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Abstract

The ‘Light Detection and Ranging’ technique, or Lidar, is a laser application to remote sensing. Lidar was in the lab
stage in the 1960s and in less than 40 years it became a serious candidate for space applications at the turn of the 2
Over the years, the Lidar community made significant contributions to Lidar sciences and advancing the technique th
Lidar an inevitable partner in geophysics and Earth observation. The French community, especially the Service d’Aé
and Laboratoire de Météorologie Dynamique, have been involved since the beginning in the Lidar venture and made s
contribution.To cite this article: P.H. Flamant, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les Lidars atmosphériques et météorologiques : des pionniers au spatial. La technique Lidar est une application du las
à la télédétection. Le Lidar qui en était au stade du développement de laboratoire dans les années 1960, est deven
de 40 ans un candidat sérieux pour les applications spatiales en ce début de 21e siècle. Au fil du temps, la commun
a contribué de manière significative aux activités scientifiques et aux avancées techniques qui font du Lidar un acte
tournable en géophysique et en Observation de la terre. La communauté française, et tout spécialement le Service d’A
et le Laboratoire de Météorologie Dynamique, s’est impliquée dès le début dans l’aventure Lidar et a pu ainsi ap
contribution a l’ensemble.Pour citer cet article : P.H. Flamant, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The ‘Light detection and Ranging’ technique, or Lidar, is a laser application to remote sensing that operates day a
contrary to passive remote sensors that rely on solar light. In the infrared Lidar offers much better vertical resolutio
poor thermal contrast between lower atmosphere and the underlying surface. Lidar was in the laboratory stage in
when the first laser was demonstrated. In less than 40 years it became a serious candidate for space applications
of the 21st century. The geophysical applications cover short and long ranges up to hundreds of kilometers either

E-mail address: flamant@lmd.polytechnique.fr (P.H. Flamant).
1631-0705/$ – see front matter 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crhy.2005.09.006
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Fig. 1. Vertical structure of the atmosphere (log scale in km) and relevant Lidar applications. Double arrows indicate the interfaces and
regions between the main atmospheric reservoirs, and exchange processes with the surface.

ground to track satellite or Earth observation from space. Over the years, Lidar applications have spanned a broad
applications in research and industry. The Lidar technique has been applied to (i) atmospheric sounding (see Fig. 1),
and city mapping, (iii) canopy and vegetation characterization, (iv) bathymetry, and (v) geologic features and the Earth’s
The atmospheric community is more research oriented (see http://iclas.hamptonu.edu/) whereas a smaller user c
committed towards operational applications and servicing deals with items 2, 3 and 4 (www.airborne1.com). Sever
have been published on Lidar and especially on atmospheric Lidar [1], so the objective of the paper is to review t
technique and the progress accomplished in the past forty years, to outline the link between spectroscopy and remo
and finally to present the contribution of the French community.

Lidar started in the 1930s well before the discovery of the laser in 1960. It is noticeable that successful pioneering w
pulsed-light cloud-height detectors were developed in France as early as 1935 [2], and it is unfortunate that this rese
stopped during World War II. The technique received operational application in the United States some years later. A
same line, in the 1950s, successful studies were conducted with powerful searchlights on the upper atmosphere [3]
works paved the way for Lidar using laser, showing that active optical remote sensing technique has a great potential, p
coherent light transmitter, as in radar, is available for the applications. Actually, the applications of Lidar systems to th
sensing of atmospheric properties and composition were appreciated soon after the discovery of the laser. The decisiv
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the availability of the giant pulse (Q-switch) ruby laser. Soon after, laser emission in various active materials, i.e., solid
gaseous, and tunable lasers (especially dye lasers at the time), combined with non-linear optic techniques (harmonic g
optical parametric oscillator, stimulated Raman shifter) enable the coverage of the entire optical spectrum from ultra
infrared.

The name Lidar was cast in the 1950s [4] in analogy with radar using the word ‘light’. Other names like Ladar
Laser instead of light) or Laser radar are still in use but less frequently. However, because Lidar and Radar techniqu
the same principles for scattering, propagation and detection of electromagnetic waves, the analogy helps meaningf
transfer between the two techniques. The enhanced performance and greater flexibility of Lidar compared with optica
techniques using non-laser energy sources, and its ability to extend meteorological radar techniques to the detecti
small particles, made possible new concepts of remote observation of the atmosphere. The first Lidar measurements o
atmosphere using a Laser transmitter were made in 1963 [5]. Then, in less than a decade, the basic atmospheric Lidar t
elastic scattering, Raman scattering, differential absorption and Doppler have been successfully demonstrated. Ho
technology was well behind the expectation of the Lidar researchers to match the need for practical applications.
back to the Lidar venture, it is quite clear that much of progress was driven by new technologies coming from out
scientific community. Computers and digital electronics that have improved tremendously during the last decades
striking examples. Earlier Lidar studies used a dual-beam oscilloscope and Polaroid paper to record the signals on
Lasers also improved in the meantime. Low pulse repetition frequency Ruby laser (1 or 2 shots per minute) in the early
substituted today by reliable high performance Nd3+:YAG laser available off-the-shelf including efficient frequency convers
Some forty years ago, the researchers used to build their own laser prior to getting into Lidar applications. The same s
needed for recording, processing and storing the data using oscilloscope devices and early computers.

The article presents the basic atmospheric Lidar in Section 2. Section 3 presents Lidar systems. Section 4 add
various techniques. Section 5 outlines the importance of spectroscopy in Lidar. Sections 6 and 7 presents the activities
in France, Section 6 addressing upper- and middle-atmosphere, while Section 7 addresses lower atmosphere applica

2. Basic atmospheric Lidar

Remote sensing by Lidar involved three steps (see Fig. 2):

(1) a laser pulse is transmitted into the atmosphere to profile structural characteristics and composition;
(2) the light pulse interacts with individual scatterers, i.e., air molecules, particles or atoms, these targets may absorb

scatter the laser light in all direction resulting in an attenuation of the laser beam;
(3) the light scattered in the backward direction to the Lidar system is collected by a receiver telescope, then it is dete

processed to provide the Lidar signal.

Optical filtering is usually required before detection to improve the signal-to-noise ratio for better performance in ra
sensitivity. Further processing of Lidar signals enable to retrieve atmospheric profiles along the line-of-sight. Most Lidar
are set in a monostatic arrangement where the transmitter and receiver are at the same location. Fig. 2 is an example
set up (transmitter and receiver axes are identical). Some applications at long range make use of paraxial configurati
the useful signal dynamics below few hundreds. In any case, there exists a blind zone at short range, as displayed on
depends on Lidar configuration and transmitter/receiver characteristics.

As displayed on Fig. 2, a pulsed laser emission enables range resolved measurements along the Lidar line-of-si
probing pulse travels in the medium. The range to the moving scattering volume isr = ct/2 for a Lidar signal detected at timet
(the probing pulse is sent out att = 0), c is the speed of light. It turns out that 1 µs corresponds to 150 m. The scattering v
is materialized by half the laser pulse duration�r = ct�/2 that also results in range ambiguity. In Lidar, range resolutio
dictated by various factors, i.e., the pulse duration(t�), the detection response time and duration of processing range ga
the atmosphere, individual scatterers are in motion (Brownian motion, turbulence, advection) and have random phase
Their contributions to the Lidar signal are independent and result from an addition of scattered amplitudes. The optic
collected at timet is

P(t) =
[∑

i

ai exp
[
jω(t − 2rς /c)

]]2
(1)

whereai is the scattered light field amplitude,ω is the scattered frequency assuming a monochromatic laser emissiot =
(2rς /c) − ς , with 0� ς � t�, rς is the scatterer position (r is an average ofrς ). After some calculation, it becomes [6]

P(t) =
∑

a2
i + 2

∑
aiak cos

[
(ωi − ωk)t + (ϕi − ϕk)

]
(2)
i i<k
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Fig. 2. Schematic of remote sensing by Lidar involving three steps: (1) a laser pulse is transmitted into the atmosphere to profile the
characteristics and composition, (2) the light pulse interacts with individual scatterers, i.e., air molecules, particles or atoms, thatn
scattering and attenuation of the laser beam, (3) the light scattered in the backward direction to the Lidar system is collected by
telescope, then it is detected and processed to provide useful Lidar signal. The laser beam divergence is smaller than the receiver fi
FOV ≈ 1.3(A/r2), A is the telescope area.

The first term is the sum of the intensities of each scatterer, while the second term is the sum of cross terms that bear th
of scatter motion and phase position. In direct detection as displayed in Fig. 2, only the first term (dc component) is me
In heterodyne detection when the laser beam of a cw local oscillator is superimposed on the photomixer detector, th
term (ac component) is detected as a radio frequency (rf) current with a carrier frequency equal to the off set frequency
the transmitter laser and the local oscillator plus a Doppler frequency shift. The rf signal enables us to measure dir
velocity of the scatterers.

The Lidar (budget) equation links the collected power as a function of range or time to atmospheric and instrument va

P(r) = Kopβ(r)r−2T1(r)T2(r) (3a)

Ti(r) = exp

(
−

∑
j

r∫
0

dx
(
αsca,j (x) + αabs,j (x)

))
(3b)

Kop = (c/2)EAm is an instrumental constant that accounts for the laser energy(E), collecting aperture(A) and optical com-
ponent efficiency(m). Eq. (3a) applies also after detection and digitization using a constant that accounts for photo d
quantum yield(q � 1). In (3a) the range is substituted to time(r = ct/2). In direct detection the optical power isP(r) = ∑

i a2
i

(see (2)). In the visible domain, a relative calibration on the molecular signal eliminatesKop from (3a). Eq. (3a) is an approx
mation for short probing pulse and short detection response time, otherwise it is a double convolution product. The s
(3a) and (3b) are the foundation of Lidar techniques presented in Section 4.

The volume backscattering coefficientβ(r) in m−1sr−1 holds for all scatterers in the volume sets by the range ambig
and beam diameter. Subscriptsm andp stand for molecules and particles, respectively,β(r) = βm(r) + ∑

j βp,j (r), Ti(r) is
the one-way transmission to and from the target. Two transmissions are considered for non-elastic vibrational Raman
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that results in large frequency shift. Otherwise it is simply[T (r)]2. The one-way transmission depends on extinction coeffici
by scatteringαsca,j (r) and absorption coefficientsαabs,j (r), subscriptj stands for particles and molecules in the light pa
Multiple scattering processes in dense media (i.e., water clouds) and diffraction effects in large (crystal) particles b
single scattering approximation that is used to derive (3a) and (3b). These multiple scattering processes may be acc
using an empirical parameterη (0 � η � 1) in transmission, i.e.,ηαscat,p . Multiple scattering are usually treated as unwan
processes. However, some new research uses them to derive relevant information from clouds [7]. In off-beam a
multiple scattering enables to derive dense cloud macroscopic properties, i.e., optical depth and geometrical thicknes

The efficiency of light-matter interactionβ(r) is a key that dictates the overall instrumental budget (see (3a)). The vo
backscattering coefficient depends upon the wavelength, and the number, size and dielectric properties of the scatte
of the particulate matter in suspension in the atmosphere is of the same order of size as optical wavelengths (0.3 t
This leads to resonant effects and the magnitude of backscattering from each particle depends on a complicated ma
the size/wavelength ratiox = 2πr ′/λ, wherer ′ is the particle equivalent radius. In this so-called ‘Mie scattering regime’
variations in backscatter from an assembly of variously sized particles tend to average out and a smooth depend
x is expected. Independent contribution of particles results inβp ≈ ∑

i niπ(r ′
i
)2 that varies directly with the summation o

the geometrical cross-sections without a strong dependence upon wavelength,ni is the particle number density. Scatteri
by molecules (or nanometer particles) follows a different pattern in the so-called ‘Rayleigh scattering regime’ sucβm ≈
n(r ′)6λ−4. Non-elastic Raman scattering processes by molecules involving vibrational-rotational or rotational states fol
same dependency but the volume backscatter coefficients are some 3 orders of magnitude smaller. The volume bac
coefficient also has dependence upon polarization. The energy backscattered will have polarization characteristics
depend upon the nature of the scatterers. In general terms, the controlling factor is the shape and orientation of the
No depolarization occurs for single scattering from microscopic spherical particles, depolarization factor is only 1.4%
molecules probed with linearly polarized laser emission, it can reach up to 100% for ice crystals in cirrus clouds. R
scattering by atoms results in very large scattering cross section many orders of magnitude larger than the values ex
by elastic scattering, i.e., Mie and Rayleigh scattering regimes. Air dielectric gradients due to pressure, temperature, or
variations will also produce backscattering of electromagnetic energy like in radar, but in practice, this effect is quite ne
at optical wavelengths.

3. Lidar systems

The coaxial Lidar system in Fig. 2 displays the main components, i.e., a laser transmitter, a telescope receiver,
detector associated to an electronic unit. It is essential to maximize the passive contributors to the Lidar budget in orde
the demand on the laser that still remains the sensitive part of Lidar system. Today, a broad choice of commercial lasers
to the scientific community. Nd3+:YAG laser combined with frequency converter (harmonic generation, optical param
oscillator, stimulated Raman shifter) receives a great many applications in atmospheric Lidar because they are compa
and easily affordable. Lasers using gaseous active medium, i.e., exciplex lasers in the UV (XeCl at 351 nm or XeF at
and CO2 laser in the 10 µm region, are also used for the applications, but at a lesser degree. New fiber lasers base
or Er3+ ion doping in solid matrix that operate in the near IR around 1.6 µm have a great potential for elastic backsc
wind application as presented in Section 4. These lasers are currently developed for telecommunication applications
expander may be useful to decrease the laser divergence, in order to reduce the receiver field-of-view (FOV) when
filtering of background light is required to achieve high signal-to-noise ratio. Optical photo detectors operating in the
(PMT), near IR (avalanche photodiode) and thermal IR (photodiode) work quite satisfactory even if PMTs have limited q
yield (q � 0.15), and photodiodes carry internal noise that limits the performance. Some progress are still expecte
area, and it is only recently that improved photo detector in the 2 µm domain could be made available in the next futu
detection, the electric signal is sampled by an analog digital converter (ADC) and stored on a computer. Today, high per
20–50 MHz/10–12 bits ADCs and powerful computers are available off-the-shelf at a reasonable price. A high digitizat
is an important item because it enables meaningful calibration in UV to near IR on molecular signal. When the signal is
the detection unit is based on photon counting instead of electric current. Minimum detectable Lidar signal (in terms of v
is determined by (i) detection noises due to Lidar signal and unwanted background solar light or infrared emission ent
receiver, or (ii) the sensitivity of the detection unit. The signal-to-noise ratio may be improved by a significant factor

√
N by an

averaging ofN independent realizations. In some cases atmospheric correlation limits the improvement. Lidar measure
medium- or long range are conducted in relatively high transmission region, i.e., atmospheric windows. The Lidar sig
vary by several orders of magnitude due tor−2 andβ(r) (see (3a)) whereas the linearity (within± few percents) of the detectio
unit is limited to few hundred. Linearity is a key to ascertain changes inP(r) to atmospheric backscatter or transmission
practice, large signal dynamics is handled using beam splitter(s) and several detection units. In general, Lidars combi
channels at different wavelengths (355, 532 and 1064 nm for elastic scattering using Nd3+:YAG Laser), two cross polarization
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at one wavelength (the laser transmitter is linearly polarized), and one (or more) Raman channel(s) for N2 (or O2 and H2O)
scattering for better retrieval of particle extinction coefficient and water vapor mixing ratio (see Section 4). Fixed line-
measurements are frequently used for the application. However, scanning devices are used for wind application to pro
different perspectives to retrieve velocity vector or in pollution monitoring to sample an atmospheric volume.

Lidar measurements are conducted from the ground but also from other platforms like aircraft, ships, and satellite. T
odyssey started in the 1990s with LITE [9] and ALISSA [10] programs. Airborne Lidars in up- or down-looking configu
permit measurements over remote and regional areas difficult to access and not covered by ground based Lidar. Be
can fly faster than air mass movements, they give access to medium-scale patterns while space-based Lidar can giv
large-scale patterns. For down-looking visible systems, the inverse range squared decrease is somewhat compensate
increased backscattering due to increased atmospheric density. The key issue in airborne Lidars is the availability o
aircraft to the scientific community. Some disadvantages include the paucity of flight opportunities, the inherent cost fo
operation, and the increased system complexity due to space constraints, uneasy port access to fire the Lidar, powe
and electro-magnetic interferences with the navigation system. However, despite these inconveniences, airborne Lida
have been conducted in the USA and in Europe to be later involved successfully in field campaigns addressing m
meteorology and climate objectives. On the technology side, airborne Lidar is the link between ground-based and sp
Lidars as demonstrated by the activities conducted at NASA in the USA and CNES in France.

4. Lidar techniques

Four range-resolved Lidar techniques based on pulsed Lidar are currently used in atmospheric sciences. They ar
(1) elastic scattering by particles and molecules, (2) non-elastic Raman scattering by molecules, (3) differential abso
minor gaseous species such as H2O, O3, CO2, (4) Doppler frequency shift associated to the motion of particles and molec
All these techniques can be discussed with the help of (3a) and (3b). In most cases, quantitative Lidar analysis requir
instrument calibration. The direct problem consists of expressing the Lidar signal as a function of atmospheric an
variables. The inverse problem consists in the retrieval of atmospheric variables from the Lidar signal using appropr
mator and additional information. The estimator performance is evaluated in terms of statistical error and bias, and c
to the statistical limit set by the Cramer–Rao lower bound or maximum likelihood. This aspect of Lidar processing ha
tremendous progress in the last decade in association with expanding computer capability.

4.1. Elastic scattering Lidar

The elastic scattering Lidar technique is the simplest, and can be made even simpler if operated at one single w
(one channel). It is widely used for atmospheric applications in the boundary layer dynamics to temperature measu
the middle atmosphere. Assuming no absorption processes, (3a) and (3b) result in an equation with one constantK and two
unknowns: total backscatter and total extinction

P(r) = Kr−2(
βp(r) + βm(r)

)
exp

(
−2

r∫
0

dx
(
αsca,p(x) + αsca,m(x)

))
(4)

To retrieveβp(r) or αsca,p(r), a second equation is needed. From general considerations on scattering it written asβp(r) ∼=
kpαp(r) wherekp is independent of range. This is an approximation for limited range. However,kp does not depend strictl
on range if the size distribution and composition are constant, only the total density number of particles is allowed
For molecules it is equal tokm = 3/8π . Molecular contributionsβm(r) andαsca,m(r) are calculated using temperature profi
and surface pressure information provided by nearby radiosonde or meteorological model and so eliminated from
instrumental constantK is determined by relative calibration on molecular signal assuming a clean zone free of part
some range, or hard target calibration. The first technique is applicable from UV to near IR and it results in an acc
few tens of percents. Target calibration is not an easy task and results in lower accuracy (about a factor 2). But it is
possibility in the IR domain.

Several techniques have been proposed to solve the set of two equations, i.e., (4) andβp(r) ∼= kpαp(r). They are based
on (i) integral equation to retrieve the particulate optical depth or volume extinction (or backscatter) coefficient, (ii) Be
differential equation for volume extinction (or backscatter) coefficient, or (iii) iterative solution. Details and referenc
provided in Ref. [1]. Identical solutions are derived for integral or Bernoulli differential equation solutions. Both re
techniques provide forward (from closer to farthest range) and backward solutions (farthest to closer range). The b
technique is numerically more stable but the reference value is harder to define. As an example, Fig. 3 displays time
volume backscatter coefficient at 532 nm (upper panel), depolarization ratio at 532 nm (middle panel), and apparent A
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Fig. 3. Vertical profiling by an elastic scattering mini-Lidar operated at the Laboratoire de Météorologie Dynamique in Palaiseau.
series span over 56 hours continuously. After processing the 3 panels displays Lidar information as a function of altitude, upper pane
volume backscatter coefficient (not corrected for transmission) at 532 nm, middle panel: depolarization ratio at 532 nm, lower panel
Angstrom coefficient derived from color ratio. Each measurement is an average of 10 seconds (200 shots). The relative calibration
1064 nm (scattering and depolarization) are made using molecular signal at clean altitude range (free of particle).

coefficient derived from color ratio (lower panel) as a function of altitude. These measurements were performed by a m
operated by Laboratoire de Météorologie Dynamique in Palaiseau. The time series span over 56 hours continuously.
profile is recorded in 10 seconds (averaging 200 Lidar measurements). Calibrations at 532 and 1064 nm make use of
signals. The ratio of calibrated signals at 532 and 1064 nm is the so-called color ratio. The effective Angstrom coef
the logarithm of the color ratio. In the boundary layer between the surface and about 2 km, it varies from 4 (as expe
molecules) to about 1.5 for aerosol particles.

4.2. Raman Lidar

The scattering of light by molecules involves elastic (see Section 4.1) and inelastic spontaneous Raman processe
neously. The Raman Lidar technique makes use of the weak inelastic scattering by diatomic (N2, O2) or three atom molecule
(H2O, O3). Raman scattering results in a frequency shift to longer (Stokes) or shorter (anti-Stokes) wavelengths. The
of frequency shift corresponds to vibrational-rotational or rotational energy that is characteristic of a molecule (spect
information). The receiver narrow band filter needs to be tuned to the Raman shifted wavelength, i.e., 408 nm for wa
and 387 nm for nitrogen when the laser wavelength is 355 nm. Also, stringent rejection of elastic scattering is required
orders of magnitude). Few molecules are suitable for Raman Lidar application due to their limited abundance in the atm
In practice, water vapor (wv) concentration involved nitrogen (nit) or oxygen as reference gases. Using (3) for H2O and N2,
and taking the ratio it comes

Pwv(r)

Pnit(r)
= K1

K2

βwv(r)

βnit(r)
= K1

K2

dσ
d�

∣∣
wv

dσ
d�

∣∣
nit

nwv(r)

nnit(r)
(5)

The Raman scattering cross-sections(∂σ/∂�) are inputs from spectroscopic databases. The system constant for th
channels may be different and need a careful calibration. Also, (5) assumes the same atmospheric transmission
wavelengths. Solving (5) for water-vapor mixing ratioρwv(r) = nwv(r)/nair(r) gives

ρwv(r) = K
Pwv(r)

(6)

Pnit(r)
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Most often, Lidar measurements are calibrated frequently against in situ observations using radiosonde. Other techn
use diffuse daylight to determine the transmission ratio of the two channels enables to calculateK . The calibration error remain
of the order of 5% [11]. Raman measurements do not require specific laser wavelengths contrary to the differential-a
Lidar technique (see Section 4.3). Because of theλ−4 dependence UV emission wavelength are to be preferred(λ � 320 nm).
However, the solar-blind region has also been used to avoid daylight background [12]. The Raman Lidar technique is

(i) density measurement of gaseous components based on vibration-rotation scattering, i.e., water vapor and ozone
(ii) temperature measurement based on rotational scattering and

(iii) particulate extinction in order to separate the backscatter and extinction contributions that are inextricably linked in
backscatter Lidar.

Eq. (4) for vibrational–rotational Raman scattering on N2 molecules results in a simpler equation involvingαsca,p but not
βp . More recently Raman Lidar received a new application to measure liquid water content. Wavelengths between
550 nm are best suited for this application. This spectral domain is typically in the range capability of Nd3+:YAG laser (355
and 532 nm). The error of Raman Lidar measurements is dominated by statistical detection noise; systematic error (bia
arises from the calibration procedure.

Atmospheric temperature profiling in the lower atmosphere considers pure rotational Raman scattering. Two sign
tered by nitrogen molecules are selected in the anti-Stokes and Stokes spectra located on each side of elastic (Ray
However, because the populations in the anti-Stokes quantum states are very sensitive to temperature, it is preferab
the two signals in the anti-Stokes spectrum using narrow band filters at 529.1 and 530 nm for a laser emission at 532.1

4.3. Differential Absorption Lidar (DIAL)

Differential-absorption Lidar or DIAL technique considers two wavelengths transmitted one after the other in
mosphere. For narrow line absorption spectra like water vapor, one line, so-calledλon, is usually set at line center to correspo
to a significant optical depth(∼= 1) while the other line,λoff , is used as reference with negligible absorption. For broadb
absorption spectra like ozone, the spectral difference corresponds to an optical depth∼= 1. This magic number comes fro
a detailed error analysis using analytical or numerical solutions [14,15]. It is easily understood if one considers that
signals will be not so different at low optical depth and the on-signal will be negligible if the optical depth is too larg
optimum in optical depth is broad around unity. Using (3) for on- and off-wavelengths results in

Pon(r)

Poff(r)
= Kon

Koff
exp

(
−2

r∫
0

αon(x)dx

)
(7)

Assuming that the two constants are equal, and the non specific transmissions (scattering by molecules and particle
equal, and substituting the difference in absorption cross-section (�σabs) and specie number density forαon it results in

n = 1

2�σabs

∂

∂r

(
Ln

(
Poff(r)

Pon(r)

))
(8)

In practice some averaging over a range gate (�r) is required to improve the signal-to-noise ratio

n = 1

2�σabs�r

(
Ln

(
Poff(r + �r)

Pon(r + �r)

Pon(r)

Poff(r)

))
(9)

In practice, some regularization of the Lidar signals is needed before taking the logarithm of the ratio.
One main drawback in the DIAL technique is the possible interferences with species that absorb in the same spectr

i.e., SO2 for O3 in the UV or water vapor for CO2 in the 2 µm spectral region. Other limitations come from inaccurate s
troscopic data, inaccurate spectral positioning, and transmitter spectral purity. So, the choice of the absorption line p
a great deal of attention. The range-resolved DIAL technique has been demonstrated for water vapor some 40 years
a temperature tuned Ruby laser [16]. The main strengths of DIAL in a ground-based application for water vapor pro
an example, are its independence from external calibration, excellent daytime performance for high range resolution
the boundary layer and high accuracy routine observations in the mid troposphere. Any Lidar is dependent on the av
of suitable laser sources, but for DIAL, the requirements are especially inflexible because the required characteristics
mined by the spectral features of the molecules to be studied. Vertical profiling of stratospheric ozone has been repo
the ground in the 1970s [17] at the time the ozone depletion scenario was poorly documented. Since then, the Lidar
has improved and a ‘Network for the detection of the Stratospheric Changes (NSDC)’ has established ozone climat
more than a decade.
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4.4. Doppler Lidar

The Doppler Lidar technique for wind velocity measurement is based on the frequency shift due to the so-called
effect. Atmospheric Lidar application at optical wavelength makes use of scattering by air molecules and microscopic
moving with the wind. The frequency shift is

�ν|Dop = −2
Vr

λ
(10)

A factor 2 accounts for two successive shifts between laser and scatterers and then between scatterers and receiveVr is the
radial velocity of the scatterers along the Lidar line-of-sight. A 1 m s−1 accuracy requires a relative laser frequency stab
2Vr/c ∼= 10−8 that is demanding even for an injection-seeded transmitter. Doppler frequency shift measurements do no
specific laser wavelengths. A retrieval of the wind vector needs at least two different perspectives. Conical scan
azimuth display) or raster scan as in the radar technique are used also to sample the atmosphere.

Basically, two range-resolved Doppler Lidar techniques are currently used depending on the nature of the scattere

(i) direct detection using molecules for stratospheric application, a dual-Fabry–Perot interferometer is used as re
sample the broad spectrum (�Vr

∼= 300 m s−1) scattered by air molecules [18];
(ii) heterodyne detection when the aerosols loading is sufficient [19].

Direct detection estimator is based on the ratio of two signals issued from a dual Fabry–Perot interferometer. He
detection makes use of the narrow spectral signal(∼= 1 m s−1) from aerosol particles and frequency estimators as in ra
Numerous publications have addressed signal processing and frequency estimator in the last two decades. Toda
frequency estimators have a performance within a factor 2 with respect to the Cramer–Rao lower bound or Maximum li
estimator. A comparison of direct and heterodyne Doppler techniques shows that ultimate accuracy is dictated by
statistical limit δVr

∼= (�Vr/
√

Ne ) where�Vr is the half width at half maximum of the scattered light,Ne = qγP (r)/hν

is the number of photoelectrons for a measurement, whereγ � 0.4 is the heterodyne efficiency (it is equal to unity in dire
detection) that accounts for partial degree of coherence of atmospheric signals. Heterodyne detection results in spe
with large rf signal fluctuations on a shot-to-shot basis. Frequency estimates in heterodyne Lidar are conducted on a sh
basis, then they are improved by further averaging as square root of the number of independent realizations. In direct
averaging is conducted onNe .

In practice, the required frequency stability(10−8) cannot be achieved, so, in heterodyne detection, Doppler frequ
shift is the difference between frequency estimates on atmospheric signal(�νD + �νoff) and on reference signal, i.e., be
note between laser transmitter and local oscillator (�νoff). Ground based and airborne heterodyne Doppler Lidars have
operated in the 10 and 2 µm spectral region using CO2 laser and solid-state laser, respectively. Direct detection Lida
operated in the visible (532 nm) and UV (355 nm). Both techniques have advantages and some drawbacks: h
detection needs a sufficient aerosol loading in order to deal with sufficient signal-to-noise ratio, even if frequency
tor are still efficient at lowSNR � 0.1 whereas direct detection requires much largerSNR � 10. Direct detection operate
better in clear air for a low scattering ratio still needs correction even if the Lidar has been designed to be less
to aerosols scattering. Nevertheless, both techniques have been successfully used from ground [20] and airborne
[21]. The Wind Lidar system that is developed by the European Space Agency to be the heart of the Atmosph
namic Mission is based on direct detection at 355 nm using a powerful Nd3+-YAG laser and 1.5-m diameter telescope (s
http://www.esa.int/export/esaLP/ESAES62VMOC_aeolus_0.html).

5. Atmospheric spectroscopy

Spectroscopy plays a key role in Lidar for it is involved in the light-matter interaction processes that govern the
of the Lidar signal (see (3a), (3b)). Elastic molecular scatteringβm(r) andαsca,m(r) for air molecules have been measur
in the laboratory with great accuracy. The so-called Rayleigh scattering has been discussed in depth [22] to define
ous contributions as a function of pressure. However, even today, the various Lidar techniques are suffering from mi
spectroscopic information, inaccuracy or inexactness. As an example, the Brillouin doublet scattered by air molecu
mospheric pressure is not known with sufficient accuracy, there exist no experimental data and the best model [23]
treat gas mixtures. In Raman Lidar, the Raman cross sections∂σ/∂� (see (5)) are inputs taken from spectroscopic databa
and some inaccuracy requires a careful calibration. Any inaccuracy on absorption cross-section results in a bias
number density in DIAL technique (see (9)). The spectroscopic information dictates also the choice of the line pair
interferences with species that absorb in the same spectral region. Some information like pressure shift of line center
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for lines that could be potentially used for CO2 DIAL measurements, as an example. In the past, the lack of relevant info
tion on H2O and O2 molecules led Lidar researchers to conduct their own experiment using a multi-pass cell [24–28
photo-acoustic technique [29,30]. Relevant information have been obtained using other techniques like Intra-cavity a
with pulsed or cw laser, Cavity ring down (pulsed laser), and High resolution Fourier-transform spectroscopy. More g
many groups are actively involved in computational and experimental activities to improve the current HITRAN [31] (s
‘Cfa-ftp.Harvard.edu/pub/HITRAN-96’) and GEISA databases [32]. Beside the research dedicated to molecules, parti
troscopy is very active to determine key parametersβp , αsca,p andkp especially for large particles like ice crystals [33] for t
current spherical assumption used for years definitely has shown very limited applicability in practice. Various techni
used including ray-tracing and Monte Carlo computation [34].

6. Activities in France: upper- and mid-atmosphere

The Lidar activity in France started at Service d’Aéronomie in the late 1960s initiated by Prof. J.E. Blamont, G. Mé
M.-L. Chanin. The research activity was dedicated to the origin of metallic species, i.e., sodium atoms, around 100 km,
resonant scattering Lidar technique [35] and later to middle atmosphere photochemistry with an emphasis on stratosph
[36]. The measurements were conducted at the Haute Provence Observatory for good atmospheric transmission con
such long range monitoring) and clear nights (low background light for improved signal-to-noise ratio). In the earl
the researchers developed their own tunable dye lasers. Fortunately, the best dye laser (using rhodamine 6 G) o
the spectral domain that matches the sodium doublet at 588.9 nm. Dye molecules in a liquid medium offer the poss
condensate all the laser energy in a tunable narrow line emission (about 1 GHz) provided a Fabry–Perot etalon is
resonator [37] or a diffraction grating sets at one end on the resonator. For an ultra narrow line emission several eta
combination of etalon and diffraction grating is required but the tunability was limited and erratic. The scattering cross s
resonant scattering cross section is so large that few atoms per cm3 were detected after significant time averaging. Tempera
measurements using the ratio of the sodium doublet component [38] is still in use today. Then, the search was d
other metallic species like potassium at 766.4 nm [39], lithium at 670.8 nm [40], calcium at 422.7 nm and ionized ca
393.4 nm [41]. As a necessary step prior to any atmospheric measurements, the researchers developed new Nd3+:YAG pumped
dye lasers [42].

Stratospheric ozone was another key issue in atmospheric science in the early 1970s. The DIAL technique with
operating in the ultra violet (Harley–Huggins bands of ozone between 280 and 320 nm) was suited to conduct the mea
from the ground using powerful dye laser and frequency conversion. Tunable frequency-doubled dye laser pumped3+-
YAG laser or fixed emission exciplex laser have been used for O3 measurement. The first ground-based DIAL system ba
on dye lasers has been operational at OHP in 1977 [17,43,44]. Since then, the French community contributes to the
for the detection of stratospheric changes (NSDC) involving three stations located at the Haute-Provence Observato
station), Dumont d’Urville in Antarctica and La Réunion in the tropics. These Lidar stations are equipped in various Lid
supplementary radiometers.

7. Activities in France: lower atmosphere

The successes obtained on tropospheric [45] and stratospheric ozone monitoring from the ground (see Section
DIAL application to other species such as SO2 [45] and water vapor [46]. In the mid 1980s a new momentum was give
Lidar activities in France with the advent of a research aircraft Fokker 27 that could carry airborne Lidars. Service d’Aé
and Laboratoire de Météorologie Dynamique proposed to develop the meteorological airborne Lidar program LEAN
3 steps, with the technical support of Technical Division of INSU/CNRS and Météo-France/CNRM. The program star
an elastic backscatter Lidar, LEANDRE-1, then a water vapor DIAL, LEANDRE-2, and finally a heterodyne Doppler Lid
called WIND, after a Franco German cooperative program had been effective in the early 1990s. The airborne program
funded by CNRS and CNES in France. WIND has been funded by DLR in Germany. LEANDRE-1 was operational
and made a significant contribution to the international field campaign PYREX the same year [47] and later in numero
programs. The DIAL Lidar that uses an on- and off-wavelength transmitter required the development of a new Alexand
transmitter prior any Lidar deployment. So, the French scientists involved in the program have developed a two-wavele
pulse laser transmitter [48]. The water vapor DIAL Lidar was operational in 1996 [49] and involved in ACE-2 internation
campaign in 1997, and later in MAP in 1999 and IHOP in the USA in 2002. The WIND Lidar was operational on board th
Falcon 20 in 1999 [19] and involved successfully in the international MAP field campaign the same year [21]. The WIN
is based on CO2 laser technology and a special laser transmitter was developed on purpose by French industry for this
The research activity led also to the development of a Transportable Wind Lidar that was deployed successfully in t
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valley during the MAP experiment [50]. In parallel with the meteorological airborne Lidar program, the chemistry com
developed an airborne ozone DIAL so-called ALTO [51] that was successfully deployed in international field campaign

8. Conclusions

In the early days, building Lidar was difficult and the technique developed a reputation as something of an arcane
single-wavelength elastic backscatter systems were complex and extremely costly and they required highly trained
and too many frequent adjustments that made impossible to achieve long time series. These problems were worse
and even worst for heterodyne Doppler Lidar, and so, as promising as the theoretical expectations and demonstration
DIAL and Doppler systems saw very limited applications for sometimes. For broad acceptance, Lidar systems in gener
simpler operation, much better reliability, software to produce real time reduced data, eye safety, standard and sta
measurement techniques and retrieval methods, and, last but not least, lower costs. Lidar researchers have made
progress in all of these areas.

The French community, Service d’Aéronomie and Laboratoire de Météorologie Dynamique, have been involved s
beginning and made significant contributions to Lidar sciences and technology for more than 30 years now. Over
Centre National d’Études Spatiales (CNES) and CNRS were two key partners that made possible the Lidar venture
siderable international success that will continue with the CALIPSO program developed under NASA/CNES coopera
http://www-calipso.larc.nasa.gov/ and http://smsc.cnes.fr/CALIPSO/Fr/index.htm). Also, the French community con
significantly to the space-borne program ADM-ÆOLUS under development at the European Space Agency (ES
launched in 2008. For the near future, the Lidar community raises some expectation for future activities in directio
Earth-CARE mission at ESA and possible CO2 and Climate mission as proposed in response to the call for ideas for the
ESA Earth Explorer Core Missions.
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