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Layout of the lectures:
1) A Lidar technique primer

1.1 What is a lidar

1.2 Components of lidar systems

1.3 Scattering in the atmosphere

1.4 What can be observed by lidar
1.5 The lidar equation and its solution

2) Backscatter and extinction

2.1 Atmospheric aerosols and their climatic impact
2.2 Build-up of aerosof backscatter and extinction
2.3 Wavelength dependence of refractive index
2.4 Wavelength dependence of backscatter

2.5 Depolarization of lidar signals

2.6 Orthogonal cross-section coordinates

3) Studying aerosol properties by lidar

3.1 Determining aerosol physical properties from lidar traces:
3.1.1 A model of aerosol extinction/backscatter ratio
3.1.2 Extension to non-spherical particles

3.2 Analysis of data from an experimental campaign:
3.2.1 The lidar view ‘
3.2.2 The satellite view
3.2.3 Aerosol and clouds as seen by lidar

4) Some operational aerosol lidars
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STUDYING ATMOSPHERIC
AEROSOLS BY LIDAR

Gian Paolo Gobbi

(o i recar it)
Istituto di Fisica dell’ Atmosfera CNR
Rome - ITALY

Lidars operats by sending laser puleaa into the
atmosphera and collecting the backscattered light
by meens of telescopes provided with highly
sensitive photodetsctors.

Analysis of the signal intensity then aliows a
range-resolived Inference of the physical and
chemical properties of the scattering media‘® 7.
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Principal components of a lider system:

Emitter: Pulsed lasers (from UV to IR), N&-YAG, Ruby,
Alexandrite, Ti-Sa, Diode, etc.;

Receiver: Optical telescopes. From singie lans (0.01 m?) to
multipie-mirror (10 m?); Considering that typical range resolution is 10-100 m

Bandpass: Intarference flltsrs (A2 0.1-10 nm), the resulting lidar sampling volume is very smail; _

monocromators, interferometars, etc.; High laser repetition rates (10100 1z} allow for shart
Detector: Photomuitipilars (UV-NIR), Avalanche term averaging { seconds};

hotodlades (IR) (105107 it 3
photodio (IR) (10°-107 current gain; Thesa characteristica allow to study atmospheric
Signal acquisition: A/D conversion, Photon counting {10- pracesses ranging from the micro to the macro scale,
100 Mhz sampling rats or bandpass capabiiity); & !

Typical laser heam divergence of 1 mrad generates
spots of 1 m at 1 km and of 10 m at 10 km.
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Lidars also detect atmospheric gases.

In foct:
+Aaylsigh scattering allows for good definition of the

Similarly to radars, the return time of the laser pulse
{dt) indicates the distance (R) of the scattering
object: R = ¢ dt/2

rdx

lii

Typical iaser wavelengths of the order of one
micron (0.001 mm), permit good detection of objects
of similar size. in fact, elastic backscattering is quits
etficient in this case

Therefore, lidars are ideal instruments to remotely
observe serosol and thin clouds, which are made of
particies of size ranging between hundredths and
ians of microns.
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atmospheric molecular density {and consequently
tempaerature) up to 2~100 km; & A

«Differential absorbtion allows for detection of trace
gases as Qzone, Water vapor, Suitfur dioxide etc. at
soveral kitometars from the system; (¢ o)

sRaman scattering allows for definitlon of atmaspheric
density, tamperature and of trace gases concentration
{H,0, SO, CO,, ste.) (3 mmsa)
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This series of lectures shall focus onto the
lidar detection of aerosols and clouds.

The sclentific Interest in the study of thess twa
atmospheric constituents is due to their role in
coptrolling the planet climate.

In fact, one of the gicbal effects of clouds Is to cool the
planet by refiecting back to space part of the incoming
solar radiation. Overali, ssrosal too reflact solar
radiation. It is estimsted that the cooling effect of
serasols |3 approximatety 1/30% of the cloud-induced
one. Since the atmospheric burden of anthropogenic
aerasols (s steadily growing, their radistive and cioud-
modifing effects keep growing too.

School au Explonag e Atmkaiecs by pamos Sammmy: |idery sl sarosols - JFA-CNL - Trimsts. Cot. 1999

Volcanic aerosals too tand to cool the planet. These
particles form in the stratosphers following gas and particl
injection by major sruptions.

Due to its vertical stability, volcanic aerosols remain in the
stratosphere for years, producing a global, long lasting cooling
of soms tanths of a degree.

Ons of the major unknowns about atmospheric
aerosols is their altitude distribution. Lidars
represent the best way to reduce such
uncertainty.

Schwol Tonseons Seamay: L « FA-CHE . Trama Oct 1999

The Lidar Equation:
E (% R) = E;» (¢ 74/2)* (AJR?)e § ()= B (A, R)e THR)

.deacribes the smount of snergy resching the lidar delectar from the
distance i, and during the integration thme Irdecval T, , whichs In tum defines
the lidar profile range resolution: R = ¢ 1,72

E,: Laser pulse energy;

R: Range;

Ay :  Area of lidar receiver (telescopa);

£ (A) : Receiver spectral transmission;

c: Speed of light;

B {» R): Volume backscatter coefficient;

T {%, R): Atmospheric transmittance

Schoul e Explanag the AUSWRAS Iy T Seamy: Lidars sed scrcacls - BFA-CNR - Trome, Oct 1999

The two variabies carrying the geophysical information we want o
reirieve sre: 3 {1, R:: the volums backscatiar coefficiant, and
T (%, R}, the Atmospheric transmittance

The volums backscatter cosificlent of a speciss x being:
By (M Rl= Ny(R) * da,, (A, 0}/ d0
whers N, and da,, (A, 8) /dQ reprasent the volume number

and the ditl ring cross aection (M 8 x
1807, respectively.
In the case of slastic trom the ] B {» R)can
be expressad as:

Brraa (M R) = By (2 R} + B, (4 R)
whers IM .uhscdph 'm” and “a" stand for the moiscular and the
i) . In fact, an asrosol
free nﬁnosphon is only tuund abuv- an alutude of about 30 km.

Scheiol o Explaring the Armapives &y reecte Scasvag: st sad svascls - [FA-CR . Triome, Oc. 1999

The atmonpheric ransmittance between the iidar aite (R=0) and
the range R can be expressed as:

e 8 (WRYR

Whaere o (L, R} is the atmoapharic sxtinction coefficiant:

¢, (%, Rl= N(R) a,, (1)
with G, () the speci ion cross secth
Again, in an b of molecuiss and s wa

©An eXpress o as:

pnua (M1 R) = G (A R} + 5, (A, R}

Schaal Alaphcre by remoe Sensing: L - FA-CNR - Tooma, Oci. 1999

Solving the lidar equation:

By omitting the range and U bals and
assuming the recelver spectral tnnlmm:nee to bc £ m-1 we oblain:

E= F-ffi—(f;f +B.)e

2l vl

This : ina the two B, and o, (., and 6, are
aither measured or modsied). Ta be solved it needs some reiationship
Iinldng the two varhblu. Collis snd Russail (1576) indicated as &
the f ing one:

B, = cost o, ?

with g depending on the specific propertios of the scattering medium
and generaily spanning ihe range 0.57<g<1. Saveral versicns of this
relatiorship have been used in literature (Iatt, 1965; Kovalev, 1993)

] Pp
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Klett (1905} showed that » good retrieval of from the
lickar rneesursment can only be obtalned & fesctionel
mp,-f(u.mammhww-“m
Iatae how the relationship P and o cambe o
Onve of the most popular h of the lidar on ls the
snalytical one described by Klett (1985):
B{R )+ B, (R) = p— RS
_+2Ie:p(s'—5,'ﬂl
< I ¢l
This is a stable bk it
rdnﬂmdipn,-f(n.)-u.h Mmmmmh
the comect value of B, (B, Is derived allher from air
dondiy_nmmuunuhh).
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This solution hes besn found by dafining the regs a

S(R)=1n|E(R)- R* /=, |
which converts the lider equation into:

as | dﬂ...._ L By e op (g
v T 5,,, B +2p_ (8 -82)
By defining now the new signal varisbie 5°:

55 =58+ ]‘p_ z.]%acuz'
- " [ Bt
the intter becomes: 45 1 dp,., B

RTPL. 4R B,
which is sohred by the Kiett squation aftar definition of the
boundsry valuss at Rsf,, the catibration rangs (R< R,).

—————
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A few useful formulas about cross sections:

The differential cross ion of the ge" air
(below 100 k) [Hinkisy, 1976}
da (A, x} / g = 5.45 [A{pm) / 0.55] - *x 1028 cmi sr-t
Natice the ch ristic A4 depend of th ing.
Al sem vl (typleal molacuiar density N_a2.5 x #0" em")ﬂ\iahndlnr
Bm (M O} =u [A{um) / 0.55] - ¢x1.39 x 10 cm “tar

From the Rayisigh scattering theory, the sxtinctian/hackscatter ratio of
alr molecules ia:

G P4 n/1.5=8.378

(S croas secl)
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Bockscattering from particles:

The Mia theory |s the most tool emp
scattering proparties of lmwhlde particies. Itdacﬂbuthe
scattering of spharical p iog with size parable to the

wavelength. It applies weil 1o liquid ssrosols, cloud and fog droplsts. (€
has drawbacks in the case of solid (dust, smoke) sarosols and ce
crystals.

The Mie backscatter cosificient of s size ibution N.{r) of spherical
particlas is:

B.{4)= Ia. (r.A.m)- N, (r)dr

whare o, iz the Mis hncmalm' cross section, and rand men-ik
roprasent the particle's radius and complex refractive index,
raspectively.

In the following sactions thess properties will be described in detail.

(y I Iy TUXCHR - Tncse,

The “Mis” backscatter cross ssction 4,(7, A, A can b written as:
Tyl &y rpm 5 1 (4, )
whers Q. m)is the b stficlency, provided as a solutl
of e.m. scaitering by Mis{e.g. Kerker [1963]). Q,{x, m)is a compiex
function of particies refractive index and of the “Mis™ paramaeton:
xm2xrf)

In & similar fashion, the “Mis" extinction croms saction ofr, 4, m)
can be written:

Oglt; & mm x 1* Gfx, o}
whers O {x, m}is the sxtinction efficiency. Q,and Qg are oxpressed
w-nhﬁﬂ-nriuolﬂleuﬂ-aau-lmmﬁ_olxm:nx_s«m
enmpluoi hdtpondmolo.onzmdmmupon-d

To computs andfor jon coalficients ot a distribution of
particies Nir} {cnr?) the product oy N(r}{em? sr' crr® = enrt 81 } must be
integrated over

B, =anm’~(r)dr

One of the most popular analytical for of size ibuti Is the
log-normail one:

N =

where r,, and o stand for the distribution modal radius and width,
mpoeﬂv.ly Thi- function has been thovm 1o reproduce pretty weil the
ball-sh persion ol nataral

The bulid-up of serosols Dackscatier can then be illusirated by the
tallowing (S )

| |

=
Alnew Ae laa TMon =

Schead e by rommec Seaning: L IFA-CNR - Tropme, OcL (98
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Backscatter and depolarization ratio

A common way 1o present lider deta (and avoid desling with the several
orders of magnitude range of icar sigrale) is the backscather ratio:

A= (B, + B )/ B
Laser light is often polarized. Polertzation resulls 40 be an uselul tool o
investigats seroscl phase (lquid vs. solid, Le., dioplets va. crystais): in
fact, spheres do not imroduce any depolarization when backeceitering &
polarizad besm. € by, non-sphericat parficies depolerizs part of the
incident polarized fight they baciacaiter.
The common way 1o quantily depoiarization of liar signals is the
dapolarization ratio:

D=S,/S,
whare S, and S, represent the lider signal detacied on polarization planes
perpendicular and parsiial to the isser one, respectivaly.
Thereiore, polarization Kiars nead to op twa detection ch

Dep doss not excesd 1%. This is
Mmﬂﬁoﬂmﬂuﬂmumnmm
structure [Young, 1980].

lymw.u.mngulwcmu.c.g.,hmdd.. [1990], Mishchenka
otal, [1997].05 )
Actusl observations show a consistant “ssturstion” in the

nn-.smt.?-mm-dh simple solid particles
crystals, desert dust). 5 Y * e
Such behavior allows for Inf of the | phase (5 )

School om Enplonag the Aty by Mumns Sosnag: Lides wd someet - FA-CNY . Tripms, Qo 199%
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Aerosols and climate

As pravicusly mentioned, the sclentific intersst in the study ol ssrosois
is dus to their role in controlling the planet clirnate. In {act, seroscis
scatter and absorb solar radiation and provide cloud corddanaation sites.
The modslsimulsied effects of mserosols on climats tend to
counterbalance gresn-hcuse warming [e.g., Charison, 1995]* )

atill exists oo the sign of the sffects
{wmnlngorooollng)ofumofhhgp-mdnndumumw.nudw
remember that desart dust is the d (after ing} to the
global seross! load. &

Radiative effects of desert dust strongly depend on asrosal altitude, &
poorly known parameter (Liso, 1998].
This L iming the i in
nmwlbylidnr

g desert dust and marine

The axtinction/backscotter relationship for desert dust
and marine aervsois:

To quantitatively invast the lidar sigml a mod.t m b..ﬂ dwolopod to
wxpiore and p this R,.

The approach of this model is simple {Gobbl, 1958] ™=

1) look at the variability of R_observed in nature;
2) p and bahavigr of thass relationships;

2) fit the resulting data by analytical curves {ususlly
polynomiais in log-log coordinates);

Schank an Expiaring the Amaplars ¥y Fotxee Senong: Lides sad muaal - fFA-CNR - Trions, Oct. 1999
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SOME CONCLUSIONS:

LIDARS provide an efficient technigue to observe
atmospheric minor constituents with high spatial and
temporal resolution;

Remote-sensing of the atmosphere necessitates the
synergic contribution of active and passive techniques,
operating both from space and from the ground;

During the next century LIDAR appiications will congquer a
large share of the global remote sensing activities;

Analysis of processes obsarved by lidar is still an open
fiaid, deserving the atiention of good acientisis.

mnm-wnummzm—--ﬂ-wmcnl#mm 1999
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TABLE 2.1 Source strength of atmospheric aerosol particles in Tg/yr for radii
smaller than 100 um

Aerosol component Source strength Reference

Natural aerosol sources

o Extraterrestrial dust 10 SCEP (1970)
16 — 18 Cameron (1981)
o Sea - salt 1000 SMIC (1971), junge (1979)
10000 Blanchard and
Woodcock (1980)
o Desert dust 500 Peterson and Junge (1971}
1800 - 2000  d’Almeida (1986)
o Volcanic debris 25 - 150 SMIC (1971)
250 SCEP (1970)
0 Biogenic/biologic 80 Bach (1976)
o Gas to Particle Conversion 570 SCEP (1970)
(sulfate, organics, nitrate) 345 — 1100 SMIC (1971)
Subtotal 3266 - 13448

Man — made aerosol sources

o Direct particulate emission 10 - 90 SMIC (1971)
o Gas to Particle Conversion 275 SCEP (1970)
(carbonaceous substances, 175 - 325 SMIC (1971)
organics, sulfate, nitrate)
o Forest fires and 3 - 150 SMIC (1971)
slash - burning debris b
Subtotal 188 - 565
Total 3454 - 14013

1) includes unknown amount of indirect natural contributions
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METHOD OF PERPENDICULA

R CROSS SECTION COORDINATES

APPLIED TO THE STUDY OF POLAR STRATOSPHERIC CLOUDS

(Gobbi, Applied Optics, 37,55

05, 1998)
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BACKSCATTER AND DEPOLARIZATION RATIO (R & D%)

8 10 12 ‘447020 4 6 8 10 12 14
100 = = I N 1.00

i T li i F —
10 === = = = = = 0.10
—__l R mﬁl_ — E = | =
'i_u 21300 L‘tni = - \‘ 183 ‘Tl >
! —-_-M v -J -
i 0.01
100 ; - — = 160 -
e = : is g
S L e, ] i} At %
10 s et 010 0
o s Biada ik : b1 =k , =
- — — ! -t —
1 - .
10 FoEma—rrs == == =T FEETE=E M s
—--ﬂzg;qs;gg‘ ; - m’ o e —
+ i . UT AV j <oz
- ' UL 114:38 U A
S s VY =
10 == e ¥ : == + e — 0.10 a
= o b [ o - R fo “: -;' o
— .
MWD A e e S
\, s v L (@]
1 0.01 @
100 R = = = =TE 1.00 g
. 3 2 e i L
R80T A P
10 =
S . o
A, o
w
] b
1do e =
AE-35-03-
17 33:08 07
10 = o Lt 010
E' y 1 g Pl el
: 1 A ;
1 ; e 0.0
8

<

z (km)
Figure 2: Verical profiles obtained by Velis during the PAUR ITI campaign.

Black line: lidar backscatter ratio (R); blue line: lidar depolarization ratio (D):
red line: aerosol optical depth (from the ground to z).
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LITE
Directory LITE Instrument

Mission
Overview

Telescope

Data User's

Science
Steering
Group

instrument
Publications

ISDB Data

Site MAP  The LITE instrument was carried in the Shuttle cargo bay on a standard Spacelab pallet. ”
instrument was mounted on an orthogrid platform attached to the pallet by 52 struts. The
orthogrid is a support platform for the instrument subsystems and was designed to be imn
to thermal deformations which could affect optical alignment. A description of the major
subsystems follows. '

Receiver Assembly

The receiver includes a one meter telescope and an aft-optics package. The telescope coi.
laser light scattered from the atmosphere, and brings it to focus in the aft optics. The aft -
includes wavelength selective opticsfto separate the return signal into its three color
components. The 532 nm and 355 nm detectors are photomultiplier tubes, while the 106-
detector is a silicon avalanche photodiode.

Boresight Assembly

The boresight assembly consists of a two-axis motor-driven prism. Its purpose is to aligr
laser beam to the telescope field-of-view so that both point to the same column of atmos

Laser Transmitter Module (LTM)

The LTM consists of two flash lamp-pumped, Q-switched Neodymium: YAG lasers wh: |
simultaneously at the three harmonically related wavelengths of 1064 nm (infrared), 532
(visible green), and 355 nm (uitraviolet). The two-laser system provides redundancy in « -
one laser fails. Only one laser operates at a time.

Orbiter Experiments Autonomous Support
http:l/www-arb.larc.nasa.govllite/n_instrument.html



\3:\»&.«@5:,9_@_.ﬁs-&?f\aza_ | ) L _3 h&i. &&rmw
[y £10)00.11p/Iepi/A0F-eseu-dae q1e-mmm//dny AYOLOTHIA ¥vAI'T
Yy L6AePI/OTT919/ TVAANTD/SHINOH/B10' 80 MMM // dny AHIVYOOrigig yvdri

:S9lIS (@M palejal-iepi
-0861 ‘8vze-Lvee ‘61 “1dO -jddy ‘uonounxe spaydsouwe 10} SUOROaLIOD uonezuejodap pasiaay “L°Y ‘BunoA

-0661 ‘96€-66€ ‘2L ‘W7 'say ‘sAydoan
‘spnojo auaydsolens Jejod Jo suoljeAlasqo Jepl| Jo sisAjeue Uy ‘uepiop ‘f pue auuly 's ‘temoig "A "3 g "0 ‘uool

‘1661 ‘Z¥B8'OL-1£8°9L ‘TOL “'say "sAydoay ' ‘spiosoyds asiadsipAjod payusuio Ajwopues
10 asnxjw adeys e Buisn sjosose oueydsodol) ajijsnp 1o} suopauny aseyd Buyepon “1e 18 '| "W ‘OjuayoysIN

v861 “'dd LS NIOA MmaN ‘Ao T ‘Buisuag ajoway 19seT] “IN ‘Y ‘saunseapy

‘8661 ‘SY9LE-LE9LE ‘€01 sy
-sAydoay T ‘ssiqenen Aoy 0] Ajjanisuag sjosolde snp [esauiwl Aq Buioio} aAneIpey ‘piojuias "HT pue “°H ‘oel

‘2661 ‘S909-£509 ‘0 ‘sondQ paiddy ‘onjes uopoulixa
01 JojeomoRq Juepuedep-aburi Yim sa))}0.d uoou)IXe |oSCIaE |BINISA Y]} JO Juawiainseaul Jepi “y A ‘A3|BAO))

-G861 ‘r91-8£91 ‘¥E ‘sondo palddy ‘sones uonounxajianeasyoey 3|qeLIEA YiIM UOISIaAUL JepT] q r e
6961 “JIOA MaN ‘ssald "peoy ‘uoleipes Jjjaubewo)oale I18Yjo pue 14bi| jo Bupaness ayl “W 4SIM
‘9761 MOA maN ‘ddpgg ‘Bepiap 19bupds ‘sraydsoune ayl jo Suisojuow iase ‘('pa) 'Q "3 ‘ASpiUiH

‘8661 ‘0TLb-2LLiY ‘L€ ‘sondO paliddy ‘suoneAlasqo
ieplj DY A-PN JO siseq ay} uo saljadosd jeaisAyd josolae ouvydsojeqis jo uonezisweled “d "9 ‘1qq05

1661 ‘YA ‘uoidweH ‘yoedaag v “dd 196 ‘sjosoioe oueydsowny ‘9l1I9ys 'd '3 pue ‘andaoy d “H ‘eplawly.p
‘G661 YIOA MaN ‘ddgip ‘Aspm ‘1 ‘@lewd Jo Buioloy josolay ('p3) °r Y 'UosHeyd

EEH@.EE:O_Jm:m:w_<mmZmO\mmEOI\wE.mmo.EBBQd_E
:9)iS MMM 2Y] JE punoj aq ues siaded pajejai-1eplj 008 1910 jO ISl VY

:S3ON3H343Y







