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Abstract: A bi-static short-range elastic backscatter micro-lidar, named Colibri, has been developed for
quantitative aerosol profiling with high range and temporal resolution within the first hundred meters.
The geometric (i.e., overlap) and radiometric (i.e., lidar constant) calibrations were performed along
with dark current and background noise characterizations. Results of a measurement campaign have
demonstrated the capability of our system to characterize aerosol plumes with high range-resolution
(<10 cm) in the short-range close to their emission sources (from 10 m). To this aim, fog-oil aerosol
plumes were generated in a tunnel and characterized by using an optical particle counter. A forward
inverse method without boundary conditions is presented for inverting short-range lidar profiles when
no reference molecular zone is available. Lastly, we report the different retrieved lidar products, namely
the distribution of aerosol layers, radiative properties (i.e., backscatter profiles), and the microphysical
properties (i.e., number concentration profiles). For the validation of the proposed methodology, the
lidar products were compared with measurements from the optical particle counter. Lastly, the impact of
calibration errors on the lidar products is discussed through an uncertainty analysis.

Keywords: short-range lidar; high range-resolution; high temporal-resolution; aerosols; backscattering
coefficient; aerosol number concentration

1. Introduction

Aerosols are suspended particulate matter in the atmosphere and are emitted through a wide
range of natural or anthropogenic processes and play an important role in the Earth’s radiative balance.
Elastic backscatter lidars are good candidates for range-resolved monitoring of aerosols as they provide
quantitative properties of aerosols. This is important information for a wide range of applications
including environments, air quality, climate change assessment, and space studies [1–5]. While traditional
atmospheric aerosol lidars were designed for long-range measurements, they generally remain blind in
the short-range, within typically the first thousand meters, due to incomplete overlap between the laser
beam and the receiver field of view.

A recent need has been raised for short-range elastic backscatter lidars with high range-resolution
and temporal-resolution to characterize aerosols close to their emission sources by decreasing the minimal
measurement height [6–8]. These profiles are valuable in the fields of environment and air quality for
accurate modeling of aerosol dispersion during events such as industrial plumes [9,10] or aerosol events
in the atmospheric boundary layer (ABL) [11–14]. Short-range micro-lidars are showing new possibilities
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for aerosol research in aero-spatial and defense where accurate measurements of aerosol properties
with high spatial-resolution are required to assess the performances of the optronic systems in adverse
environmental conditions [15–18]. For instance, these systems are especially useful in characterizing
obscurants such as fog, or smoke plumes, which may cause undesirable effects for active optronic
systems [19–21]. Yet, up to now, aerosol lidars remain scarce for probing the atmosphere in the first
hundred meters with a range-resolution lower than one meter.

ONERA, The French Aerospace Lab, has developed a short-range elastic backscatter micro-lidar
dedicated to high range-resolution aerosol profiling. The system has been specifically designed to provide
quantitative aerosol profiles with centimeter range resolution within the first hundred meters. The aims of
this work are: (i) to demonstrate the capability of our system to characterize aerosol plumes with high
range-resolution in the short-range close to their emission sources, (ii) to present a forward inverse method
without boundary conditions dedicated to short-range lidar profiles when no reference molecular zone
is available, and (iii) to present the different retrieved lidar products: the distribution of aerosol layers,
radiative properties (i.e., backscatter profiles), and the microphysical properties (i.e., number concentration
profiles). This paper is organized as follows. The system description and calibration, as well as the
proposed inverse method, are reported in Section 2. Experimental results from field experiments are
presented in Section 3 and are discussed in Section 4 to assess the performances of the Colibri micro-lidar.
Finally, the concluding remarks and perspectives are presented in Section 5.

2. Material and Methods

The general lidar framework, along with notations and useful lidar-relevant quantities, is briefly
outlined in this section.

2.1. Framework

The returned lidar signal for bi-static and multi-axial systems originates from the two-way attenuated
backscattering by particles in the atmosphere at an angle determined by the transmitter–receiver
geometry [22]. The elastic lidar equation under the single-scattering approximation assumes that the
incident wave is scattered only once and multiple-scattering events are excluded. This well-known
equation can be directly derived from the radiative transfer equation and can also be seen as the link-budget
that provides the backscattered power P(r) at a given range r as:

P(r) = Ko O(r) U(r) r−2 [W] (1)

where:
Ko is the radiometric lidar constant which depends on the transmitted laser pulsed energy Eo or power Po,
the duration of the laser pulse τ, and the receiver aperture area A as:

Ko = Po
cτ

2
A = Eo

c
2

A [W m3 sr] (2)

O(r) is the range-dependent overlap function which is a correcting function for measurements where the
field of view of the receiver does not completely overlap the emission beam.
U(r) is the attenuated backscattering function defined as:

U(r) = β(r) exp
(
−2

∫ r

0
α(r′)dr′

)
[m−1 sr−1] (3)
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with α(r) and β(r) are the total extinction and backscattering coefficients defined as:

β(r) = ∑
γ=aer,mol,sur

βγ(r) [m−1 sr−1] α(r) = ∑
γ=aer,mol

αγ(r) [m−1] (4)

where the subscripts aer, mol, and sur describe the aerosol, molecular, and surface components,
respectively. For sake of clarity, the wavelength dependence of these parameters is omitted.

Different physical quantities must be derived from light-scattering for retrieving the lidar products of
interest. The aerosol extinction and backscattering coefficient profiles, αaer and βaer, are derived from the
aerosol extinction and differential backscattering cross-sections Cext and dCbac as:

αaer(r) =
∫ Rmax

Rmin

Np(r, R)Cext(r, R)dR [m−1] (5)

βaer(r) =
∫ Rmax

Rmin

Np(r, R)dCbac(r, R)dR [m−1 sr−1] (6)

where Np is the aerosol or particle number concentration per unit volume of an isotropic scattering
medium formed by an ensemble of randomly oriented particles of radius R with Rmin and Rmax the
minimum and maximal radii. Consequently, these aerosol cross-sections are the key radiative quantities
for aerosol lidar applications [23] and are essential for evaluating microphysical properties such as aerosol
number concentration from lidar profiles. The particle extinction cross-section Cext, expressed in unit of
surface area, and differential backscattering cross-section dCbac, expressed in unit of surface area per unit
of solid angle, are defined as:

Cext(r, R) = Qext(r, R)Cgeo(r, R) [m2] (7)

dCbac(r, R) =
(

dσsca(r, R)
dΩ

)

θ=π

=
1

4π
Qbac(r, R)Cgeo(r, R) [m−1 sr−1] (8)

where Qext is the extinction efficiency, Qbac is the backscattering efficiency and Cgeo is the geometrical
cross-sections defined as πR2 for a spherical particle of radius R. The particle extinction can be seen as the
modification of the energy flow along the forward direction due to scattering and absorption [24]. Note
that the differential scattering cross-section dσsca/dΩ is expressed in unit of surface area per unit of solid
angle.

The under-determination of the lidar problem, i.e., the retrieval of two unknowns parameters from
only one lidar measurement, appears in Equation (3). The inversion of this ill-posed problem requires an
intrinsic relationship between the backscattering and extinction cross-sections. A common practice is to
assume that these two cross-sections are simply related in the form of ratio named Lidar Ratio (LR) or
extinction-to-backscattering ratio [25–27]. This intensive lidar parameter, i.e., which does not depend on
the concentration of particles, is defined for aerosols as:

LR(r, R) =
Cext(r, R)

dCbac(r, R)
= 4π

Qext(r, R)
Qbac(r, R)

[sr] (9)

This lidar ratio strongly depends on the size, shape, or composition of particles. This fact can be established
from lidar campaigns [28–30] or light-scattering models accounting for irregularly shaped-particles [31–34].



Remote Sens. 2020, 12, 3286 4 of 21

In this work, the latter was adopted. For the molecular contribution, we report the reader to [35,36] for
further references.

The surface backscattering coefficient, βsur, can be calculated under the assumption of an extended
Lambertian target that intercepts the entire laser beam. From Kavaya et al. from [37], the analytical
expression of βsur is expressed in unit of surface area per unit of solid angle as:

βsur(r) =
2
cτ

fr(θi)δ(r) [m−1 sr−1] (10)

where δ(r) is the delta-function and fr(θi) is the Bidirectional Reflectance Distribution Function (BRDF) of
the reference surface defined for an incident angle θi as:

fr(θi) =
ρ

π
cos(θi) [sr−1] (11)

where ρ is the Directional-Hemispherical Reflectance (DHR) of the surface.

2.2. System

The Colibri micro-lidar is a forward-pointing elastic-backscatter lidar designed to characterize aerosols
plumes (e.g., cloud, fog, soot). The function of this instrument is to perform remote measurements of
particulate media in the short-range within the first hundred meters with high range-resolution of 10 cm
along the line of sight and high-temporal resolution up to 1 measurement per millisecond. The micro-lidar
architecture is bi-static and multi-axial with scanning capability in order to ensure measurements in the
short-range. The system is lightweight, compact, and suitable for a mobile platform. The instrument
optical layout is depicted in Figure 1 and its specifications are summarized in Table 1. The system is based
on different units described in the following.

Table 1. Specifications of the Colibri micro-lidar.

Laser Wavelength 532 nm
Pulse duration <800 ps
Pulse repetition rate 1.0 kHz
Pulse energy 20 µJ
Beam divergence 0.5 mrad
Beam diameter 1 mm
Bi-static angle 1–5 mrad

Receiver Type Cassegrain
Effective diameter 90 mm
Focal length 500 mm
F-number 6.3

Sensor Type Si-APD
Bandwidth 1.0 GHz
Responsivity 15 A/W
Active area 0.2 mm2

Digital Signal Processing Bandwidth >1.5 GHz
Resolution 12 bits
System control Embedded computer

The transmitter unit is composed of a compact air-cooled Nd:YAG laser that emits 800 ps light-pulses
of 20 µJ at the wavelength of 532 nm with a repetition rate of 1 kHz and a divergence of 0.5 mrad.
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The linear-polarized laser beam is reflected and directed towards the aerosols of interest using a scanning
aluminum mirror (M’). A bi-static architecture was preferred over mono-static configuration to prevent
laser pulses to cause internal reflections that could overwhelm the optical sensor and thus reduce the
minimum range of measurement. The bi-static angle, i.e., the angle θi subtended between the transmitter
and receiver units, is an essential feature for short-range measurements as it enables full control of the
overlap function.

The receiver unit employs a Cassegrain telescope with an effective diameter of 90 mm and focal length
500 mm to collect the backscattered light from particulate media. The light collected by the telescope
is then focused on the sensing unit using an ensemble of achromatic doublet (AD), neutral-band filter
(NBF), interference filter (IF), mirrors (M). For short-range measurements, the ensemble after the telescope
is placed on a translation stage, allowing the adjustable position of the lidar focal plane. Short-range
lidar measurements rely on this essential feature to compensate for defocus problems when probing
scattering volumes at small distances. In all the measurements reported here, the focal plane position is set
to maximize the collected signal at approximately 30 m.

The sensing unit receives the focused backscattered light on the photosensitive surface of a
high-bandwidth silicon avalanche photodiode (Si-APD). A high bandwidth single-channel Digital Signal
Processing (DSP) unit digitizes the pre-amplified analog signal from the Si-APD. The digitized signal is
transferred to a computer for processing and retrieving of lidar products.

Nd:YaG

FS

M

M'

AD

APD

NBF

L : achromatic lens

M : mirror

M' : tilting mirror

T : cassegrain telescope

FS : field-stop

AD : achromatic doublet

IF : interference filter

NBF : neutral-band filter

APD : avalanche photo-diode

ADC : analog-to-digital converter 

FS LL

f2f1
532 nm 

T

5" f/5

f3

f4

M

θiAD

backscatter profile
ADC

IF

Figure 1. Optical diagram of the Colibri lidar used to measure backscatter profiles. A Nd:YaG laser along
with a collimator emits a laser beam in the direction of the aerosol plume. The backscattered light is
collected by a compact Cassegrain telescope then relayed by another achromatic lens to the Si-APD sensor.
An example of a typical backscatter pattern from aerosol plumes is shown in false color in the central inset.
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The retrieval of radiative and microphysical properties of aerosol plumes from elastic backscatter
micro-lidar in the short-range requires a different methodology than usual atmospheric elastic lidar
systems. Proper calibration of the micro-lidar is essential and can be decomposed into two distinct
calibration processes:

(i) Geometric calibration, which is necessary for determining the overlap function of the lidar, especially
in the short-range;

(ii) Radiometric calibration, which is required for retrieving the attenuated backscatter profiles and to use
dedicated inverse methods that do not require any knowledge of boundary conditions or reference
zone (e.g., Fernald–Klett methods).

2.3. Calibration

A critical problem for performing short-range measurements with elastic backscatter lidar arises from
the incomplete overlap between the lidar transmitter and receiver. This incomplete overlap problem is a
major source of uncertainty for profiling aerosol radiative and microphysical properties with short-range
lidars. From an instrumental perspective, it can be seen as a lidar collection efficiency that varies with
range. The origin of this variation originates from the changes of the image-plane position with the range of
the scattering volume, which affects the efficiency of the lidar collection. As a result, the light backscattered
by aerosols in the short-range may not completely reach the optical sensor. This zone is often referred to as
the lidar incomplete overlap or blind zone. Nevertheless, a wide range of techniques has been proposed to
determine the overlap function of lidar systems. Theoretical methods [38,39] require complete knowledge
of all the lidar specifications with sufficient accuracy. Because such accurate information is generally not
available for most lidar systems, experimental approaches have been undertaken to estimate the overlap
function [40–46].

The Colibri micro-lidar was specially designed with a bi-static multi-axial configuration for profiling
aerosols in the short-range with a reduction of the incomplete overlap zone. An evaluation of the
range-dependent overlap function is proposed using a simple two-step method. First, a series of lidar
measurements on a low reflectance Lambertian surface (Spectralon, Labsphere) are carried out at different
ranges. Second, an analytical function reported by Stelmaszczyk et al. [47] is used to fit the measurements
using the bi-static lidar parameters. The advantage of our method based on low reflectance surfaces is that
it does not rely on the usual assumption of homogeneous atmospheres used for estimating the overlap
function. To prevent any damages of the photodetector due to intense reflection on the surface, a neutral
density filter may be inserted without affecting the geometric calibration.

Figure 2 reports the experimental evaluation of the overlap function for a series of ranges in the
short-range. The results are fit by the analytical function using the lidar systems parameters from Table 1.
Our results indicate a high correspondence between analytical and experimental overlap functions
for the Colibri micro-lidar. A non-uniform Gaussian energy distribution within the laser beam may
explain the small disagreement between the analytical and experimental overlap functions. However,
the laser characteristics measured in the laboratory allow us to expect stable laser power (<1.5%), pulse to
pulse stability, and divergence over time. Our method suggests that the micro-lidar architecture and
configuration are suitable for short-range aerosols profiling.

The lidar radiometric calibration is performed at the full-overlap distance using as well a low
reflectance surface (Spectralon, Labsphere). These surfaces are highly diffusive due to the porosity of
their PTFE-based surface and their reflectance properties are well characterized and close to a Lambertian
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reflector at normal incidence [48]. Elastic lidar instruments commonly do not have direct access to the
backscattered power P(r) but provide range-corrected signals RCS such as:

RCS(r) = K∗o O(r) U(r) [V m2] (12)

where K∗o is the instrument lidar constant directly derived from the previously defined radiometric lidar
constant Ko as:

K∗o = S G Ko = S G Eo
c
2

A [V m3 sr] (13)

where S is the sensor responsivity [A W−1] and G is the gain [V A−1] of the low-noise trans-impedance
amplifier. When the ambient aerosol and molecular backscattering contribution is negligible relative to the
surface backscattering, and the overlap function is equal to unity within the hard target range, one may
directly derive the lidar constant K∗o for an arbitrary-shaped laser pulse as:

K∗o =
π

ρ

∫ rs+δr

rs−δr
dr RCS(r) = RCS(rs)

cτ

2
π

ρ
[V m3 sr] (14)

where rs is the location of the Lambertian reflector and δr = cτ/4 accounts for the laser pulse temporal shape.
Figure 3 shows the lidar uncalibrated RCS from a Lambertian surface. Previous works have

reported that the gaussian-shape assumption for the returned laser pulse was not always valid for
lidar backscattering measurements from surfaces. Asymmetrical lidar signals from surfaces are correctly
fit using asymmetrical functions such as log-normal functions [49–51]. Here, micro-lidar measurements
were fit using a sensor model based on a log-normal function to account for the asymmetric response that
depends mainly on the laser and sensor characteristics.

Figure 2. Geometric lidar calibration. Measurements with a low reflectance surface at multiple ranges are
represented in blue dots. An analytical model from Stelmaszczyk et al. [47] is shown in plain yellow curve.
The micro-lidar full overlap is reached at approximately 25.0 m. Error bars represent standard deviation
over 10,000 measurements.

The instrument lidar constant K∗o = 13.5 V m3 sr is retrieved from the measurements on the
Lambertian surface and from Equation (14). This value was used to provide the attenuated backscatter
profiles for aerosol plumes profiling in the following.
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Calibration

Value Units

K∗o 13.5± 0.1 V m3 sr
ρ 0.02

Figure 3. Radiometric lidar calibration. Measurements and analytical model are presented in plain dots
and blue curve, respectively. Error bars represent standard deviation over 50,000 measurements.

2.4. Inversion

The proposed inverse method is based on the use of attenuated backscatter profiles derived from
micro-lidar measurements. After a series of pre-processing and denoising techniques, the lidar signals
are radiometrically calibrated using the instrument lidar constant K∗0 of the system. It is recommended to
regularly measure this calibration constant over time depending on the laser stability. In our case, a rapid
measurement of the lidar constant is carried out before every lidar campaign. Hence, the attenuated
backscatter profile U, is calculated as:

U(r) =
RCS(r)
K∗o O(r)

[m−1] (15)

The idea to obtain the reconstruction method is, from (3), to introduce the two-way transmittance T
linked to the total backscattering and extinction coefficients, β and α respectively, by the relation:

T(r) :=
U(r)
β(r)

, and conversely β(r) =
U(r)
T(r)

. (16)

It thus follows:

T(r) = exp
(
−2

∫ r

0
α(r′)dr′

)
, (17)

which is positive, decreasing, continuous, and differentiable since α (and thus β) is a piecewise non-negative
continuous and bounded function. Moreover, under the assumption of calibrated signal, one can write:

U(r = 0) = β(r = 0), and thus T(r = 0) = 1. (18)

By evaluating the derivative of T, it follows:

d
dr

T(r) = −2α(r)T(r) = −2 LR U(r), (19)

Figure 3. Radiometric lidar calibration. Measurements and analytical model are presented in plain dots
and blue curve, respectively. Error bars represent standard deviation over 50,000 measurements.

2.4. Inversion

The proposed inverse method is based on the use of attenuated backscatter profiles derived from
micro-lidar measurements. After a series of pre-processing and denoising techniques, the lidar signals
are radiometrically calibrated using the instrument lidar constant K∗0 of the system. It is recommended to
regularly measure this calibration constant over time depending on the laser stability. In our case, a rapid
measurement of the lidar constant is carried out before every lidar campaign. Hence, the attenuated
backscatter profile U, is calculated as:

U(r) =
RCS(r)
K∗o O(r)

[m−1 sr−1] (15)

The idea to obtain the reconstruction method is, from (3), to introduce the two-way transmittance T
linked to the total backscattering and extinction coefficients, β and α respectively, by the relation:

T(r) :=
U(r)
β(r)

, and conversely β(r) =
U(r)
T(r)

. (16)

It thus follows:

T(r) = exp
(
−2

∫ r

0
α(r′)dr′

)
, (17)

which is positive, decreasing, continuous, and differentiable since α (and thus β) is a piecewise non-negative
continuous and bounded function. Moreover, under the assumption of calibrated signal, one can write:

U(r = 0) = β(r = 0), and thus T(r = 0) = 1. (18)

By evaluating the derivative of T, it follows:

d
dr

T(r) = −2α(r)T(r) = −2 LR U(r), (19)
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and integrating over [0, r], using (19) we get:

T(r) = 1− 2 LR
∫ r

0
U(r′)dr′. (20)

The integration in (20) has to be performed numerically so finally the backscattering coefficient β

is obtained from the relation (16). An analytical solution for β with an explicit form is given by the
following equation:

β(r) =
U(r)

1− 2 LR
∫ r

0 U(r′)dr′
[m−1sr−1] (21)

Equation (21) does not involve the necessity of a reference zone or clean aerosol-free zone in the lidar
signal, which is required for short-range elastic micro-lidar. Its denominator can be straightforwardly
evaluated as long as calibrated lidar signals are provided. We note that the expression is also a solution
of the well-known differential Bernoulli–Riccati equation of the lidar problem expressed in terms of
attenuated backscatter profile:

LR
d
dr

ln U(r) =
1

α(r)
dα(r)

dr
− 2α(r) (22)

3. Results

3.1. Experimental Setup

The experimental site is located in Toulouse (Occitanie, France) at ONERA, which conducts studies
and research for the benefit of the fields of Aeronautics, Space, and Defence. In this particular work, the
experiments took place in a tunnel with 80 m length by 3 m height, approximately. The measurements were
performed on 12th and 13th February 2020 and the same micro-lidar configuration was kept for both days.
A fog-oil generator was located inside the tunnel to create a controlled aerosol environment for the system
characterization. Fog-oil plumes are obscurant smoke screens produced by the heating of a glycol solution
and are disseminated in the air as an electromagnetic obscurant for military applications, entertainments,
or fire simulation [52,53]. A fog-oil plume is disseminated by vaporization using a generator and then
is condensed as the vapors cool in the atmosphere beyond the exhaust pipe. The efficiency of fog-oil
plumes depends on the aerosol concentration and particle size distribution, which are characterized in this
experiment using an optical particle counter (Palas, Fidas 200). This instrument is based on polychromatic
light-scattering and provides particle size and number concentrations of aerosol particles in the size range
from 0.18 to 18 µm.

3.2. Prior Light-Scattering Calculations

The forward inverse method described in Section 2.4 does not require any knowledge of boundary
conditions or reference zone but several lidar-relevant quantities are still needed such as lidar
extinction-to-backscatter ratio. These quantities are assumed constant within an aerosol layer with a
specific composition, similar shape, and size distribution. These quantities are defined in Section 2.1
and can be computed from light-scattering models for spherical fog-oil particles using the Lorenz–Mie
theory [54] and measurements provided by an optical particle counter (Palas, Fidas 200). Table 2 reports
the fog-oil microphysical, optical, and lidar-relevant properties.

The average lidar-relevant parameters 〈dCbac〉 and 〈LR〉 were calculated using the normalized
log-normal function np(R), i.e., normalized for a single particle per volume unit, with a modal radius
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Rp = 0.180 µm and a geometric standard deviation σg = 1.15. It must be noted that these parameters
were provided by the optical counter and that the minimum size measurable by the optical counter may
slightly impact this value. The complex value m = 1.508 + i10−5 was used for the refractive index of the
generated fog-oil plumes, which is the value reported in the literature [55,56]. From these microphysical
and optical properties, the two main lidar-relevant parameters of interest in this study, 〈dCbac〉 and
〈LR〉, were calculated using a double-precision Lorenz–Mie scattering code for spherical polydisperse
homogeneous particles [23]. The average differential backscattering cross-section and lidar ratio were
found to be 〈dCbac〉 = 3.16 10−3 µm2 sr−1 and 〈LR〉 = 73.1 sr, respectively.

Table 2. Averaged lidar-relavant parameters for fog-oil particles from their microphysical properties.

Microphysical and Optical Properties

Value Units

Type of aerosol fog-oil
Aerosol size distribution log-normal
Modal radius Rp 0.18 ± 0.01 µm
Geometric standard deviation σg 1.15
Complex refractive index m 1.508 + i10−5

Averaged Lidar-Relevant Properties

Differential backscattering cross-section 〈dCbac〉 3.16 × 10−3 µm2 sr−1

Lidar extinction-to-backscatter ratio 〈LR〉 73.1 sr

3.3. Attenuated Backscatter Profiles

One objective of the Colibri micro-lidar is to monitor the evolution and dispersion of the aerosol
plumes, here fog-oil smoke particles, in the short-range with high range-resolution and temporal-resolution.
Attenuated backscatter profiles U(r) are the first-level micro-lidar products. They can be used to give a
direct indication of the spatio-temporal distribution and structure of the aerosol plumes.

Figure 4 shows an example of the Colibri micro-lidar measurements carried out on 13th February at
ONERA center. The glycol fog-oil emission event was remotely and horizontally characterized from 0
to 60 m during 60 s. It was possible to study the structural properties and spatio-temporal variability of
the aerosol layers in the short-range with high range and temporal resolution. Note that all range levels
given in this section are meant as the horizontal distance from the lidar system. The range-corrected
signal RCS measurements were converted to attenuated backscatter profiles by applying the geometric
and radiometric calibration procedure, fully explained in the previous Section 2.3.

A straightforward pre-processing procedure was employed to improve the quality of the lidar signals
because of the high signal-to-noise ratio in the short-range and the fact that all measurements were
done in an indoor environment. First, a 10 min measurement of dark current (DC) was done at the end
measurement for each day during the campaign, covering the telescope (obtaining up to 100,000 profiles).
DC measurements were first subtracted to the lidar signals. The background (BG) contribution was
measured in the long-range (over 80 m). The BG presented a Gaussian distribution, therefore the mean
value was used for suppressing the noise to each profile. Lastly, a 50 ms temporal-averaging filter was
used to smooth the micro-lidar signals for the particle inversion method.
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Figure 4. Attenuated backscatter profiles measured by the Colibri micro-lidar for fog-oil plumes with
high range and temporal resolution. The inset of the figure in the upper right shows in greater details the
resolution achieved by the micro-lidar.

3.4. Aerosol Backscatter Profiles

The aerosol backscatter profiles βaer(r) are retrieved from the attenuated backscatter profiles according
to the forward inverse method without boundary conditions presented in Section 2.4. The Lidar Ratio
computed previously for fog-oil particles from light-scattering was specified for retrieving the aerosol
backscatter lidar profiles.

Figure 5 presents the retrieved aerosol backscatter profiles of the fog-oil event in false color. In the
studied case, the intense period of the event was centered from 20 to 28 m in the first 20 s of the
measurement with averaged values for particle backscatter profiles close to those reported in the literature
for such particles [15]. It should also be noted that the lowest detectable backscattering coefficients depend
on signal and noise levels in the actual measurements. For detailed analysis, a comparison with the ambient
molecular backscatter is proposed. The Rayleigh theory is used to compute the molecular backscatter
coefficient with the height-scaled pressure at 20 ◦C and relative humidity ranging from 50 to 80% at
the wavelength of interest, obtaining molecular backscatter coefficient values up to 4.25 10−6 sr−1m−1.
The right panel of Figure 5 presents the time-averaged (60 s) aerosol backscatter in blue color. For reference,
the molecular backscatter profile is displayed in red. It is worth noting that the limit of detection for
these measurements reaches the level of the molecular backscatter coefficient. This is evidencing the
performances of the Colibri micro-lidar as well as the satisfactory implementation of the pre-processing
and calibration methods.

Finally, the retrieved values of backscatter coefficients validate the effectiveness of the proposed
forward inverse method without boundary conditions. The measured backscatter profiles demonstrate
the system capability to characterize complex aerosol events in the short-range, close to their sources,
with high range and temporal resolution. According to these first measurements, the Colibri micro-lidar
is a good candidate to assess the dynamics of aerosol propagation in the short-range with millisecond
temporal resolution. Further studies should be conducted to assess the system performances for vertical
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aerosol profiling in the atmosphere. The determination of the aerosol number concentration in the aerosol
plume from micro-lidar profiles follows in the next section.

Figure 5. Spatio-temporal (left panel) and 60 s time-averaged (right panel) aerosol backscatter profiles
of fog-oil plumes measured by the Colibri micro-lidar with high range and temporal resolution.
The time-averaged molecular and aerosol contributions are, respectively, in red and blue color.

3.5. Number Concentration

The aerosol number concentration Np(r) can be retrieved from aerosol backscatter signal using
ancillary information provided by the optical particle counter (Fidas 200) and reported in Section 3.2.
Following the same structure of the previous subsection, the backscatter profiles βaer(r) yield an estimation
of the range-dependant aerosol number concentration Np(r).

For a non-range dependant aerosol size distribution, let us write Equation (6) as:

βaer(r) = Np(r)〈dCbac〉 [m−1sr−1] (23)

where 〈dCbac〉 is the average differential backscattering cross-section calculated for the normalized fog-oil
plume log-normal distribution. Thus, the number concentration can be estimated from he retrieved aerosol
backscatter profiles as:

Np(r) =
βaer(r)
〈dCbac〉 [part cm−3] (24)

Figure 6 shows the retrieved aerosol number concentration profiles of the fog-oil event in false color.
From the measurements, a high number concentration of particles was detected in the first 30 s of the
measurement, reaching values up to 5.0 105 part cm−3, and then evidencing the rapid decrease of the
number of aerosol concentration over time, reaching values lower than 105 part cm−3 in less than 30 s.
The time-averaged aerosol number concentration

〈
Np
〉

measured during the first 60 s of the event is
represented in the right panel of Figure 6.
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Figure 6. Spatio-temporal (left panel) and 60 s time-averaged (right panel) aerosol number concentration
profiles with high range and temporal resolution of fog-oil plumes derived from aerosol backscatter profiles
measured by the Colibri micro-lidar.

4. Discussion

The major novelties of the Colibri micro-lidar lie in its ability to perform lidar measurements and
retrieve quantitative aerosols products in the short-range, within the first hundreds of meters, and with
high range and temporal resolution. The present section discusses several aspects relative to these
novelties including: (i) a range and temporal resolution performance analysis, (ii) an error analysis based
on calibration experimental errors, and (iii) a comparative analysis of aerosol products between lidar and
optical counter.

4.1. Range and Temporal Resolution Analysis

A fundamental difference between the Colibri micro-lidar and atmospheric elastic lidar systems lies
in the achieved range and temporal resolution. Regarding the range resolution of the Colibri micro-lidar,
the measurements in Section 3 were not range-averaged and the range resolution remains below 10 cm.
No bin averaging technique was necessary and the range resolution is mainly limited by the laser pulse
duration, the temporal response of the Si-APD, and the analog-to-digital converter bandwidth. Regarding
the temporal resolution, the measurements in Section 3 were temporally-averaged and the temporal
resolution remains at 10 cm.

In addition, the Colibri micro-lidar differs in terms of measurement times. Figure 7 displays single
attenuated backscatter profiles at multiple time-resolution (1 ms, 10 ms, 20 ms) to highlight the capabilities
of our instrument. While most of the atmospheric lidar systems usually provide time-integrated profiles
over more than a few tens of seconds or minutes, the Colibri micro-lidar measures instantaneous aerosol
lidar profiles with 1 ms time resolution (reduced to 50 ms after time-averaging to ease the signal processing).

While most elastic backscatter lidars usually cover a range resolution of tens of meters, the
Colibri micro-lidar range and temporal resolution are 10 cm and 1 ms, respectively. These unique
features will allow in the future to characterize fast aerosol events with a high temporal resolution with
high range-resolution. For instance, problems such as new particle formation or secondary aerosol
formation [57] involve rapid changes in aerosol particle size distribution, which are believed to play
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important roles for air quality assessment in urban and industrial areas. The study of such processes could
greatly benefit from short-range elastic backscatter micro-lidar with high range and temporal resolution.

Figure 7. Single attenuated backscatter profiles measured by the Colibri micro-lidar for fog-oil plumes at
multiple time-resolution (1 ms, 10 ms, 20 ms).

4.2. Uncertainty Analysis and Error Propagation

The quantification of lidar uncertainties by error propagation is necessary for evaluating the quality
of retrieved lidar products such as aerosol backscatter or number concentration. The purpose here is to
evaluate the error propagation during the fog-oil event. The uncertainties in the lidar products result from
uncertainties in the pre-processing, i.e., DC and BG, and in the geometric and radiometric calibration, i.e.,
O(r) and K∗0 .

We assess in the following the total uncertainties by error propagation in the different lidar
products presented along the manuscript, namely attenuated backscatter U(r), backscatter profiles βaer(r),
and aerosol number concentration Np(r). The noise of the variables is assumed uncorrelated, but the
variables have a certain degree of dependency since calibration parameters were measured using the
same instrumental setup. The measurements were not performed under the same exact experimental
conditions (i.e., statistical and ambient changes could be considered over time); however, the use of the
same Lambertian surface to retrieve the calibration parameters was found to be a stable and reliable
method.

The lidar uncertainties are estimated by error propagation for instantaneous RCS profiles by deriving
the Equations (15), (21) and (24), as

δRCS(r) =
[

δDC
〈DC〉 +

δBG
〈BG〉

]
RCS(r) (25)

where δDC and δBG are the uncertainties associated to the pre-processing quantities DC and BG.

δU(r) =
[

δRCS
〈RCS〉 +

δK∗o
〈K∗o〉

+
δO(r)
〈O(r)〉

]
U(r) (26)

δβ(r) =
[
(1 + 2LR β(r)U(r)/U’(r))

δU(r)
U(r)

]
β(r) (27)
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δNp(r) =
[

δβ(r)
β

]
Np(r) (28)

where δK∗o and δO(r) are the uncertainties associated to the calibration quantities K∗o and O(r). The fact
that Equation (27) has a derivative term in the denominator may drive to some singularities in the δβ

calculation, but in any case can not be associated as error propagation of K∗o or O(r) over β(r) or Np(r).
Figure 8 summarizes the error propagation results for typical micro-lidar products from Section 3.

As a result, the total error propagation over β(r) and Np(r), considering both the pre-processing and
calibration, leads to consider a mean relative mean error lower than 14%. This error analysis yields a
significant insight into the robustness of the proposed calibration method for retrieving aerosol products
in the short-range using the Colibri micro-lidar.

Figure 8. Calibration error propagation of K∗0 and O(r) on the Colibri micro-lidar products: attenuated
backscatter profiles (top panel), backscatter profiles (middle panel), and aerosol number concentration
(bottom panel).

4.3. Comparative Analysis with Local Sensors

In the following, we propose a comparative analysis between the aerosol number concentration
retrieved from the Colibri and Fidas 200 during the fog-oil event. The objective is to validate the
proposed methodology for short-range micro-lidar. Prior to the comparison, we should recall the
different nature of the two instruments. Elastic backscatter lidars are remote-sensing instruments that
provide range-dependant aerosol products whereas optical particle counters are local sensors that measure
aerosols properties (e.g., particle size distribution, particle concentration) in a single location. The direct
products of the Fidas 200 are the particle matter concentrations (PM1, PM2.5, PM10) at relatively high
temporal resolution (1s), nevertheless, elaborated products such as particle and mass concentration are
time-integrated products. Considering that, both instruments will measure the fog-oil event, but Fidas
200 is retrieving the particle number concentration as a function of the diameter for the air column where
Fidas 200 is located (4 m away to the fog-oil generator and about 25 m from the micro-lidar). Meanwhile,
the aerosol number concentration retrieved from the Colibri micro-lidar measurements are provided with
a native spatio-temporal resolution for a scattering-volume along the tunnel.

To use the Fidas 200 product as a reference during the event, comparable products should be computed
for both instruments in order to preserve their principle of the measurement. The temporal mean of the
Np is calculated here and is directly provided by the Fidas 200. For the Colibri micro-lidar, a range and



Remote Sens. 2020, 12, 3286 16 of 21

temporal mean was performed around the fog-oil plume from 0 to 40 m and from 0 to 60 s. This makes it
possible to carry out a comparison in Table 3 between the mean values retrieved from both instruments.

Table 3. Range and 60 s time-averaged aerosol number concentration
〈

Np
〉

derived from the Colibri
micro-lidar and aerosol number concentration from Fidas 200 optical counter.

Averaged Aerosol Number Concentration

Instrument Value Units

Colibri 3990 ± 130 part cm−3

Fidas 200 4055 ± 400 part cm−3

Table 3 presents the time and range-averaged aerosol number concentration from the Colibri and Fidas
200 instruments < Np >= 4350 part cm−3 and < Np >= 3990 part cm−3 respectively. This comparison
yields a good agreement between the Colibri micro-lidar and the Fidas 200. The differences might be
associated on the one hand to the different nature of the instrument: while the Colibri micro-lidar is a
remote-sensing instrument that measures range-resolved number concentration of particles, Fidas 200 is an
in-situ instrument that performs measurements from a single location. On the other hand, the differences in
temporal resolution between instruments might yield erroneous results, considering that Fidas 200 reported
less than 15 measurements during the fog-oil event, which is far from being directly comparable with the
millisecond temporal resolution of the Colibri micro-lidar. Finally, this analysis assesses the performances
of the Colibri micro-lidar for providing quantitive number concentration profiles for complex aerosol events
in the short-range, close to their sources, and with high range-resolution and high temporal-resolution.

5. Conclusions

The present work has demonstrated the feasibility of our self-designed short-range elastic backscatter
micro-lidar to provide relevant properties of aerosol plumes, including radiative and microphysical
properties. An indoor measurement campaign was carried out to assess the performances of the micro-lidar
under controlled environment conditions. This campaign allowed us to monitor the dynamics of aerosol
plumes and to retrieve quantitative micro-lidar products, including aerosol backscatter and number
concentration profiles as a result of a rigorous calibration and a dedicated inverse method without any
boundary condition. In a nutshell, the following highlights can be drawn from our in-door measurement
campaign using the Colibri micro-lidar:

(i) Short-range elastic backscatter lidar measurements were proved to measure backscattering from
aerosol plumes in the short-range (within the first tens of meters) with a high range-resolution
(<10 cm) and a high-temporal-resolution (1 ms);

(ii) The inversion of micro-lidar signals was made possible using a forward inverse method without
boundary conditions;

(iii) Aerosol backscatter and number concentration profiles could be retrieved using lidar-relevant
parameters derived from light-scattering models and ancillary in-situ instruments.

The Colibri micro-lidar fills technological gaps (i.e., high range-resolution, short-range) that current
elastic lidar systems have not yet covered. Such high-resolution could enable lidar measurements of small
aerosol plumes or rapidly changing aerosol events. For instance, it could enable the study of radiative and
microphysical properties of aerosols associated with complex atmospheric processes such as new particle
formation (i.e., nucleation process) and aerosol dynamics inside the atmospheric boundary layer, and also
for the characterization of the emitting sources in industrial and aeronautics sectors. These aerosol lidar
products are currently necessary for different atmospheric research and industrial fields. Furthermore, it is
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worth noting that the aerosol plume was never in contact with our system, which supports the potential
use of this system for standoff sensing of particulate matter such as hazardous industrial plumes or
aerosolized bioagent for instance.

For transferring the Colibri micro-lidar from indoor tunnel measurements to outdoor field campaigns,
the current prototype should undergo a series of adjustments, including an adaptation of interference filter
and spatial filter to improve the rejection of ambient background light and optimize the signal-to-noise
ratio. Moreover, a challenge in aerosol lidar has been for many years to rigorously account for the validity
of the single-scattering approximation. To improve the quality of micro-lidar retrievals for dense aerosol
plumes, the relative contribution of multiple-scattering should be evaluated in the future, and additionally,
the instrument is planned to be extended to multi-wavelength operation in order to retrieve high-level
products such as high spatio-temporal Angstrom Exponent and color ratio products in order to go further
at investigating complex topics such as aerosol-cloud interaction (i.e., inside the Atmospheric Boundary
Layer Cirrus clouds and fog formation near to the surface), which are essentials for the Earth’s radiative
balance calculations and atmospheric modeling. Additionally, our results suggest the implementation of
new aerosol field campaigns for having a long-term database of aerosol properties. Taking advantage of
the high range and temporal resolution measurements, new particle formation and near real-time aerosol
dynamics of such processes could be addressed in the future. This will give us the possibility to explore
new light-scattering problems related to lidar technologies.
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