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Abstract: Observations of new particle formation events in free troposphere are rather seldom and
limited in time and space, mainly due to the complexity and the cost of the required on-board
instrumentation for airplane field campaigns. In this paper, a calibrated (UV, VIS) polarization elastic
lidar (2β + 2δ) is used to remotely sense new particle formation events in the free troposphere in the
presence of mineral dust particles. Using very efficient (UV, VIS) light polarization discriminators
(1:107 ) and after robust calibration, the contribution of mineral dust particles to the co-polarized (UV,
VIS) lidar channels could be removed, to reveal the backscattering coefficient of the newly nucleated
particles after these numerous particles have grown to a size detectable with our lidar. Since our
polarization and wavelength cross-talks are fully negligible, the observed variation in the (UV, VIS)
particle backscattering time–altitude maps could be related to variations in the particle microphysics.
Hence, day and nighttime differences, at low and high dust loadings, were observed in agreement
with the observed nucleation process promoted by mineral dust. While light backscattering is more
sensitive to small-sized particles at the UV lidar wavelength of 355 nm, such new particle formation
events are here for the first time also remotely sensed at the VIS lidar wavelength of 532 nm at which
most polarization lidars operate. Moreover, by addressing the (UV, VIS) backscattering Angstrom
exponent, we could discuss the particles’ sizes addressed with our (UV, VIS) polarization lidar.
As nucleation concerns the lowest modes of the particles’ size distribution, such a methodology may
then be applied to reveal the lowest particle sizes that a (UV, VIS) polarization lidar can address, thus
improving our understanding of the vertical and temporal extent of nucleation in free troposphere,
where measurements are rather seldom.
Keywords: lidar; polarization; spectroscopy; nucleation; Angstrom exponent

1. Introduction
As underscored by the latest IPCC report [1], atmospheric aerosols contribute to the Earth’s
radiative budget by interacting with solar radiation and participating in the formation of clouds [2–4].
Aerosols are mainly formed in the atmosphere by nucleation from low-volatility vapors, forming
clusters that then grow to sizes at which they contribute to cloud formation to act on the Earth’s
climate. In free troposphere, the dominant source of aerosols is provided by new particle formation
(NPF) events [5]. To improve future scenarios of the Earth’s climate, the nucleation process should
be fully understood. Hence, over the last 10 years, there has been a growing interest in NPF events
identifying the key role played by sulfuric acid in NPF [6], heterogeneous surface photochemistry [7],
but also low-volatility vapors [8,9]. The state-of-the-art literature on nucleation [10] shows that NPF is
a worldwide phenomenon [10–13], which varies with altitude, temperature [14], and humidity [15].
However, field observations of NPF in free troposphere [16–22] require a complex instrumentation,
with inherent expensive costs. As underscored by Kumula’s protocol [10], sensitive differential mobility
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analyzers and mass spectrometers are required to evaluate the number and the nanometer size of the
newly-formed particles. As a result, field observations of NPF in free troposphere are rather scarce
and restricted to only a few mountain locations [16] or to very interesting but sporadic airplane field
campaigns [23], which can hardly provide the spatial and temporal extent of nucleation [24], due to
their intrinsics limit duration.
In this context, lidar remote sensing, based on time-resolved detection of laser light elastic
backscattering, is really interesting as it is actually the only technique providing continuous vertical
profiles of particles’ backscattering as a function of altitude, under in-situ conditions of temperature and
humidity [25], which govern the spatial and temporal extension of NPF events. In the literature, several
multi-wavelength lidar systems [26,27] have been deployed for aerosol characterization, including
mineral dust, that include Raman lidar facilities, even with a water vapor lidar channel [28]. Polarization
lidars have been used in addition to optically partition the free troposphere into its spherical and
non-spherical particle backscattering components [29] by several groups, including ours [30–33], who
developed a sensitive and accurate (UV, VIS) polarization lidar (2β + 2δ) based on the scattering
matrix formalism. Of course, laser light backscattering cannot be used to detect freshly nucleated
particles in the nanometer size range, for which Kulmula’s protocol must be used [10]. However, not
only the size of the particles plays a role in the lidar backscattering coefficient: The particle number
concentration and the wavelength also matter, as demonstrated by the lidar detection of molecular
Rayleigh scattering up to the stratosphere, responsible for the blue color of the Earth’s sky. Hence,
and as we demonstrated [32], laser light backscattering can be used to remotely trace the subsequent
particles’ growth following nucleation, when the number of nucleated particles is high enough to be
detectable, as underscored by K. Lehtipalo from the CERN Cloud experiment [34]. In [32], we hence
identified the required sensitivity and accuracy, ensuring a lidar backscattering detector was sensitive to
the subsequent particles’ growth following nucleation, in the case of NPF events promoted by mineral
dust [7]. We showed that for a lidar device to be sensitive to dust NPF events, it should operate in the
UV spectral range, with depolarization capabilities, and exhibit a sensitivity similar to ours [30,32].
Such dust NPF events occur around the dust particles’ surface through photochemistry: During
daytime, the semi-conductors present in mineral dust act as photo catalysts to produce OH-radicals
that oxidize SO2 to form sulfuric acid. A dust NPF event actually occurs only at low dust loadings (at
high dust loadings, mineral dust particles, in too high a number, act as a condensation sink preventing
NPF observations) and during daytime (during nighttime, photocatalysis is no longer activated).
In [32], however, only a sole NPF event promoted by mineral dust was remotely sensed in free
troposphere, and moreover, only the 355 nm lidar wavelength was used. We here report on the
observation of several such dust NPF events and analyze the added benefits of using a (UV, VIS)
polarization lidar rather than the single UV-wavelength, which broadens the range of applicability
of our methodology to the most widely used lidar wavelength (532 nm). As in [32], we focus on
dust NPF events [7], since mineral dust mainly contributes to the aerosol load and has been largely
studied with lidar remote sensing, with major contributions from [35,36] and our group [33]. Also,
lidar remote sensing of other NPF events is a challenging work, far beyond the scope of this paper.
The present contribution is structured as follows. Section 2 specifies the sensitivity and the accuracy
of our calibrated (UV, VIS) polarization home-built lidar and presents our methodology to identify
lidar optical tracers to remotely sense dust NPF events, based on a very efficient (UV, VIS) polarization
discriminator (better than 1:107 ), relying on recent laboratory findings in laser light backscattering by
atmospheric aerosols [37]. Section 3 presents time–altitude maps of (UV, VIS) particle backscattering in
free troposphere during a Saharan dust outbreak that occurred at Lyon (France). Day and nighttime
differences in the retrieved lidar profiles are discussed, at low and high dust loadings, in agreement with
the characteristics of such dust NPF events. Moreover, since our wavelength cross-talks are negligible,
the observed differences in the UV and VIS lidar profiles reveal the spectral dependence of particles
backscattering in the form of so-called backscattering Angstrom exponent (BAE), generally considered
as a particle size indicator. Vertical profiles of BAE are provided and a discussion is proposed on the
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ability of this quantity to distinguish the lidar-addressed particles sizes. Statistics of the appearance of
such dust NPF events at Lyon are then provided. The proposed methodology, based on a calibrated
and highly sensitive (UV, VIS) polarization lidar, may complement the existing methodologies for
NPF events observations in free troposphere, where measurements are rather seldom. Moreover, as
nucleation involves the lowest particle sizes that a lidar can address, the proposed discussion on the
particle sizes addressed by our (UV, VIS) polarization lidar may be beneficial to the whole lidar remote
sensing community, to discuss the size addressed by multi-wavelength polarization lidar instruments.
The paper ends with a conclusion and proposes future outlooks.
2. (UV, VIS) Polarization Lidar Methodology to Observe NPF Events
Our lidar methodology relies on a robust description of the polarization state of the incident
and backscattered radiations, allowing a robust calibration of our (UV, VIS) polarization lidar device.
Basically, at altitude z and at lidar wavelength, λi (λUV = 355 nm, λVIS = 532 nm), the polarization
state of the backscattered radiation can be described by its Stokes vector [St], related to the Stokes
vector [Sti ] of the incident laser radiation by the scattering matrix [Fp (λi )] of the particles (p), such
h
i
i
h
i
as [St] = Fp (λi ) [Sti /z2 , where Fp (λi ) is called the scattering matrix [38]. Interestingly, when
◦
particles
h
i are in a random orientation, in a specific Lidar backward scattering direction (θ = 180.0 ),
Fp (λi ) is diagonal and only depends on two scattering matrix elements, namely F11,p (λi ) and
F22,p (λi ), which depend on the particles’ size, shape, and chemical composition [38]. Readers
interested in the distribution of random orientations may refer to [38] as recognized reference literature.
The ratio of F11,p (λi ) and F22,p (λi ) determines the so-called lidar linear particles depolarization ratio at
wavelength λi :
h
i
1 − f22,p (λi )
i.
(1)
δp (λi ) = h
1 + f22,p (λi )
Hence, spherical particles, for which f22,p (λi ) = F22,p (λi )/F11,p (λi ) = 1, do not depolarize laser
light. As a result, the polarization can be used as a shape indicator as any deviation from isotropy can
be detected from non-zero depolarization.
2.1. Lyon (UV, VIS) Polarization Lidar Experiment
Our home-built lidar instrument, which operates at the UV and VIS wavelength (λUV = 355 nm
and λVIS = 532 nm), is based on a unique laboratory polarimeter implemented as our lidar detector,
allowing for the first time laser light scattering to be investigated in the laboratory for particles in
ambient air at a specific lidar π-angle (180.0 ± 0.2◦ ) [37,39]. This laboratory approach is necessary as
manufacturers generally specify the optical components for unpolarized continuous white light while
our concern is relative to polarized pulsed laser light. Also, scattering at a specific backscattering
angle may strongly differ from scattering at angles approaching the Lidar π-angle, as we recently
demonstrated [40]. This laboratory polarimeter is extremely sensitive (polarization discriminator better
than 1:107 ) and wavelengths’ cross-talk between the UV and VIS lidar detectors are also insignificant
(OD > 5 rejection rate). By implementing this (UV, VIS) laboratory Pi-polarimeter on our lidar station,
potential biases in the lidar detector were hence minimized. As a result, the contribution to light
backscattering from highly irregularly shaped particles, such as mineral dust particles, can be efficiently
removed, leading to unequivocal time–altitude maps of spherical particle backscattering. To give an idea
on the achieved sensitivity and accuracy, particle depolarization ratios from 0.4% (close to molecular
depolarization) up to 40% (for volcanic ash [41]) were evaluated, and high contrast time–altitude maps
of (UV, VIS) particle backscattering and depolarization have hence been reported [30,32,41], even in
the UV spectral range where molecular scattering is strong.
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2.1.1. Calibration of the (UV, VIS) Polarization Lidar Detector
Since our wavelength and polarization cross-talks are negligible, a robust calibration of the (UV,
VIS) polarization lidar experiment can be performed to accurately evaluate particle backscattering
coefficients. This calibration consists in evaluating the electro-optics gain calibration constant, G(λi ) [30],
of the lidar detector at the UV and VIS wavelengths. Existing calibration methods rely on a molecular
atmosphere [42], which does not rigorously exist, or on the ± 45◦ methodology [43]. Our methodology
is illustrated Figure 1a. In a few words, to gain in accuracy, our calibration procedure relies on 12-points
statistics, performed at angles at which the photomultiplier tubes do not saturate. More precisely,
a precise evaluation of G(λi ) is achieved by adjusting the variations of the measured atmospheric
depolarization, δ∗ (λi ), with the angle, ϕ, between the laser linear polarization and the fast axis of
a half-wavelength plate (HWP), inserted on the optical pathway from the laser to the atmosphere.
At wavelength λi , the measured atmospheric depolarization, δ∗ , relates to the depolarization, δ, of the
atmosphere as follows:
∗

( λi ) =
δ REVIEW
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G ( λi )
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Figure 1. (a) Left: Scheme of our calibration procedure based on inserting a half-wavelength plate
Figure 1. (a) Left: Scheme of our calibration procedure based on inserting a half-wavelength plate
(HWP)
on the optical pathway from the laser to the atmosphere then measuring the induced
(HWP) on the optical pathway from the laser to the atmosphere then measuring the induced
polarization cross-talks on the polarization lidar detector. Right: Calibration curves of the
polarization cross-talks on the polarization lidar detector. Right: Calibration curves of the polarization
polarization lidar detector relying on a 12-points adjustment at UV (blue) and VIS (green) wavelengths
lidar detector relying on a 12-points adjustment at UV (blue) and VIS (green) wavelengths (G(𝜆 ) =
) = ).2.23
(G(λ
7.10 ± 0.12, G(λ ± 0.06
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2.1.2. Sensitivity to Particle Backscattering
Molecular backscattering may overcome particle backscattering, especially in the UV spectral
range where molecular scattering is strong. Figure 1b displays the spectral dependence of the
molecular backscattering cross-section, numerically simulated by including elastic Cabannes
scattering (where no change is induced in the rotational and vibrational states of the molecules) and
inelastic Raman rotational sidebands (originating from molecular anisotropy), as underscored by

(2)
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As a novelty, we demonstrate Equation (2) in the framework of the scattering matrix formalism.
The starting point is the detected lidar intensity on each π = (p, s) polarization channel:
Iπ (λi ) =

ηπ (λi )P0 (λi )  
P j [PBC][F(λi )][HWP][Sti ],
z2

(3)

where P0 (λi ) is the laser power density at wavelength λi and (P j ) = (1, 0, 0, 0) is a projection unitary
raw vector. ηπ (λi ) is the optoelectronics constant of the π-polarization channel (defined with respect to
the incident laser polarization) and the gain-optics calibration constant, G(λi ), relates to this quantity
as follows: G(λi ) = ηs (λi )/ηp (λi ). In Equation (3), [PBC] and [HWP] are the Mueller matrices of
the polarizing beam-splitter cube (PBC) and the HWP, respectively, as provided in polarization
textbooks [44]. Equation (2), providing the measured depolarization, δ∗ (λi ) = Is (λi )/Ip (λi ), is then
retrieved by noting that (Sti ) = [1, 1, 0, 0]T and using Equation (1) to replace f22 (λi ) as a function of
δ(λi ). As a result, the calibration constant, G(λi ), at wavelength λi can be evaluated with a 2% accuracy
by adjusting the ϕ variations of δ∗ (λi ) from Equation (2), as illustrated in Figure 1 (left) at both UV and
VIS wavelengths.
2.1.2. Sensitivity to Particle Backscattering
Molecular backscattering may overcome particle backscattering, especially in the UV spectral
range where molecular scattering is strong. Figure 1b displays the spectral dependence of the molecular
backscattering cross-section, numerically simulated by including elastic Cabannes scattering (where no
change is induced in the rotational and vibrational states of the molecules) and inelastic Raman rotational
sidebands (originating from molecular anisotropy), as underscored by Bucholtz [45]. To increase
our sensitivity to particle backscattering compared with molecular backscattering, very selective
interference filters (∆λ = 0.3 nm) were used to spectrally bound Rayleigh molecular backscattering
down to Cabannes backscattering. Following [42], the molecular depolarization, δm,λ , at wavelength λ
is then determined by integration over the filter bandwidth (δm (λUV ) = 0.37 % and δm (λVIS ) = 0.36%).
Of course, the sky background is then also minimized.
2.1.3. Retrieving (UV, VIS) Vertical Profiles of Polarization-Resolved Particle Backscattering
As extensively detailed in our previous publications [30,46], vertical profiles of particle
backscattering coefficients, βp,// and βp,⊥ (defined with respect to the laser linear polarization),
can be determined at wavelength λi from the lidar raw data as follows:
βp,// = (R// − 1) × βm,// ,
βp,⊥ = (R// δ − δm ) × βm,// ,

(4)

where the dependence with lidar wavelength λi has been omitted to aid the reading and the vertical
profile of βm,// is computed from reanalysis model of the European Centre for Medium-Range Weather
Forecasts (ECMWF). For the sake of completeness, we recall that the atmospheric depolarization is linked
to the particles depolarization, δp , and the molecular depolarization, δm , by the following relationship:
δ = (1 − 1/R// )δp + δm /R// [30]. R// = 1 + βp,// /βm,// . The contrast of molecular-to-particle
backscattering can be determined by applying Klett’s algorithm [47] to correct for particle extinction.
For that, a pre-defined value of the extinction-to-backscatter ratio or lidar ratio, S, is required. The lidar
ratio of mineral dust particles depends on the dust particles’ size and shape, as shown by our Discrete
Dipole Approximation and T-matrix numerical simulations [33]. In the field, Müller et al. [26] and
Veselovskii et al. [48] showed that multi-wavelength Raman lidar measurements are useful for precise
determinations of lidar ratios of particle mixtures involving mineral dust. In the absence of such
multi-wavelength Raman lidar measurements, we used the lidar ratios, SUV = (68 ± 10) sr and
SVIS = (55 ± 10) sr, measured by [48] at a few hundred kilometres from Lyon as a reference literature.
The lidar ratio is hence identical to that considered in our original work [32], which was, however,
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dedicated to the sole UV-lidar wavelength. We accounted for potential variation in the lidar ratios by
considering a 10 sr error bar at each wavelength. The corresponding error bar on the vertical profiles
of βp,// and βp,⊥ displayed in Figures 6 and 7 was calculated by considering the maximum difference
obtained when using the minimum and maximum values of the lidar ratio.
2.1.4. (UV, VIS) Lidar Particle Backscattering during NPF Events
For the sake of clarity, we here recall the methodology developed in [32] to remotely sense dust
NPF events, based on a sensitive UV-polarization lidar. Polarimetry is used as it acts as a very efficient
shape discriminator (1:107 , Pi-polarimeter, [37]), allowing unequivocal removal of the contribution of
mineral dust to particle backscattering, whatever the dust particles’ sizes, either small or not. Hence,
the backscattering coefficient, βs , of spherical (s) particles is accurately evaluated. Operating this
polarization lidar at 355 nm then acts as a particle size discriminator as backscattering is more sensitive
to smaller particles in the UV spectral range. Hence, at the lidar UV wavelength, very small particles,
for sizes in the tens of nanometer range, strongly contribute to βs . As a result [32], the subsequent
particle growth following nucleation can be remotely sensed in free troposphere by following the lidar
backscattering coefficient, βs , of spherical particles. More precisely, the appearance of a dust NPF
event can be remotely sensed by analyzing the backscattering coefficient, βs , of spherical particles, in
regards to the βd of mineral dust (d) particles. Indeed, as explained in the introduction, dust NPF
events only occur at low dust loadings: Increased βs values, relating the subsequent particle growth
following nucleation, must then be correlated with decreasing βd values. The lower βd is, the higher
βs is. Moreover, in a dust NPF event occurring only during daytime [7], increasing βs values are no
longer associated with decreasing βd values during nighttime. To summarize, and as we published
in Figure 5B of [7], a clear lidar signature of the appearance of a dust NPF event is provided by
representing the particles backscattering coefficient, βs , as a function of βd over a range of considered
lidar altitudes: If a dust NPF event occurs at these altitudes, within our error bars, the scatter plot,
βs = f (βd ), should exhibit a negative slope during daytime, since the lower βd is, the higher βs is.
In contrast, during nighttime, the same scatter plot should then exhibit, within our error bars, a positive
slope over the range of considered altitudes. Examples of lidar scatter plots, βs = f (βd ), are presented
in Section 4.1. Practically speaking, βs and βd can be accurately determined at UV and VIS wavelengths
by optically partitioning the atmospheric particle mixture, (p) = {s, d}, into its s and d backscattering
components [29,31,33]:
βs = βs,// = βp,// − βd,// = βp,// − βp,⊥ /δd ,
βd = βd,// + βd,⊥ = βd,⊥ (1 + 1/δd ) = βp,⊥ (1 + 1/δd ),

(5)

where δd = βd,⊥ /βd,// is the dust particles’ depolarization ratio that can be retrieved from laboratory
measurements [37] and the dependence with the lidar wavelength, λi , has been omitted to ease the
reading. Time–altitude maps of βs and βd are presented in Section 3.2.
2.2. Lidar Backscattering Angstrom Exponent (BAE) during an NPF Event
Using the VIS wavelength allows the spectral dependence of the lidar backscattering coefficient,
βs , to be addressed in the form of the corresponding backscattering Angstrom exponent:
BAE = Ln[βs (λUV )/βs (λVIS )]/Ln[λVIS /λUV ].

(6)

Following Equation (6), BAE is an intensive quantity and positive BAE values are related to higher
particles backscattering at the UV than at the VIS lidar wavelength. BAE was first introduced by
Sasano and Browell [49] a few decades ago, leading to the general conclusion that BAE values are
often considered as size indicators [50] since the higher BAE is, the smaller the particles are. High BAE
values are hence expected during an NPF event. Figure 2 (left) represents an example of particle size
distribution observed during a dust NPF event after condensational growth. From this size distribution,

distribution, we applied the Mie theory to compute the variations of 𝐵𝐴𝐸 displayed in Figure 2
(right) with the maximal diameter, 𝐷 , involved in the lidar backscattering coefficient, 𝛽 (i.e., the
upper bound of the integral defining 𝛽 ). More precisely, BAE was evaluated as a function of 𝐷 by
considering Equation (6) and the definition of the particle backscattering coefficient (see Equation 1
of [32]):
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𝛽 (𝜆 ) =

(𝐷 , 𝜆 ) × 𝑛 𝐷 𝑑𝐷 .

(7)

we applied the Mie theory to compute the variations of BAE displayed in Figure 2 (right) with the
To achieve this computation, we considered the complex refractive index of sulfuric acid and its
maximal diameter, DM , involved in the lidar backscattering coefficient, βs (i.e., the upper bound of
wavelength dependence [51], as sulfuric acid is the main driver for atmospheric nucleation in dust
the integral defining βs ). More precisely, BAE was evaluated as a function of DM by considering
NPF events [7]. Though the
curve is not monotonic, it is clear that 𝐵𝐴𝐸 values beyond 2.0 correspond
Equation (6) and the definition of the particle backscattering coefficient (see Equation (1) of [32]):
to particles with sizes below 200 nm. Moreover, 𝐵𝐴𝐸 values reaching 3.5 correspond to smaller
!
Z DMthe particles
particles, with sizes up to 130 nm. Therefore,
sizes
that

 our (UV, VIS) polarization lidar
dσ 
βp (λi ) can
= be better circumvented
Dp , λi × np Dby
can address during such NPF events
precise
evaluations of 𝐵𝐴𝐸, as(7)
p dD
p.
dΩ p
0
detailed in Section 4.2.

Figure 2. Left: Particle size distribution associated with a dust NPF event after condensational growth.
Figure 2. Left: Particle size distribution associated with a dust NPF event after condensational growth.
Right: Numerical simulation of BAE as a function of the maximal diameter, D , involved in a lidar
Right: Numerical simulation of 𝐵𝐴𝐸 as a function of the maximal diameter, 𝐷 ,Minvolved in a lidar
experiment (i.e., the upper bound, DM , of the integral defining the backscattering coefficient, βs ).
experiment (i.e., the upper bound, 𝐷 , of the integral defining the backscattering coefficient, 𝛽 ).

To achieve this computation, we considered the complex refractive index of sulfuric acid and its
wavelength dependence [51], as sulfuric acid is the main driver for atmospheric nucleation in dust NPF
events [7]. Though the curve is not monotonic, it is clear that BAE values beyond 2.0 correspond to
particles with sizes below 200 nm. Moreover, BAE values reaching 3.5 correspond to smaller particles,
with sizes up to 130 nm. Therefore, the particles sizes that our (UV, VIS) polarization lidar can address
during such NPF events can be better circumvented by precise evaluations of BAE, as detailed in
Section 4.2.
3. (UV, VIS) Lidar Remote Sensing Observations of NPF Events in Free Troposphere
In this section, time–altitude maps of s and d particles’ backscattering are retrieved in the free
troposphere of Lyon (France) during a Saharan dust outbreak which occurred on 2 to 3 July 2015, taken
as a case study. Special emphasis is set on highlighting differences in particle backscattering during
day to nighttime or/and under low to high dust loadings, to reveal an optical pathway towards lidar
remote sensing detection of dust NPF events.
3.1. Meteorological Situation
The corresponding seven-day air mass backtrajectories observed at Lyon [52] are displayed in
Figure 3, together with forecast dust mass concentrations over Europe [53] and vertical profiles of the
temperature and relative humidity on 2 July 2015 at 12:00 h, 18:00 h, and 24:00 h UTC and the day after
at 18:00 h UTC. At all these dates, a temperature inversion is observed at around a 2 km altitude and
the backtrajectories confirm the Saharan dust origin of the air masses passing above the lidar station
above the 2 km altitude. On 2 July 2015, the Saharan dust origin of the air masses passing above Lyon
lidar station is confirmed above the 3 km altitude at 12:00 h UTC (daytime), then at a higher altitude,
around a 5 km altitude, at 24:00 h UTC (nighttime), as shown by the corresponding backtrajectories

the backtrajectories confirm the Saharan dust origin of the air masses passing above the lidar station
above the 2 km altitude. On 2 July 2015, the Saharan dust origin of the air masses passing above Lyon
lidar station is confirmed above the 3 km altitude at 12:00h UTC (daytime), then at a higher altitude,
around a 5 kmRemote
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concentrations are low (range of 10 µg.m−3 ), as a low dust loading scenario. In contrast, on 3 July 2015
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3.2. (UV, VIS) Lidar Time–Altitude Maps of Particle Backscattering
Following the methodology developed in Section 2, (UV, VIS) lidar time–altitude maps of particle
backscattering on 2 July 2015 are displayed in Figures 4 and 5. Figure 4 is dedicated to lidar wavelength
λUV while Figure 5 is its analogous at wavelength λVIS . In each figure, from left to right, lidar
time–altitude maps are plotted of co- (//) and cross-polarized (⊥) particle backscattering coefficients,
βp,// and βp,⊥ , as derived from Equations (4), then βs and βd , by applying Equation (5), using 35.5% for
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Following the methodology developed in Section 2, (UV, VIS) lidar time–altitude maps of
particle backscattering on 2 July 2015 are displayed in Figures 4 and 5. Figure 4 is dedicated to lidar
wavelength 𝜆 while Figure 5 is its analogous at wavelength 𝜆 . In each figure, from left to right,
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lidar time–altitude maps are plotted of co- (//) and cross-polarized ( ⊥) particle backscattering
coefficients, 𝛽 ,// and 𝛽 , , as derived from Equations (4), then 𝛽 and 𝛽 , by applying Equation (5),
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,// particles not only contribute to the cross-polarized particles backscattering coefficient,
mineral dust
backscattering
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(5a). Let maps
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,// ,Equation
βp,⊥
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stated
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onEquation
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focus
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the
time–altitude
maps
of
𝛽
and
𝛽
displayed
in
Figure
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𝜆
.
of βs and βd displayed in Figure 4, dedicated to wavelength λUV . As expected from the backtrajectories’
As
expected
from
the
backtrajectories’
analysis,
dust
particles
are
present
above
the
2
km
altitude.
analysis, dust particles are present above the 2 km altitude. The sensitivity of our polarization lidar
The sensitivity
of our polarization
lidar
revealsat
that
highest
𝛽 values
are observed
the highest
reveals
that the highest
βd values are
observed
thethe
highest
altitudes.
Moreover,
fromataround
14:00 h
altitudes. Moreover, from around 14:00h UTC and during the afternoon, the lowest 𝛽 values (at
UTC and during the afternoon, the lowest βd values (at around a 3 km altitude and below) are correlated
around a 3 km altitude and below) are correlated with a clear enhancement in the observed 𝛽
with a clear enhancement in the observed βs values, viewed as brownish colors in the βs time–altitude
values, viewed as brownish colors in the 𝛽 time–altitude map between 2 and 3 km. Interestingly,
map between 2 and 3 km. Interestingly, such a behavior does not occur during nighttime. The same
such a behavior does not occur during nighttime. The same conclusions can be drawn in Figure 5
conclusions can be drawn in Figure 5 dedicated to wavelength λVIS , with, however, an apparently
dedicated to wavelength 𝜆 , with, however, an apparently reduced sensitivity (to be discussed in
reduced
sensitivity (to be discussed in Section 4.1). To be more quantitative, we analyzed the vertical
Section 4.1). To be more quantitative, we analyzed the vertical profiles of particle backscattering at
profiles
particle
at 14:00 h and 21:00 h UTC, as case studies.
14:00hof
and
21:00hbackscattering
UTC, as case studies.

Figure
mapsofofparticle
particle
backscattering
355under
nm under
lowloadings
dust loadings
Figure4.4.Time–altitude
Time–altitude maps
backscattering
at 𝜆at λ=UV
355=nm
low dust
(i.e.,
(i.e.,
on
2
July
2015
at
Lyon):
co(//)
and
cross-polarized
(⊥)
particle
backscattering
coefficient,
βp,//
on 2 July 2015 at Lyon): co- (//) and cross-polarized (⊥) particle backscattering coefficient, 𝛽 ,// and
and βp,⊥ (upper two panels), as derived from the lidar raw data, then βs and βd (lower two panels), as
retrieved from Equation (5). The time zone represented in white color was used to calibrate our (UV,
VIS) polarization lidar, as explained in Section 2.1. To put light on the achieved sensitivity, a different
color code has been used for each time–altitude map.
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λUV and λVISatand
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and
this
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dependence
modifies
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as
discussed
in Section 4.2.
this spectral dependence modifies BAE, as discussed in Section 4.2. We now focus on wavelength
λUV
We
now
focus
on
wavelength
𝜆
and
discuss
day
and
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differences
in
the
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and discuss day and nighttime differences in the vertical profiles of βs and βd . During the daytime
of 𝛽 h and
𝛽 .within
Duringour
theerror
daytime
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within
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bars,
the
𝛽 is,true
thebetween
higher 2
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UTC),
bars,(14:00h
the lower
βd is,
the higher
βs is.
This
is lower
especially
and 3.5 km, but also at higher altitudes, with, however, a less pronounced magnitude since βd is higher
and hence βs is lower. At such altitudes, increasing βs values are correlated with decreasing βd values.
During nighttime, however (21:00 h UTC), at altitudes where the dust cloud is present, increasing
(decreasing) βs values are no longer related with decreasing (increasing) βd values. Interestingly,
within our error bars, similar differences in the scattering behavior under day/nighttime conditions are
observed at wavelength λVIS .

𝛽 is. This is especially true between 2 and 3.5 km, but also at higher altitudes, with, however, a less
pronounced magnitude since 𝛽 is higher and hence 𝛽 is lower. At such altitudes, increasing 𝛽
values are correlated with decreasing 𝛽 values. During nighttime, however (21:00h UTC), at
altitudes where the dust cloud is present, increasing (decreasing) 𝛽 values are no longer related
with decreasing (increasing) 𝛽 values. Interestingly, within our error bars, similar differences in the
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Figure 6. Low dust loading. Day (14:00 h UTC, upper panels) and nighttime (21:00 h UTC, lower
Figure 6. Low dust loading. Day (14:00h UTC, upper panels) and nighttime (21:00h UTC, lower
panels) vertical profiles of particle backscattering under low dust loading conditions (2 July 2015, dust
panels) vertical profiles of particle backscattering under low dust loading conditions (2 July 2015, dust
mass concentrations of 10 µg.m−3 ). In the three left panels dedicated to wavelength λUV , βp,// , βp,⊥ , βs
mass concentrations of 10 µg.m−3). In the three left panels dedicated to wavelength 𝜆 , 𝛽 ,// , 𝛽 , ,
(in blue), and βd (in brown) are successively displayed. The (up and down) three right panels, dedicated
𝛽 (in blue), and 𝛽 (in brown) are successively displayed. The (up and down) three right panels,
to wavelength λVIS , successively display βp,// , βp,⊥ , then βs (in green) and βd (in brown). The vertical
range resolution is 75 m. Whatever the chosen lidar wavelength, it is only during daytime conditions
(14:00 h UTC) that increasing βs values are correlated with decreasing βd values.
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In this section, the above lidar profiles are interpreted by highlighting the optical signatures of
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bars, the slope of βs = f (βd ) is negative and equal to −1.62 ± 0.06 at daytime hours (14:00 h UTC),
in contrast to nighttime hours (21:00 h UTC), where the slope is positive and equal to 4.11 ± 0.55.
It is hence only during daytime that increasing values of βs can be related to decreasing values of βd .

𝜆
at altitudes where the dust cloud is present, under the low dust loading scenario corresponding
to Figure 6. Let us first focus on the left scatter plot corresponding to wavelength 𝜆 . Within our
error bars, the slope of 𝛽 = 𝑓(𝛽 ) is negative and equal to −1.62 ± 0.06 at daytime hours (14:00h
UTC), in contrast to nighttime hours (21:00h UTC), where the slope is positive and equal to 4.11 ±
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As a second point, we display in Figure 9 the variations of BAE with altitude by using Equation (6)
second profiles
point, we
inthe
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of 𝐵𝐴𝐸(Figure
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bydaytime).
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Since
our wavelength
cross-talks
are fully negligible (see Section 2.1), the observed BAE variations cannot be related with systematic
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This paper analyzed the application of the lidar remote sensing technique to reveal the vertical and
temporal
nucleation,
the process of
bythe
which
particles
are technique
formed in to
thereveal
free troposphere.
This extent
paper of
analyzed
the application
lidarmost
remote
sensing
the vertical
Observations
this process
in the freethe
troposphere
arewhich
indeedmost
ratherparticles
scarce, asare
they
requireina complex
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process by
formed
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and expensive instrumentation. This topic is nevertheless important to study and investigate the
altitude at which cloud formation occurs. We here propose (UV, VIS) lidar remote sensing observations
of NPF events promoted by mineral dust in the free troposphere in the form of time–altitudes maps of
particle backscattering, providing the vertical and temporal extent of NPF. To our knowledge, it is the
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first time that such remote observations of an NPF-event have been performed at the VIS wavelength,
at which most polarization lidars operate. Indeed, since our polarization and wavelength cross-talks
were negligible, every observed variation in the (UV, VIS) time–altitude maps of particle backscattering
could be related to variations in the particles microphysics, thus revealing the underlying microphysics
and chemistry of such dust nucleation events through observed differences in particle backscattering
during day/nighttime, at low/high dust loadings. For that, a calibrated (UV, VIS) polarization lidar
exhibiting a sensitivity similar to ours should be used. In short, our (UV, VIS) polarization lidar
detector is based on a unique laboratory experiment addressing laser light backscattering in the
specific lidar backward scattering direction [37]. This laboratory approach is required as manufacturers’
specifications are given for continuous unpolarized white light while our concern in polarization
lidar is relative to pulsed monochromatic polarized light. Moreover, we then addressed the (UV, VIS)
spectral dependence of the backscattering coefficient to distinguish the lidar-addressed particle sizes,
by quantitatively evaluating the corresponding backscattering Angstrom exponent. We could then
specify the lowest detected particle diameters, in the range of 130 nm, that our (UV, VIS) polarization
lidar could address during such NPF events. The outlooks of this work are numerous. To give an
example, the lidar-addressed particle sizes could be confronted with the sizes provided by particle
sizers as used during air field campaigns [21,22], which is, however, far beyond the scope of this paper.
Also, potential benefits of adding the IR wavelength could be studied in a similar way. Still, lots of
work is to be done before remote detection of nucleation events is possible in general. This task is
challenging, but it is clear that laboratory, numerical, and field developments are probably required.
We hope that this paper will contribute to these future developments.
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