward trajectories from the lidar site location at the time of the reported lidar observa-
tions. In the HYSPLIT ensemble run, each trajectory is calculated considering an offset of the meteorological 
data by one grid point in the horizontal and by 0.01 sigma units in the vertical (∼250 m). This leads to 27 ensem-
ble member trajectories for all-possible 3D (latitude, longitude, height) offsets. The 27 members are created from 
three planes of nine trajectories, each plane at ±0.1 sigma (about 250 m). The nine trajectories on each plane 
represent all combinations of ± horizontal combinations in x and y. The use of an ensemble approach instead of a 
single trajectory approach is motivated by the demonstrated capability of a sufficiently large ensemble of trajecto-
ries to more correctly represent the behavior of real air particles (Stohl et al., 2002). The meteorological data used 
for the present HYSPLIT runs are taken from the Global Data Assimilation System (GDAS) Reanalysis. Uncer-
tainties affecting back-trajectory analyses from Lagrangian models may originate from the input meteorological 
data, the internal model errors, the physics parameterizations, and the stochastic processes. Meteorology data and 
their horizontal resolution have the largest impact on model uncertainty. For the considered input meteorological 
data (GDAS), the uncertainty affecting the original location of the air parcels reaching the receptor site is of the 
order of 20% of the traveled distance (Stohl, 1988).

Figure 4 shows the 280 hr ensemble back-trajectory analysis starting at 06:00 UTC on 21 September 2012 and 
ending in Candillargues at 2,000 and 4,000 m at 22:00 UTC on 02 October 2012, these being the central heights 
of the aerosol layers observed by BASIL at the time of the observations.

The ensemble back-trajectory analyses reveal that air masses ending at a height of 2,000 m in Candillargues 
(Figure 4a) originated approximately 9–12 days earlier in a continental area in North-Eastern Europe or in North 
America. Air masses then moved over the North Atlantic Ocean for 5–7 days to finally lift up to a height of 

Figure 2.  Time evolution of β355(z) over the time interval 19:20–23:40 UTC on 02 October 2012.
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Figure 3.  Vertical profiles of (a) the backscattering coefficients β355(z), β532(z) and β1064(z)), and the extinction coefficients 
α355(z) and α532(z), (b) the particle linear depolarization ratio δ355(z), and the lidar ratios LR355(z) and LR532(z).
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2,000 m in the proximity of the Azores Islands (around 28–30 September 2012), then crossing Northern Spain 
and finally reaching the lidar site on 02 October 2012. Ensemble back-trajectory analyses also indicate that the air 
masses ending at a height of 4,000 m in Candillargues (Figure 4b) originated approximately 11–12 days earlier 
over North-West America and traveled over the North Atlantic Ocean at a height between 2 and 3 km for most of 
the time to finally lift up and overpass Northern Spain 24–48 hr before reaching the lidar site.

The above ensemble back-trajectory analyses reveal the continental origin of the aerosols in both the lower and 
the upper layer. Air masses observed in both layers experienced a long traveling over a marine environment before 
reaching the observational site. One or both aerosol layers were most probably generated by the massive and 
extensive wildfires taking place in North America throughout the month of September 2012. In fact, dry condi-
tions coupled with the abundance of dry fuels contributed to the widespread wildfire activity observed in autumn 
2012, especially along the West Coast, the Northwest, and the northern Rockies.

More specifically, throughout the month of September 2012, an exceptional drought was concentrated over 
the central Great Plains, largely affecting Nebraska, Kansas, western Oklahoma, and south-eastern Colo-
rado (Artusa,  2012). Areas of extreme drought combined with above-average temperatures and wind events 
produced large wildfire occurrences in Nebraska, South and North Dakota, Wyoming, Colorado, Oklahoma and 
north-western Minnesota during the month of September 2012, with Montana, South and North Dakota, and 
Minnesota experiencing the driest September on record since 1895. A monthly total of 1.08 million acres were 
burned by wildfires, this representing the third highest value for any September since 2000, while the year-to-
date total of 8.80 million acres burned represents the second highest since 2000 (NOAA, 2012). These massive 
and extended wild fires and the oversea transport of their smokes strongly contributed to the high aerosol loading 
observed by BASIL in early October 2012.

During the flight on 02 October 2012 the AMS on board the ATR-42 reveals the presence of high concentrations 
of the main fine aerosols inorganic components, that is, NO3, SO4 and NH4 (Figure 5), especially within the lower 
aerosol layer. These results are compatible with the aerosol sources identified with the back-trajectory analyses. 
In this regard it is to be specified that atmospheric NO3, SO4 and NH4 are typically produced through chemical 
reactions involving particular precursor species such as NOx, SO2, NH3 and volatile organic compounds, which 

Figure 4.  Ensamble back-trajectory analyses. Illustrated back-trajectories end in Candillargues at 2,000 (panel a) and 4,000 m (panel b) at 22:00 UTC on 02 October 
2012 and started 280 hr earlier.
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can react with O3 and OH to form secondary aerosols (Guerra et al., 2014; Kim et al., 2018; Marais et al., 2016). 
These precursor species are typically associated with combustion processes. Thus, high concentration of ammo-
nium, sulfate and nitrate are often found in aerosols from combustion processes of natural or anthropogenic 
origin.

These aerosols are possibly associated with dust emissions from coal, oil and oil-shale burning from power plants 
and industrial areas in North-Eastern Europe, primarily the Baltic States (Carter, 1994; Yang et al., 2018), or 
smoke emissions from wildfires and dry fuel combustion in North America.

Figure 5 also reveals that organic aerosols (Org) represent a large fraction (up to 70%) of the particulate mass 
in the lowest 2 km. This fraction is possibly formed by primary organic aerosols directly produced by timber or 
fossil fuel combustion. The measured organic and inorganic aerosol components are compatible with emissions 
from biomass burning, as those taking place in North America in the weeks preceding the present observations.

Therefore, in the interpretation of the chemical properties and back-trajectory analyses of the aerosol particles 
observed in the lower layer we consider two possible hypotheses. A first hypothesis assumes the presence of 
aerosol particles generated by wildfires in North America, while a second hypothesis assumes anthropogenic 
emissions of pollution particles in North-Eastern Europe associated with the combustion of fossil fuels (coal, oil 
and oil-shale) from power plans and industrial activities. Both options are compatible with the reported chemical 
and back-trajectory data. These hypothesized compositions are also compatible with aerosol size distribution and 
microphysical properties measured by the in-situ sensors and retrieved from the three-wavelength Raman lidar 
measurements, which are illustrated in the continuation of the paper.

The AMS also shows increased values of the main fine aerosol inorganic components, that is, NO3, SO4 and 
NH4, and organic components in the height interval 3,500–4,500 m, possibly resulting from precursor species 
generated by combustion processes (Figure 5). Air masses most probably originated over North America approx-
imately 10–12 days earlier than being observed. In the path to the measurements site, air masses overpassed 
Northern Spain, without previously overpassing any specific polluted land area, which prevented from the forma-
tion of mixing processes, as possibly observed at other heights.

Figure 5.  Aerosol Mass Spectrometer measurements. The different chemical species are identified by different colors. 
Measurements were carried out during both the aircraft ascending and descending phases.
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4.3.  Application of the Retrieval Algorithm

Aerosol size and microphysical properties have been determined from the multi-wavelength Raman lidar data 
illustrated in Figure 3 based on the application of the inversion algorithm described in Section 3. Results from 
these retrievals are illustrated in the following and are compared with simultaneous measurements from the 
in-situ sensors on-board the ATR-42.

More specifically, Figure 6 illustrates the comparison of BASIL versus in-situ sensors expressed in terms of 
volume concentration profile measurements. The two instruments show comparable volume concentration values 
in both the lower layer (2–5 for the in-situ sensors and 3–4 μm 3 cm −3 for the Raman lidar) and upper layer (1–3.5 
for the in-situ sensors and 2–3 μm 3 cm −3 for the Raman lidar).

The low level peak at 2,500 m in the in-situ volume concentration measurements is again presumably to be associ-
ated with either anthropogenic aerosols transported from industrial areas in North-Eastern Europe (Baltic States), 
generated in fossil fuel combustion processes from power plans and industrial areas, or with biomass-burning 
aerosols from wildfires in North America.

The high volume concentration peak value at 4,000 m is also likely associated with wildfires in North America, as 
already anticipated above. Retrievals from multi-wavelength Raman lidar measurements allow to properly repro-
duce the overall structures observed in the volume concentration profile from the in-situ sensors, with a small 
vertical mismatch (∼300 m) in the height location of two peaks. In fact, the lower layer peak is at 2,500 m in the 
in-situ sensors' profile and at 2,200 m in the Raman lidar profile, while the upper layer peak is at 4,000 m for the 
in-situ sensors and at 4,300 m for the Raman lidar. The slight different values observed in terms of both volume 
concentration and vertical location of the peaks are possibly related to the circumstance that in-situ measurements 
are point measurements, with a limited degree of vertical integration, while Raman lidar data are vertically and 
temporally integrated over intervals coincident with their vertical and temporal resolution, respectively. On top 
of this, the ATR was spiraling up and down around a central position located approximately 20 km away from 
the lidar site.

Figure  7 illustrates the comparison expressed in terms of effective radius profiles between BASIL and the 
on-board in-situ sensors. Values from the in-situ sensors are in the range 0.35–0.6 μm, while values from BASIL 

Figure 6.  Comparison between BASIL and the aircraft in-situ sensors (SMPS + GRIMM OPC), expressed in terms of 
volume concentration measurements.
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are in the range 0.35–0.95 μm. BASIL and the in-situ sensors are found to be in good agreement at all heights, 
with values measured by the aircraft sensors always within the error bars of the corresponding Raman lidar meas-
urements. The only exception is represented by the data points at ∼4 km. Effective radius values in the elevated 
aerosol layer are slightly larger than in the lower layer. The discrepancy observed at 4 km is possibly attributable 
to the lack in measurement sensitivity of in-situ sensors in characterizing aerosol size distributions and micro-
physical properties in the course mode. In fact, as anticipated above, in-situ sensors have a limited response in 
the coarse mode domain.

Comparisons between BASIL and the aircraft in-situ sensors were carried out also in terms of particle size 
distributions. Figure 8 illustrates the aerosol size distribution, expressed in terms of volume concentration, from 
BASIL at 2,200 m and from the in-situ sensors between 1,700 and 2,300 m. It is to be specified that the aircraft 
is characterized by an ascent speed of 150 m per minute, with a 4 min temporal integration for size distribution 
measurements. Such a long integration time is required for the in-situ sensors to provide accurate enough volume 
concentration size distributed measurements.

Both BASIL and the in-situ sensors reveal the presence of multiple modes. Specifically, BASIL identifies three 
distinct modes: a fine mode at 0.2 and two coarse modes at 0.8–1.0 and 3–3.5 μm. Small particles (<0.5 μm) 
are presumably representative of the aerosol fraction from combustion processes (biomass burning in the case 
of aerosols from North America or coal, oil and oil-shale burning from power plants and industrial areas in 
North-Eastern Europe). The smaller of the two coarse modes, centered at 0.8–1.0 μm, is possibly associated 
with a carbon fraction component. Larger particles (>2 μm) are possibly associated with the inorganic aerosol 
component, with the carbonaceous component typically characterized by smaller sizes than the inorganic frac-
tion (Keene et al., 2007; O'Dowd et al., 2004). Coarse aerosols are generally removed from the atmosphere fairly 
rapidly by sedimentation. However, advection and convective processes can transport these aerosols for long 
distances (Heald et al., 2005).

Results in Figure 8 reveal a good agreement between BASIL and the aircraft sensors at 2,200 m. However, at this 
height a complete separation between the two coarse modes is not captured by the in-situ sensors, whose measure-
ments show the presence of a sort of “merged” mode, with an inflection point around 1 μm. In this regard it is to 
be again recalled that the in-situ sensors have a very limited sensitivity to particle radii larger than 2 μm and this 
may obviously lead to a limited response to such particle component when present. This lack of response deter-
mines (Figure 8) that the larger of the two coarse modes at 3–3.5 μm retrieved by BASIL generates a fictitious 

Figure 7.  Comparison between BASIL and the aircraft in-situ sensors (SMPS + GRIMM OPC), expressed in terms of 
effective radius.
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mode in the in-situ measurements around 1.5 μm, with volume concentration values (2.5 μm 3/cm 3) comparable 
to those measured at the same height by BASIL (2.2 μm 3/cm 3). Conversely, the smaller of the two coarse modes 
generates an inflection point around 1 μm characterized by a volume concentration value of 1.2 μm 3/cm 3, as 
opposed to a value of 0.95 μm 3/cm 3 retrieved by BASIL. However, with regard to the fine mode, a very good 
agreement is present in Figure 8 between BASIL and the in-situ sensors both in terms of radius values (0.2 μm for 
both sensors) and volume concentration values (1.15 μm 3/cm 3 and 1.20–1.35 μm 3/cm 3).

Figure 9 shows the aerosol volume concentration distribution as measured by BASIL at 2,800 m and by the in-situ 
sensors in the height interval between 2,400 and 2,900 m. The agreement between the two measurements is very 
good also at this height level, with both the Raman lidar and the in-situ sensors identifying the presence of two 
modes: a fine mode at 0.2 and a coarse mode at 1.4 μm. For what concerns the fine mode, that is, the aerosol 
fraction from combustion processes, volume concentration values are similar to those found at 2,200 m, with 
the Raman lidar and in-situ sensors being in very good agreement (1.1 and 1.0 μm 3/cm 3, respectively). For what 
concerns the coarse fraction, only the smaller of the two modes observed at 2,200 m is left, probably as a result 
of sedimentation, this mode being characterized by slightly larger radii (1.4 μm) and larger volume concentration 
values (1.4 μm 3/cm 3).

Figure 10 shows the aerosol volume concentration distribution as measured by BASIL at 4,000 and 4,300 m and 
by the in-situ sensors in the height interval between 3,700 and 4,300 m. At these heights, the fine aerosol fraction 
is considerably reduced. Conversely, the coarse fraction becomes predominant. As extensively illustrated above, 
the ensemble back-trajectories indicate that air masses observed at these heights were originated approximately 
11–12 days earlier over North America. These air masses, after traveling over the Ocean for 8–9 days, overpassed 
Spain at considerable high heights (∼4,000 m) and therefore were not altered by mixing with any continental or 
polluted aerosol component. The predominance of the coarse fraction observed in Figure 10 is to be attributed to 
the prevalnence of coarse particles in wildfire smoke (Groβ et al., 2013; Vicente et al., 2013). Additionally, aged 
smoke particles, with a lifetime exceeding 1 week, having undergone a long-range transport from North America 
to Europe, are often characterized by size distributions shifted toward increasing particle sizes with increasing 
residence time in the atmosphere (Ansmann et al., 2021). These represent possible motivations for the predomi-
nance of the coarse fraction in the upper layer. Again, a very good agreement is found between the Raman lidar 

Figure 8.  Comparison between BASIL at 2,200 m and the aircraft in-situ sensors (SMPS + GRIMM OPC) in the height 
interval 1,700–2,300 m, expressed in terms of aerosol volume concentration distribution.
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and the aircraft sensors, with both instruments properly revealing the presence of the fine and the coarse modes. 
The fine mode is identified at 0.22 μm by BASIL and at 0.18 μm by the in-situ sensors, with volume concen-
tration values from BASIL being 0.25 and 0.4 μm 3/cm 3 at 4,000 and 4,300 m, respectively. Volume concen-
tration values from the in-situ sensors are not exceeding 0.5 μm 3/cm 3. These volume concentration values are 

Figure 9.  Comparison between BASIL at 2,800 m and the aircraft in-situ sensors (SMPS + GRIMM OPC) in the height 
interval 2,400–2,900 m, expressed in terms of aerosol volume concentration distribution.

Figure 10.  Comparison between BASIL at 4,000 and 4,300 m and the aircraft in-situ sensors (SMPS + GRIMM OPC) in the 
height interval 3,700–4,300 m, expressed in terms of aerosol volume concentration distribution.
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approximately 2–4 times smaller than those observed at lower heights, due to the progressive reduction of the fine 
mode fraction with increasing heights.

For what concerns the coarse mode, this is properly identified by BASIL, with peak volume concentration values 
at 4,000 and 4,300 m being 2.25 and 2.7 μm 3/cm 3, respectively. Once again, in-situ sensors do not properly reveal 
this mode contribution as a result of their limited sensitivity to particles with radii exceeding 2 μm.

Two more optical parameters retrieved from the three-wavelength Raman lidar measurements are the real and 
imaginary part of the particle refractive index. These two quantities are of paramount importance in the assess-
ment of the scattering and absorbing properties of aerosol particles. More specifically, the real part of the refrac-
tive index, mR, quantifies the degree of light bending within the particle, and consequently its contribution to 
particle scattering, while the imaginary part, mI, quantifies the light absorption within the particle. Figure 11 
shows the height variability of mR and mI as retrieved from BASIL measurements. Values of mR within the lower 
aerosol layer are in the range 1.39–1.48, with an average value of 1.44, while in the upper layer mR varies in the 
range 1.51–1.54, with an average value of 1.53. Additionally, values of mI within the lower aerosol layer are in 
the range 0.005–0.0075, with a mean value of 0.0067, while in the upper layer mI varies in the range 0.011–0.013, 
with a mean value of 0.0123. In the interpretation of the present results it is to be considered that the retrieval 
of mR is characterized by an uncertainty of ±0.05, while the retrieval of mI has an uncertainty of ±50%. Unfor-
tunately, independent measurements of mR and mI from in-situ sensors are not available. However, an indirect 
estimation of these quantities can be inferred from the compositional information available from the chemical 
sensor, supported by literature papers (McMeeking, 2004; Mico et al., 2019; Panchenko et al., 2012; Sekiyama 
et al., 2012; Wang et al., 2021; Willoughby et al., 2017; Zhao et al., 2020).

Indeed, values of mR retrieved within the lower aerosol layer (1.39–1.48) are found to be compatible with meas-
urements from the chemical sensor. The AMS reveals abundance in this layer of sulfate and organic carbon, 
whose values of mR are reported to be 1.43 and 1.53, respectively (Sekiyama et al., 2012). Retrieved values of mR 
are also compatible with the back-trajectory analyses as in fact the aerosol presumably originated in North Amer-
ica from biomass burning or in North-Eastern Europe from coal, oil and oil-shale burning in power plants and 
industrial areas. Furthermore, values of mR observed in the lower layer are also compatible with those reported 
for the submicron and coarse fractions of black carbon particles from combustion of coal, oil and oil-shale 
(1.42–1.45 and 1.50, respectively, Panchenko et al., 2012). Finally, values of mR within the lower layer are also 
compatible with smoke particles, with values reported in literature around 1.58 (McMeeking, 2004).

Furthermore, values of mI retrieved within the lower aerosol layer are compatible with those found for the submi-
cron and coarse fractions of black carbon particles (0.0075 in Panchenko et al., 2012), which can result from 
combustion of coal, oil and oil-shale. Observed values of mI are also compatible with mineral dust particles 
(0.006 in Mico et al., 2019, and Wang et al., 2021, and 0.0055 in Willoughby et al., 2017) and with smoke parti-
cles (0.008 in McMeeking, 2004).

Figure 11.  Real (panel a) and imaginary part (panel b) of the particle refractive index.
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As previously anticipated, sounded aerosol particles in the upper aerosol layer are supposedly smoke particles 
from wildfires. In this respect, McMeeking (2004) reported values of mR and mI of 1.577 and 0.008, respec-
tively, for wildfire smoke-influenced aerosols, which are very close to those observed by the Raman lidar in the 
upper aerosol layer. Similar values (mR in the range 1.56–1.66 and mI in the range 0.05–0.07) were reported by 
Wandinger et al. (2002) for biomass burning and industrial-pollution aerosols in the free troposphere. Addition-
ally, the presence of organic components in the aerosol composition has been identified by the chemical sensor, 
with values of mR reported in literature for organic aerosol (1.53 in Sekiyama et al., 2012, and 1.55 in Zhao 
et al., 2020) being also very close to those found in this aerosol layer. Values of mI retrieved within the upper 
aerosol layer (0.011–0.013) are compatible with carbonaceous aerosols including an organic component, with 
values of mI found in literature for organic and organic carbon aerosols being around 0.02 (Wang et al., 2021).

Depolarization and lidar ratio profiles from the Raman lidar are included in Figure 3, but no specific use of 
these quantities has been carried out so far for the purpose of interpreting the results or verifying the considered 
hypotheses.

The profile of δ355(z) in Figure 3b) is characterized by small values (smaller than 0.05 or 5%) throughout the 
sounded vertical region. More specifically, values are in between 2.0% and 2.3% in the lower aerosol layer and 
in between 2.2% and 3.2% in the upper aerosol layer. Observed values of δ355(z) are compatible with spherical 
particles from combustion processes, which underwent aging and a long-range transport from their sources to 
the observational site. These depolarization values are similar to those reported for smoke particles from wild 
or forest fires by other authors. Specifically, Müller et al. (2005) reported values in the range 1.5%–3% for free 
tropospheric aerosol plumes associated with North American forest fire smoke. Low smoke depolarization ratio 
values (<3%) were also reported by Haarig et al. (2018) at all laser wavelengths from 355 to 1064 nm for aged 
tropospheric and stratospheric Canadian wildfire smoke.

Observed values of LR355 and LR532 are in the range 40–50 sr in both the lower and upper aerosol layer, with 
slightly larger values at 532 than at 355 nm. Values in the lower layer are found to slightly decrease with height 
from ∼50 to ∼40 sr at both wavelengths, while values in the upper layer do not reveal a specific height trend. 
Observed lidar ratio values are in agreement with a variety of literature measurements for aged smoke aerosols, 
with most references reporting slightly larger values at 532 than at 355 nm. Specifically, Ansmann et al. (2021) 
reported values of LR355 around 55 sr and values of LR532 around 70 sr for aged smoke particles, Haarig 
et al. (2018) reported values of LR355 in the range 35–50 sr and values of LR532 in the range 50–80 sr for aged 
Canadian smoke particles, Wandinger et al. (2002)) reported values of LR355 around 65 sr and values of LR532 
around 90 sr for aged Canadian smoke particles, while Murayama et al. (2004) reported values of LR355 around 
40 sr and values of LR532 around 65 sr for aged Siberian smoke particles.

5.  Summary
The paper illustrates a comparison between Raman lidar retrievals and aircraft in-situ sensors' measurements in 
terms of a variety of aerosol size and microphysical properties, namely the parameters of a bi-trimodal size distri-
bution, the volume concentration, the effective radius and the real and imaginary part of the refractive index. For 
the purpose of retrieving aerosol size and microphysical properties, an algorithm based on Tikhonov regulariza-
tion was applied to the multi-wavelength Raman lidar measurements of the particle backscattering and extinction 
coefficient profiles. The retrieval scheme also allows us to determine the complex refractive index, which is a 
parameter unfortunately not measured by the aircraft sensors. The attention was focused on a case study during 
HyMeX-SOP1 (02 October 2012), with BASIL measurements indicating the presence of a lower aerosol layer 
extending up to 3.3 km and an elevated layer extending from 3.6 to 4.6 km. Results obtained through the retrieval 
scheme indicate the presence of a size distribution with two particle modes, in both aerosol layers: a fine mode, 
with a mean radius of approximately 0.2, and a coarse mode, with mean radii of 2–4 μm. A very good agreement 
between the lidar and the aircraft sensors is found for all considered parameters. Raman lidar retrievals are used in 
combination with in-situ sensors' measurements, ensemble back-trajectory analyses from the Lagrangian model 
HYSPLIT and aerosol composition measurements from the AMS. The combined use of these different data sets 
allows us to properly assess the different typologies and origin of the two observed aerosol layers.
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Retrievals from three-wavelength Raman lidar measurements highlight the high ability of this sensor to properly 
characterize the size and microphysical properties of aged aerosol particle generated by biomass burning from 
wildfires in North America and experiencing a long-range oversea transport to the observational site.

Data Availability Statement
The data used in this research effort, together with the related metadata, are available from the public data repos-
itory HyMeX database, which is freely accessible by all users through the following link: http://mistrals.sedoo.
fr/HyMeX (Di Girolamo, 2022).
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