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Aerosols are one of the greatest sources of uncertainty in climate modeling, by having impact on heat balance of the earth
and on clouds properties. The spatial and temporal evolution of the atmospheric aerosol load can be measured effectively
by laser remote sensing techniques and in certain conditions their optical and microphysical parameters can be derived.
This paper represents an overview of the latest approaches in laser remote sensing, emphasizing on the data processing
algorithms and the use of complementary data to overcome non-determination in elastic backscatter Lidar inversion.

Original results are also presented.
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1. Introduction

Characterization of the real atmosphere requires a
large number of meteorological parameters such as
temperature, humidity, wind directions, and in addition,
variations in chemical composition and the presence of
pollutants, which can undergo rapid local changes, in
particular over urban areas. Models of the real atmosphere
require many parameters based on a large number of
observational data. The design of very accurate models is
limited by computer capacity, so in practice simplified
models are used. Regardless the complexity of the model,
real data are necessary in order to: a) verify, b) validate; c)
improve the model.

1.1. Technical background of laser remote sensing

Optical remote sensing techniques are used today for
monitoring atmospheric characteristics due to the fact that,
conform to the diffraction theory, an obstacle could be
“seen” by an electromagnetic wave having a wavelength
on the same magnitude as the geometric dimension of the
obstacle. So, using a light beam (wavelength nm ... pm)
one can detect atmospheric components, which are
“invisible” for other sounding waves. The speed of light is
also a good argument, because it provides real time
response. Another aspect is that a lot of phenomena are
produced at the interaction between a light beam and
atmospheric constituents, most of these phenomena are
specific to the constituent’s type. Very important among
optical remote sensing techniques are the Lidars based on
the use of pulse or continuous lasers as they are
characterized by high sensitivity and a long range of
penetration. LIDARS (LIght Detection And Ranging) are
laser based systems for atmosphere sounding, which allow
suspended particulate detection on sounding direction,
with a very good precision and in a very short time

(seconds). The main components for any Lidar system are
the transmitter (pulsed, high power laser), the receiver
(telescope + spectrum analyzer + low level, high speed
photodetectors) placed on a common platform, and the
high speed acquisition system with analog — digital
converter. Laser transmitted radiation is scattered by the
aerosols, so that a fraction of radiation backscattered by
each volume of air can be captured, detected and analyzed.
The return signal contains information about the
concentration and some physical characteristics of
particles in laser beam direction. Lidars are mobile and can
thus be used at different sites, including satellites. Lidar
measurements permit a highly accurate determination of
the type and size of atmospheric components, even at long
distances, are able to detect very low concentrations, and
allow for a study of their spatial-temporal dynamics.
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Fig. 1. Lidar principle.
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The name “LIDAR” pre-dated the invention of the
laser because of other light based techniques using arc-
lamp searchlights for atmospheric profiling that started
much earlier with Synge (1930) [1], Hulbert (1937) [2],
Johnson (1939) [3] and Elterman (1954) [4] using a carbon
arc lamp searchlight, followed by Friedland (1956) [5]
using a pulsed search light. It's also interesting to note
early passive techniques that were developed to profile
atmospheric aerosols by observing the sky during sunset.

About the first use of Lidar using a laser, if the
definition of Lidar includes hard targets, it was the effort
of Smullin and Fiocco in 1962 [6] at Cambridge, where
they measured the distance to the moon using a pulsed
laser and telescope receiver. Take note of the method of
reporting the data. Clearly the invention of the laser was to
create many new fields of research since it occurred only
two years before these measurements. But if the definition
of Lidar requires atmospheric measurements, this effort
made by Fiocco and Smullin (1963) [7] is the paper often
quoted as presenting the first atmospheric Lidar
measurements, which were enabled by the invention of the
laser Q-switch, which permits more intense pulses of light
energy to be generated by the laser. Fiocco and Smullin
describe measurements of atmospheric layers between 60-
140 km taken between July 28-31, 1963. Profiles of
Rayleigh scattering below the altitude of the "scattering
layers" are also shown in this paper.

These measurements sparked considerable interest in
other research groups including ones in Jamaica, by
Clemesha et. al. [8], where apparently the first
depolarization measurements were made of stratospheric
aerosols in January 1966, in USA by McCormick et. al. [9]
in February 1966 and in England by Bain and Sandford
[10], where perhaps the first numerical simulation of Lidar
performance is shown based on measurements made in
July 1966, and College Park, Maryland, where they
describe perhaps the first use of electronic photon counting
equipment in Lidar also in October, 1965.

After the development of new lasers and
photodetectors in the following years, various types of
ground-based Lidar systems (including ceilometers) have
been continuously used to probe the earth’s atmosphere
and to measure a variety of air pollutants, such as Oz, NO,,
SO,, Hg, toluene, benzene and aerosol optical properties
(optical depth, spatial distribution and layering, diurnal
variation, etc.), as described by Kolsch (1989) [11],
Measures (1992) [12], Bosenberg et al., (2003) [13],
Kovalev and Eichinger (2004) [14].

The establishment of the European Aerosol Lidar
Network (EARLINET project) on the year 2000 [13], in
which INOE Lidar group is an institutional member
starting 2005, permitted to establish a 3-years climatology
of the vertical distribution of aerosols mainly in central
Europe, Greece. Poland and Belarus [13]. During this
research, all Lidar systems were inter-compared to
prototype-certified Lidar systems both at software and
hardware levels [15-17]. Since the beginning of the
EARLINET project more than 20000 aerosol vertical
profiles under various meteorological conditions,
concerning local or long-range transport of aerosols in the

free troposphere. including the transport of the Saharan
dust towards Europe [18] and Etna volcanic activity in
2005 [19].

In Romania, Lidar activities started in 1993, when a
two-wavelength Cu:Br vapors laser based system was
build in National Institute of R&D for Optoelectronics
INOE, for the detection of aerosol backscattered radiation.
For a long period of time this system was used just for air
pollution monitoring over a small industrial area in
southern Bucharest. Due to the scanty capabilities of the
system, no Lidar data where provided until now by
Romania, which was not included in EARLINET
activities. In the mean time, complementary research like
theoretical modeling of the optical field propagation
through random and non-homogeneous media [20-22] and
statistical automatic data processing for Lidar data
validation [23] are also developed. Recently, a new light-
weight Lidar was implemented [24,25], in order to extend
laser remote sensing applications to in situ tropospheric
investigations [26-28], (PBL studies, aerosol density
vertical profiles, traffic pollution monitoring). LiSA
system is a Nd:YAG laser based Lidar, operating at 1064
and 532 nm wavelengths, providing in real time aerosol
density profiles up to 10 Km high, with a 6 m spatial
resolution. Its compact design and cinematic
characteristics allows field implementation and large areas
surveillance.

1.2. Theoretical background of atmosphere
investigation by Lidar

The description of the laser beam interaction with
atmospheric constituents (i.e. molecules, particles, clouds)
is based on the fundamental theory of electromagnetic
wave propagation in various media, well represented in the
scientific literature [29-35].

But in fact, one must consider for the theoretical

approach that the atmosphere contains a wide range of
constituents extending from atoms and molecules
(Angstrom range d ~ 107-10* pm) to aerosols (d ~107-
5 pum), cloud water droplets and ice crystals (d ~1 =15 pm
and even larger). In the last decades, atmospheric
composition and properties were studied by various
laboratory or in situ techniques in different meteorological
conditions and for different classifications [36-64]. From
the laser remote sensing point of view, the basic
information that can be used from these studies is that the
mixture of these different components results in a series of
complex atmospheric interactions that take place with a
laser beam. All these phenomena can be used to derive
information about the atmosphere. For that, the set-up of
the system is different according to the selected
phenomena. In all cases, the intensity of the light resulting
from these processes is proportional with the initial
intensity /), the number density of the active diffusers n
and the differential angular cross — section ¢ [65] and this
can be used to derive some optical / microphysical
parameters of the diffusers in the beam path.
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The molecular and aerosol elastic/inelastic processes
involved in the use of the Lidar method for atmospheric
investigations are the following [12]:

(a) N,, O, molecular elastic (Ap = ;) light scattering;
i.e. Rayleigh diffusion (4; >> d, where d is the molecular
diameter)

(b) Aerosol elastic (Ap = A;) light scattering; i.e. Mie
scattering (4, ~ d, where d is the diameter of the particle)

(¢) Ny, O, and H,0O molecular inelastic (1p # Az) light
scattering; i.e. Raman scattering (4, >> d, with d the
molecular dimension)

(d) Gas and aerosol absorption (if the radiation at 4 is
absorbed by atmospheric molecules or by compounds
forming the aerosols)

(e) Fluorescence of bioaerosols

As previous mentioned, everyone of these processes
can give information about a certain atmospheric
component. Due to their large influence on earth’s
radiation budget [66], acrosols are an important factor to
be studied, especially because of their variability in time
and space. For example, tropospheric aerosols arise from
both natural sources (wind-borne dust, volcanic eruptions,
etc.) and anthropogenic activities (fossil fuels combustion,
biomass burning activities, industrial activities, etc.) [67].
As a consequence, their composition is highly variable
[68-70]. Atmospheric particles play an important role in
earth’s radiation budget and climate, by scattering and
absorbing both incoming and outgoing radiation
depending on their chemical composition [71,72].
However this role has not been precisely estimated yet
[73] and needs future investigations.

Recent estimations on the possible impact of aerosols
(both direct and indirect effects) on the radiative forcing
(cooling effect) in a global average are of the same order
of magnitude as the CO, effect (warming -effect).
However, high uncertainties still exist concerning the
indirect and direct effects, which are connected with the
aerosol influence on climate. By employing several
wavelengths [74] the Lidar provides very accurate
information about the size distribution of aerosol particles
as well as their concentrations under various weather
conditions and at different altitudes above sea level.

The variable gases present themselves as interesting
components of the atmosphere to study using Lidar due to
their highly variable structure and the importance of
understanding atmospheric processes relating to their
production or destruction (e.g.chloro-fluorocarbons and
ozone in the stratosphere).

Differential Absorption Lidar (DIAL) is useful for
studying various gases in the atmosphere using tunable
lasers. Raman Lidar is also useful in this respect since with
a single laser Raman lines can be excited from a variety of
molecules.

The use of Raman Lidar for profiling water vapor
mixing ratio in the atmosphere is a well-established
experimental technique.

2. Aerosol monitoring by elastic backscatter
Lidar

Due to its relative low cost, high reliability and easy
operation, the backscatter Lidar is common used for
aerosol and clouds study. It measures the backscattering at
the laser wavelength due to molecules (Rayleigh
scattering) and particles (Mie scattering). Both co-axial
and bi-axial configurations can be used. In order to filter
the unwanted radiation (in this case the only useful
wavelength is the wavelength of the laser) an interference
filter is placed in front of the photodetector. For different
laser wavelength (IR, VIS or UV), the photodetectors can
be PMT or APD, but anyway they must be fast, sensitive
and low noise. Fast detectors give a good spatial
resolution, sensitive detectors allow to detect low
concentrations, low noise detectors allow to extend the
maximum range as far as possible (troposphere, even
stratosphere!). The acquisition system must also be fast. In
order to obtain a significant Signal to Noise Ratio (>10),
two type of detection are used: analog detection for lower
part of the signal (PBL) and photon counting for the upper
part, where the atmospheric noise superimposed on the
signal is much higher. If the Lidar is designed to measure
beyond the PBL, then both methods must be used
simultaneously and the 2 signals must be glued into one
profile.

2.1. Molecular (Rayleigh) scattering

In the case of the molecular scattering [75], the
atmospheric molecules scatter the incident radiation
elastically. If the excitation wavelength is much higher
than the dimension of the atoms and molecules, the
Rayleigh scattering condition is fulfilled.

The Rayleigh backscattering is proportional to the
diffusers’ number density and to the Rayleigh differential
cross section. The air differential (angular) Rayleigh cross-
section, do,,/dQ (cm® molecule'sr™"), may be expressed as:

do_m(¢a0a/1) _ 97[2(’”2# _1)2 '(6+3pj-{COSZ¢C0820+Sin2 ¢}
a2, +2f \6-7p
(D
For the backscattering:
o, (ﬂ)=87””0m (4) @)

and the molecular extinction coefficient a,, (Z) and the
backscattering coefficient 5, (Z)can be obtained:

8 8 Td
a,(2)="$,(2)="n, (2) dg’" 3)

with a,, expressed in m™ and f,, in m™'sr”. The air number
density n,, (Z) is determined from the air pressure and
temperature profiles as measured by radiosondes or
estimated using atmospheric models. The formula above
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indicates a Rayleigh cross-section that follows a ~ A™
wavelength dependency, and for this reason, the shorter
the wavelength, the more scattered the corresponding
radiations. The scattering cross-section is relatively small,
on the order of ~ 10”2® cm*molec, but the air concentration
number i.e. ~ 10" molec/cm® partially compensates for the
inefficiency of this process.

2.2. Aerosol (Mie) scattering

In the presence of particles of size comparable to the
excitation wavelength (> 0.1 pm), Mie scattering
processes becomes important [29]. Thus the laser radiation
is elastically scattered (Ap = ;) by small atmospheric
particles (i.e. aerosols) of size comparable to the radiation
wavelength. The Mie backscatter usually dominates the
Rayleigh scattering, exhibiting high cross-section values
ranging from 107° to 10"* cm*/molec (e.g. 107" cm’molec™
in the visible spectra at ~500 nm for particles with size
around 0.1 pm).

The angular characteristics of Mie scattering (i.e.
cross-section) for all particle sizes and wavelengths are
expressed by two intensity distribution functions. These
functions are fundamental for all the subsequent
definitions of the scattering cross sections and volume
coefficients:

2
(Z’m 6 :|:Z 2n+1) anﬂ-n +bnz-n):|

n+l1

where n are positive integers. The values of a, and b,
result from Ricatti-Bessel functions, the arguments of
which are the size parameter y, and the complex refractive
index, m. The functions z, and 7, depend only on the angle
6 and involve the first and second derivatives of the
Legendre polynomials of order » and argument cos(8).

The intensity of the light scattered by the particles is:

2

(«9 ¢) /71[ (z sin ¢+1 cos ¢) %)

where E|, is the irradiance of the incident light and it can
be seen that this time the diagram is not symmetric.

The differential cross-section do/dQ [cm*/st/molec] is
given by:

do,(0,¢) _1(0,4) _ X

dQ E, 4x

5 (ic sin’ ¢ + i cos”’) (6)

An important optical parameter for the atmosphere is
the asymmetry parameter:

do,(0,¢) _10,¢) _ X (i, sin> g +i, cos™)
dQ £y dm” !
[/ o.(6)cos(0)sin(0)d0
g= 7
L o (0)sin(0)d0

For isotropic or symmetric scattering (e.g. Rayleigh or
spherical particle scattering), the asymmetry parameter is
zero, while for a purely forward scattering the parameter is
1. The asymmetry parameter of the cloudless atmosphere
ranges from 0.1 (very clean) to 0.75 (polluted). For a
cloudy atmosphere, asymmetry parameter values vary
between 0.8 and 0.9 [80]. The total scattering cross section
0, [em*/molec] may be calculated by integrating over the
4m st

4” do-d( =2r J

The ratio of the scattering to geometric cross sections
is defined as the efficiency factors as follows:

o, 2~ _ o,(0=r)
th_?_r_ZIoJ 0)do 0, = T(9)

where r is the radius of the aerosol particle and the
complex part of the refractive index is not taken into
account. The link between the extinction a, backscatter f
coefficients and the efficiency factors Oy, and Q, is given

by

sm )d g 8

o, =

a, = ”J.Ow erex,n(r)dr ;
B, = HJ:FZQHH(V)GZI’ (10)

where n(r) is the aerosol size distribution and in the
calculation of Q. the complex part of the refractive index
is taken into account (i.e. Quy = Ogeurt Oups)- The ratio of
the scattering (Qs..) to extinction efficiency factors is
called single scattering albedo (wy), which represents the
fraction of scattered light with respect to the total light.
For a non-absorbing particle, the single scattering albedo
is 1.

2.3. Lidar equation and inversion algorithm

The magnitude of the received Lidar signal is
proportional to the number density of the atmospheric
diffusers (molecules or aerosols), their intrinsic properties
(i.e. probability of interaction with the electromagnetic
radiation at the laser wavelengths, called cross—section
value) and with the laser incident energy. The detected
light backscatter power S (Z, 4) at the wavelength A from a
distance Z can be expressed by the so-called Lidar
equation as follows [76]:
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A
S(AD,Z)=S(AL,ZO)KS(Z)Z—‘;éZ~ﬂmm(AML,Z)‘Tﬁ(h,z)‘re(za,z) RCS(AL,Z):CS(AL,Z)ﬂt(zL,Z)exp{—ZIOZ a,(zL,z)dz}b(iL,Z)

(11

where S;(2;,Z) represents the mean power emitted by the
laser source at wavelength . The 4, is 4; the wavelength at
which the backscattered radiation is detected by the Lidar
receiver. The radiation is usually detected at the laser
wavelength (4;, elastic processes) but the shifted in
wavelength radiation due to inelastic processes as the
Raman effect may be also detected. Ky (Z) is the
instrument function that takes into account the transmitter
and receiver efficiencies, the overlap function (the degree
of spatial recovering between the emitted beam and the
receiver field of view). 4, is the effective receiver area
(i.e. area of the telescope collector mirror) and JZ is the
spatial resolution.

T_, is the atmospheric transmittance from the transmitter to
the probed volume and 7. is the atmospheric
transmittance from the probed volume to the receiver, and
they are calculated as follows:

T (h0.,7) = x0] = [ (02K |

T(—(lD’Z):exp[_jzzoaatm(ﬂ’D’Z)dzJ (12)

where a,., (4, Z) is the atmospheric extinction coefficient
and may be different on the two directions of the laser
pulses, as is the case of the Raman backscatter radiation
(Ag # A1) The atmospheric backscattering coefficient, f,,,
(4, Z), is a key element of the Lidar equation Eq. (1), and
is proportional to the cross-section of the involved
physical process o, (Az,4p, Z) and to the number density n
(Z) of the atmospheric active diffusers (i.e. atoms,
molecules, particles, clouds) in the probe d volume. The
subscript “atm” encompasses all possible physical
interactions within the atmosphere.
Another often-used form of the Lidar equation is

RCS (Ap.2)= C5(Z) Bum (ApAr.2) T (20.2) T (Ap.2)

(13)

where RCS is the range corrected signal
RCS(2,2)=5(2,2)- Z* (14)

and Cs (Z) is the instrument function.

When the Lidar equation is adapted to the specific
process involved (i.e. Rayleigh, Mie, Raman), various
atmospheric properties and parameters can be retrieved.
An ideal Lidar that can explore all these processes is
obviously a multiwavelength system, but this is generally
too expensive and difficult to operate.

The elastic backscatter signals (i.e.lp = ;) are due
both to the molecular (i.e. Rayleigh scattering) and to
aerosols/clouds (i.e. Mie scattering) backscatters. The
backscattered light is proportional to the number density of
diffusers (i.e. molecules and aerosols) and to the volume
backscattering cross-sections of Rayleigh and Mie
processes. The Lidar-detected range corrected signals
RCS(Z) at J; may be written as follows:

(15)
where 4, is the laser emitted — detected wavelength (i.e.
Ap =355, 532 and 1064 nm), Cs is a system function, S, is
the total backscattering coefficient, a; is the total extinction
coefficient and b is the background signal (electronic,
solar-moon induced noise, light contamination sources,
homogeneous or shaped offsets of the detector’s base line,
etc). The B, [m'sr'] and o, [m"] coefficients may be
expressed as the sum of the aerosols (a) and molecular (m)
contributions:

ﬁt(ﬂ'L’Z): ﬂa(ﬂ'L’Z)‘*'ﬁm (/1L=Z)+ﬂtmcegases(ﬂLﬂz)
at(ﬂL:Z)zaa(ﬂL’Z)"'am(ﬂL:Z)"'aabs(ﬂLsZ)
(16)

The effect of tracegases and absorption will be
neglected due to the very weak contribution of backscatter
and absorption of trace gases at the Lidar wavelengths.
The molecular contribution S, and a, may be estimated
taking into account the Rayleigh scattering theory.

To analyze the return signal in laser remote sensing
means to find solutions for the equation which relates the
characteristics of the received and emitted signal, and the
propagation medium. The form of the equation depends of
the interaction type, as we mentioned before.
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Fig. 2. The direct and inverse problem in Lidar sounding.

For the inversion of the backscatter Lidar equation the
Fernald-Klett method is used [77,78]. It must be
underlined that in this case we have 2 unknown parameters
(backscattering and extinction coefficients) and only one
equation! Also, to obtain the solution we have to integrate,
so the limit conditions must be given.

For that, two a priori assumptions are necessary to
allow the retrieval of a,(Z) and f,(Z) profiles:

(i) the guess of the aerosol Lidar ratio (LR,) value
(extinction/backscattering)
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LR,(Z)= ;"8 (17)

(i) a known reference value at a given altitude (e.g. a

region with a molecular value): S \Z,

With these assumptions, the Fernald-Klett solution of the
backscatter Lidar equation can be written:

ﬁ(Z) = _ﬁm (Z)+ RCS(Z) : exp|:— 2(LRa (Z)_ LRm ) : IZZ( ﬂm (Z)dz:i :
RCS(Z¢) -1

. (ﬁa(ZC )+ ﬁm(ZC))
~2LR, (Z)jZZC RCS(z)- exp{— 2(LR,(z)- LR, )- jZZ( B (z’)dz':|dz

(18)

where LR, is the molecular Lidar ratio and has a constant
value of 8m/3.

All molecular parameters can be calculated with
sufficient accuracy from ground values of pressure and
temperature using atmospheric model [79], for the
reference value of backscattering coefficient a molecular
assumed value at high altitude can be considered, but for
solving the equation for the aerosol backscatter, the Lidar
ratio profile must be evaluated. LR, depends on the aerosol
microphysics and can vary between less than 10 sr (ice
crystals) and more than 100 sr (heavily polluted air) [80].
It depends on humidity and aerosol mixture and therefore,
on height. One possibility is to measure LR, using either
high spectral resolution Lidar [81,82], either Raman Lidar
[83]. But even so, LR, can only be measured for the lowest
part of the profile, where the Raman signal is strong
enough, and only when the background radiation is small
enough to have a significant signal to noise ratio
(nighttime generally). For this reason, additional methods
to eliminate non determination in Lidar equation were
developed.

2.4. Optical parameters extracted from Lidar
signal

The detected signal of the Lidar system is the result of
the molecular and aerosol scattering. So, the parameters to
be derived are the backscattering coefficient and the
extinction coefficient. These are optical parameters. Other
optical parameters can be derived too if the system is
complex enough (multi-wavelength for example) [80]:

1) Angstrom coefficients 4, B - that describe the
wavelength dependency of the extinction coefficient:

a,=B1" (19)

2) Depolarization ratio @ (Z) - is calculated as the
ratio of cross (c) to parallel (p) polarization states of the
backscatter radiation relative to the initial linear
polarization plan of the emitted laser light

Z
0,0 (7)-C(2)342) (20)
5,(2)

where Cs is a calibration function taking into account the
whole system depolarization effects. The depolarization
ratio may be used to distinguish between spherical (e.g.
water droplets, with low depolarization ratios) or
nonspherical (e.g. ice crystals, with high depolarization
ratios). It can be also indirectly an indicator about the
hydration rate (humid or dry) of aerosols or even about
their lifetime (aged or fresh) and their physical
composition (water or ice content).

3) Aerosols’ optical depth or thickness (40D or AOT)
- is the extinction coefficient integrated on an atmosphere
path cf. Eq. (1) generally scaled at the zenith direction.

VA
AOD = Iaa(z)dz (21)

Zy

4) Aerosols single-scattering albedo - is the scattering
to extinction ratio

QSC!II

0, = et (22)

Qext

More then optical, microphysical parameters of
aerosols can be derived by processing Lidar data (some
additional information are still required) [80]:

1) Surface-area weighted effective radius 7,

jn(r,Z)fdr

— 23
In(r,Z)rzdr *)

2) Total surface-area concentration a; [umzcm'3], the
total volume concentration v, [pm’cm™], and the total
number concentration , of particles [cm™]

a,= 47z.|‘n(r)r2dr
4
v, = Tj.n(r)iﬁdr (24)

n,= J-n(r)dr

3) The complex refractive index of aerosols

m(RH) = n(RH)—i-k(RH) (25)

where
3
n(RH) =ny, +(n, — nw)(r_o]
-
3 (26)
k(RH) = ky, + (k, - kW)(ij
r
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All these parameters can be derived from Lidar data with
sufficient accuracy if:
e the system provides
alignments, high stability)

reliable data (good

o the algorithm for data processing is optimized
(some preliminary data and approximations must
be considered, based on other sources - point
monitors, radiosondes, models ...)

3. Experiments
3.1. Lidar system in Bucharest

LiSA (Lidar for Sounding the Atmosphere) at the
National Institute of R&D for Optoelectronics is an elastic
backscattering Lidar which can detect from distance (max.
10 Km) micronic aerosols, with a spatial resolution of 6 m,
using as sounding radiation the beam of a laser which
works on two wavelengths: 532 and 1064 nm [84].

The main component of the emission block is a
pulsed, Q-switched YAG:Nd laser, which produces short
pulses (6 ns length) in a beam with 0.5 mrad divergence. A
part of emitted laser pulse is utilized as marker of ‘zero’
time (the reference signal to normalize the return signal,
when the reproductibility of laser emission is not proper).
The backscattered field collected by the receiver optics is
passed through a spectrum analyzer, which selects only the
specific wavelength interval of interest for the application,
in order to minimize the background radiation
contribution. The electric signal generated by
photodetectors is electronically synchronized, amplified
and converted in digital signal, which is finally delivered
to a PC for processing.

The main characteristics of LiSA system are:

Emitter Nd:YAG laser LS-2131

Working wavelengths 1064, 532 nm
Pulse energy at 1064 nm 100 mJ
Pulse energy at 532 nm 50 mJ
Pulse repetition rate 20 Hz
Pulse duration (at level 0.5) 10-12 ns

Angular beam divergence (at level 0.5) 1.5 mrad
Telescope’s main mirror diameter 260 mm
Field of view 2.5 - 18 angle min
Focal length 1054 mm
Halfwidth of the interference filters 2.5 nm
Digit capacity of ADC 12 bit
Sampling frequency of ADC 25 MHz

LiSA system was placed in a special laboratory, in
Magurele city, located at a proper height in order to permit
near-horizontal sounding too, towards Bucharest limits.
This location put some problems related to optimal
choosing of the calibration point so that the information
obtained from signal inversion to be trustable [85].
Magurele Platform, where the system is placed, is about 5
Km away from Bucharest and is separated from it by much
less populous zone, much less polluted in consequence.
Most important contribution to the backscattering signal
comes from the aerosols over the city, but the contribution

of Magurele sources cannot be neglected, having in view
that even here there is some industrial activity and traffic.
For this reason, the calibration point cannot be selected at
the end of the sounding path, where the atmospheric
extinction coefficient is very high due to the city. But
neither can be selected at the beginning of the path
because — by the forward integration — the solution of
Lidar equation become unstable. The calibration point
must be selected between the 2 limits, as possible in the
area where the atmospheric extinction coefficient is
smallest, but in our case this area is dependent of weather
and time of the day. These problems are specific for
slanting sounding. For vertical sounding the situation is
much simple because it is known that over the Planetary
Boundary Layer (PBL), in free troposphere, the value of
the extinction coefficient is minimal, and this particular
height can be selected as calibration point.

3.2. Methodology

In order to increase the spatial resolution of the Lidar
system, a new acquisition card (100 MHz) was used. Also,
the control and measurement software was upgraded in
order to provide 3 hours automatic measurements with a 3
m spatial resolution and 1 min temporal resolution. The
experiments were done during several days at various
hours, daytime and nighttime, to study both PBL height
variations and aerosols vertical distribution [86]. In order
to derive aerosols optical parameters and Lidar ratio from
elastic backscatter Lidar data a dedicated LabVIEW
program was developed on the basis of a special iterative
algorithm.

LiSA system signal processing method is based on
Fernald-Klett combined, with atmospheric model and Mie
algorithm for direct problem (theoretical calculation of
optical parameters), all integrated in an iterative program
to identify the proportions of aerosol components for
which the best fit between theoretical and retrieved optical
parameters is achieved [87]. The altitude profile of
molecular extinction coefficient ¢,,(Z) is calculated from
pressure and temperature profiles (using either radiosondes
data, either atmospheric model) 0.

24;;3(mae,2—1)z 6+3 o Ty plh) 27)
s
/14N52(maer2+2)z 67y po T(h)

A (h;p,T) =

where s, = is the refractive index of air, y is the

aer
depolarization factor (0.0284 for A =532nm, 0.0273 for
A =1064nm respectively), and N =2.547 x 1019 cm™ is

the molecular number density for standard atmospheric
conditions at ground level ( p, =1013.25hPa, 7, =15°C).

In order to overcome the nondetermination in Lidar
equation and the lack of direct Lidar ratio measurements,
the processing algorithm must be improved by using
complementary data, such as those provided by the
Ackermann model [88]
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Fig. 3. Schematics of LiSA hybrid algorithm.

In our algorithm, it is assumed that the aerosol is an
external mixture of internally mixed components. Each
aerosol component (indexes s,i,c) is lognormally
distributed with respect to the particle radius and
representative to tropospheric continental aerosol type.
Therefore we consider 3 types aerosol particles 0:
soluble(s), insoluble (i) and carbonic components (c)
characterized by the number mixing ratio u:

Mg+ +p. =1 (28)
For given optical properties and a distinct relative
humidity RH, the variability of the Lidar ratio is caused by
different number mixing ratios g4 The water soluble
component is the only component whose properties are
affected by the relative humidity. The mixing ratio u can
be varied between 0.1 and 1 in steps of 0.1. Accordingly,
since y; is about four orders less, u., chosen to be the
controlling parameter in our algorithm, is iterated in 0.01
steps from 0.1 to 1.
On each iteration we calculate humid log normal
distribution parameters and refractive indices for each
aerosol’s component using Akermann’s model 0:

—In IgH
nRH () = Niot "M exp "k (29)
g (27[)1/2 ‘r-lnoy, 2-1n? oy
I"O ’
mi = m, + (mo —ma) e (30)
Tk

where k is referring to the soluble(s), insoluble (i) and
carbonic components (c), the indices “0” refers to the
values of microphysical parameters at 0 relative humidity
and the “RH” indices refers to the corresponding value at
relative humidity RH.

These will be input in Mie model for determination of
theoretical extinction and backscatter coefficients S,(Z)
and theoretical Lidar ratio 0.

RH RH
zQext,k (r mk )7” )dr zak
RH k=s,i,c k=s,i,c
RH 2 k
ZQbksck(r my ’1)’” i (dr - A
k=s,i,c
(31)

Molecular backscattering coefficients calculated by
the atmospheric model, the Lidar signal and f,(Z¢) in the
calibration point Z, are used by Fernald-Klett algorithm to
calculate the experimental backscattering coefficient f,(Z)
according to eq. (18)

The control parameter u. will be varied until the
difference between f,(Z) and f.(Z) is less then a threshold.
At this point conclusion is that the hypothesis made for the
aerosols components is correct and microphysical aerosols
parameters like AOD, effective radius, total volume
concentration, can be derived. Now we have the correct
value for extinction and backscatter coefficients. For the
next profile point the iteration will start with the
controlling parameter determined.

The method we are using is a regularization one
because implies it a regularization cycle for controlling
parameter, x4, until we are getting an theoretical profile of
f. almost equivalent to the measured one. This is a hybrid
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method because on each iteration, for derivation of
experimental S, by Lidar inversion, we are using as input
the theoretical value of the Lidar ratio LR, obtained with
Akermann and Mie model.

4. Results and discussion

In the following will be presented a dust intrusion
episode, which was recorded on April 5", 2006, during a
Lidar measurements campaign. The phenomena were
consistent with the prognosis of DREAM (The Dust
REgional Atmospheric Model) developed by Dr. Slobodan
Nickovic 0 and running at the Supercomputing Center in
Barcelona.

BSC/DREAM Totol Cloud Cover
54h forecaost for 18z 05 APR 06

‘B EEENREE

a

BSC/DREAM Total Cloud Cover
60h forecast for 00z 06 APR 06

BSC/DREAM Dust Loading (g/m**2) and 3000m Wind
60h forecest for 00z 06 R 06

Fig. 4. DREAM forecast for April 5" 2006: 18 hours (a)
and 24 hours (b) universal time [90].

The dust intrusion was forecast to reach Romanian
teritory on April 5™ around 12 hours local time. On Lidar
signal (Bucharest area) it became visible right after the
disapearence of the morning thermical inversion layer of
the PBL which was suggested by the strong turbulence

shown in RCS. The maximum intrusion was noticed
around 16 hours. After that, due to the strong wind, the
dust was dispersed and the phenomena decreased in
intensity after sunset. Conform to the DREAM forecast 0,
the dust came from Iberic Peninsula and was carried out
by the air masses coming from south-west over Europe to
Romanian teritory.
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Fig. 5. The retrieval of backscattering coefficient using

Fernald-Klett (gray line) and LiSA (black line) algorithm

on April 4" 2006 (a) and difference between the
2 methods (b).

In the following figures some examples of processed
Lidar data recorded during this event are presented. In Fig.
5 a comparative backscattering coefficient profile recorded
on the previous day (April 4™) is presented. Dust intrusion
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is visible in Fig. 6 (before sunset) and Fig. 7 (after sunset).
For the three examples, a 10 measurements average was
used in order to calculate the backscattering coefficient
profile by using both simple Fernald-Klett and LiSA data
processing methods. Profiles without clouds were chosen
for processing. In the Figs. 6b and 7b the difference
between the 2 methods in deriving the backscattering
coefficient is shown.
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Fig. 6. The retrieval of backscattering coefficient using

Fernald-Klett (gray line) and LiSA (black line) algorithm

on April 5" 2006 (before sunset) (a) and difference
between the 2 methods (b).
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Fig. 7. The retrieval of backscattering coefficient using

Fernald-Klett (gray line) and LiSA (black line) algorithm

on April 5™ 2006 (after sunset) (a) and difference
between the 2 methods (b).

It can be noted first of all that, in case of normal
atmosphere with a relatively constant humidity profile and
without dust intrusion (Fig. 5) the 2 inversion methods
provide similar results. This is due to the fact that the
altitude variation of Lidar ratio is neglijible in this case,
except for the lower part of the profile, inside PBL, where
during the day a significant loading of pollutants is
present. These pollutants come from traffic and industrial
activities, have different microphysical properties due to
their chemical composition and influence therefore the
value of Lidar ratio. In the case of dust intrusion (Fig. 6
and 7), the presence of dust cloud between 4500 and
7000 m altitude determines an increase of soot particles
mixing ratio 4. and in consequence of the Lidar ratio. For
that, the 2 inversion methods give different results in the
mentioned altitude interval and also in the PBL (between
600 and 2000 m). As DREAM model forecasted, the
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phenomena continues after the sunset but the atmospheric
calm and PBL diurnal evolution favours the dispersion of
the dust in the lower layers. This can be shown in Fig. 8b,
where the Lidar ratio profile is uniform by comparison
with the situation before sunset (Fig. 8a) and also in Fig.
9b, where the soot proportion is more constant then in Fig.
9a.

It must be noted that the average value of the Lidar
ratio used in Fernald-Klett algorithm was 58 sr before
sunset and 73 sr after sunset, those values being obtained
for a minimum difference between the 2 inversion
methods. Also, the soot proportion was 87% before sunset
and 95% after sunset, which evidences once again a
process of modification of atmospheric characteristics
between the 2 time intervals in the sense of increased
pollution level.
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Fig. 8. Lidar ratio profile derived by LiSA on April 5t
before sunset (a) and after sunset (b).

Another example which demonstrates the importance
of considering a variable Lidar ratio as input parameter in
inversion algorithm is the case of cloudy sky (Fig. 10, 11a

and 11b). Inside clouds the Lidar ratio has an important
variation due to the cloud particles composition and their
refractive index. Lidar ratio can not longer be considered
constant with altitude. In the figures bellow only the
profiles measured in the presence of cirrus clouds were
considered and one can see that in this case the difference
between the 2 methods become important. Inside a cloud,
the dimension of hygroscopic aerosol increases (so that it
becomes more “visible” in the 1064 nm sounding radiation
then in 532 nm), the refractive index varies inducing a
stronger scattering and weeker absorption of light. For this
reason, clouds are “visible” directly in Lidar signal, unlike
dust aerosols. The hygroscopic characteristics of cloud
particles correspond to a incresing of soluble particles
proportion and a decreasing of soot particles proportion,
which is visible in Fig. 11b (soot, insoluble and soluble
proportions are normalized).
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Fig. 9. Soot proprotion profile derived by LiSA on
April 5" before sunset (a) and after sunset (b).

It must be noted although that, in elaborating LiSA
algorithm, the multiple scattering was neglected, that’s
why the quantitative information reffering to cloud
particles’s optical properties must be carrefully analyzed.
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Also, the calibration point must be properly chosen, above
PBL and above the cloud, where the aerosol
backscattering coefficient has a minimum value. This
choice assures the convergence of the solution, which is
not always evident, especially if both foreward and
backward integration is used.

For the presented cases, the calibration point was
choosed at 5500 m altitude, above the cloud, and a 87%
soot proportion in that point was considered. This value
was given by Ackermann [88] as the average value for
continental urban troposphere. The relative humidity
profile was extracted from NOAA database. For the dry
values of effective radius and refractive index of every
aerosol component the Ackermann hypothesis were used
(these are based on numerous previous studies made by
Whitby (1978) [91], Shettle (1979) [92], Bodhaine (1991)
[93], Porter (1999) [94], Baron (2001) [95] and others [96-
99]). With these considerations, the backscattering
coefficient obtained in calibration point was 4.5¢” m™'st”
for 1064 nm, respectively 1.16e® m™sr" for 532nm, and
the corresponding Lidar ratio was S5lsr for 1064 nm,
respectively 50 sr for 532 nm, those values being used as
input in Fernald-Klett algorithm.
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Fig. 10. The retrieval of backscattering coefficient using
Fernald-Klett (gray line) and LiSA (black line) algorithm
on April 5" 2006 (cloudy sky) (a) and difference
between the 2 methods (b).
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Fig. 11. Lidar ratio (a) and soot proportion profile (b) derived
by LiSA on April 5" in case of cloudy sky.

5. Conclusions

Lidar systems can be very useful in environmental
investigations, especially of the atmosphere, due to the
large covered area and the real time response. The
accuracy of obtained information is dependent of technical
performances of the device and of sensibility of data
processing method, which can be critical in some cases.

In the case of LiSA system (backscattering Lidar, only
elastic Rayleigh and Mie scattered light), increased
sensibility was obtained through minimization of relative
signal F (Z )/F (ZOO) experimental errors (performing

system components, high operating stability) [100] and
improvement of  processing  algorithm  through
combination of the Fernald-Klett solution with
atmospheric model, Mie model and Ackermann model.
This algorithm can be applied successfully to determine
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the cloud and aerosol from elastic
backscattering Lidar data.

In that sense, it must be noted that by considering a
constant profile of Lidar ratio (as in Fernald-Klett
algorithm), the errors in the retrieval of the backscattering
coefficient are significant. Even if the value of the Lidar
ratio is properly chose (for example, in our demonstration
the same value of the Lidar ratio in the calibration point
was used for both methods so that the differences are only
due to wvertical variations of aerosol’s components
proportions and their microphysics), the differences
between the 2 methods are important in the PBL and
inside the cloud. Also, without any complementary data,
no aerosol microphysical parameter can be derived from
elastic backscatter Lidar data. Nevertheless, the cloud base
and height are well identified by both methods because
only the optical characteristics are different and not the
geometrical ones. This means that for extracting the
altitude of cloud base and height the use of Fernald-Klett
algorithm is sufficient, which consumes less computer
resources [23]. To derive aerosol microphysical
parameters and to improve the quantitative retrieval of
optical parameters, the iterative algorithm or
complementary measurements (Raman) must be used.

In any case, due to inherent assumptions made for the
data inversion, the quantitative results must be carefully
analyzed and data validation (using e.g. satellite data) must
be done.

microphysics
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