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LIDAR: What and Why?

LIDAR stands for Light Detection and Ranging,
commonly known as Laser Radar.

Lidar is not only replacing conventional sensors,
but also creating new methods with unique
properties that could not be achieved before.

Lidar is extremely useful in atmospheric and
environmental research as well as space
exploration. It also has wide applications in
industry, defense, and military.
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Fundamentals of the LIDAR
as Remote Sensing Tool

J Physical Picture of Lidar Equation
J Fundamental Lidar Equation

J Different Forms of Lidar Equation
J Illustration of Lidar Equation
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Picture of LIDAR in its Environment
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Physical Picture of Lidar Equation
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Considerations for Lidar Equation

d In general, the interaction between the light
photons and the particles is a scattering process.

J The expected photon counts are proportional to the
product of the

(1) transmitted laser photon number,

(2) probability that a transmitted photon is scattered,
(3) probability that a scattered photon is collected,
(4) light transmission through medium, and

(5) overall system efficiency.

J Background photon counts and detector noise also
contribute to the expected photon counts.
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Basic Assumptions in Lidar Equation

- Independent scattering: particles are separated
adequately and undergo random motion so that
their contributions to the total scattered energy
have no phase relation. Thus, the total intensity is
simply a sum of the intensity scattered from each
particle.

Single scattering implies that a photon is scattered
only once and multiple scattering is excluded.
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Fundamental Lidar Equation

Ng(A,R) =N (Ap)-|B(4.2p B.R)AR]: %-[T(AL RTR| (AL )GR) |+ Ny

9
i
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1st Term: Transmitted Photon Number

f"!.

3

Ng(AR) =N (A |[ B2y B.RAR]—-[T(Ap . RT(A.R)] [n(A.A)G(R) ]+ Ny

P (A7) At
hel g

Np(Ap) = (

Laser Power x time bin length

Planck constant x Laser frequency

Transmitted laser energy within time bin

Single laser photon energy

Transmitted laser photon number
within time bin length
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2nd Term: Probability to be Scattered

;"1

7
2

Ng(A.R) =Ny (A ) |[B(A.AL 8. RAR]f

[T . RTLR)]n(A.2)GR) |+ Ny

Angular scattering probability - the probability
that a fransmitted photon is scatftered by

scatters info a unit solid angle.

Angular scattering probability =
volume scatter coefficient f3
X scattering layer thickness AR

B(A,A; ,R) = E 4o S;L &) n;(R)p; (1) (m-lsr)

I
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3rd Term: Probability to be Collected

Ng(A.R)=N;(A;) '[ﬁ(;‘uﬁ-i ,Q,R)ﬁﬁ] f;_‘; [T(ﬁ.;ﬂ =R)T(;‘.,,R)} '[;}(}.,}LL)G(R]]+A.’H

The probability that a scatter E A A
photon is collected by the
receiving telescope,

i.e., the solid angle subtended
by the receiver aperture

to the scatterer.
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4th Term: Light Transmission

Ng(A,R) = Ny (A ) [ B2 .6, R)AR]- ; T RTOR (A ADGR ]+ Ny

The atmospheric fransmission of laser light at outgoing
wavelength 2, and return signal at wavelength A

Transmission | R )
for laser light — T(Ap.R) = ehp[ f(l ct( Ay .r)dr ]

for return signal

Transmission ___ T(O.R) = exp[—fée a(l,r)(_h’]

Where a(?,, R) and o(?, R) are
extinction coefficients (m-!)

— J‘R(x(ﬂb rdr + J‘Ra(ﬂu rdr |
0 L> 0 ’ |

_QIDRC{(?L,J’)(!F]

T(A  ,RT(A,R)=exp

when A = A
= eXp
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Extinction Coefficient o

a(AR) = 3 [0} 0 (M) (R)]

[

O; ox1(A) is the extinction cross-section of species i

n;(R) is the number density of species i

Extinction = Absorption + Scattering (Integrated)

U.f,e.xr()“) = U.i,abs()") +O; ,5::'{1()‘-)

Total Extinction = Aerosol Extinction + Molecule Extinction

a(;ﬂ v R) = ac'.:w,af;r.s' (j v R) + X er ,.s'z.‘c';(’jL =R) + A0l Labs (;ﬂ v :R) + 00 Sca (j v :R)
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5th Term: Overall Efficiency

Ng(A.R) =N (A.) [ B(A.A. .0.R)AR]:

n(A.AL) =17 (Ap) g (A)

/
2

(TG RTAR ] (AL )DGR) |+ Ny

is the lidar hardware optical efficiency

e.g., mirrors, lens, filters, detectors, etfc

G(R)| is the geometrical form factor, mainly concerning the

overlap of the area of laser irradiation with the field

of view of the receiver optics

‘_I_
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o || S
=] a
o
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6th Term: Background Noise

Ng(A.R) =N (A.)| B(A.Ap.6.R)AR] -%-[T(ﬁ.h RTAR| [nA2)GR) |+ Ny

N, Background noise, detector and circuit shot noise.

Up-looking lidar: background noise comes from solar scattering,
solar straight radiation, star/city light.

Down-looking lidar: besides above noise, it could have three
extra backgrounds: (1) Specular reflection from water/ice
surface; (2) Laser reflectance from ground:;

(3) Solar reflectance from ground.

20



Iy .
A = Laser cross-section

AR=R,-R,=cT1/2
R,=ct/2
R,=c (t-1)/2

Illustration for LIDAR Equation

-

laser ".
pulse

Ri— T

rHa— |

& .
.| A/R?=solid angle

telescope area
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Brief Review of Physical
Processes in Lidars
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Physical Processes in LIDAR

J Interaction between light and objects
(1) Scattering (instantaneous elastic & inelastic):
Mie, Rayleigh, Raman, Brillouin scattering
(2) Absorption and differential absorption
(3) Laser induced fluorescence
(4) Resonance fluorescence
(5) Doppler shift and Doppler broadening
(6) Boltzmann distribution
(7) Reflection from target or surface

 Light propagation in atmosphere or medium: transmission vs extinction
Extinction = Scattering + Absorption

a(A,R) = E [0 et (M) (R)]

i

R
T(J.R) = e:-:p{— f . c}:(}w,r}dr]

T(AR) represents the fraction of light lost on the way from the lidar to the
scattering volume and back!
23



(1) Elastic and Inelastic Scattering

- Elastic scattering:
scattering with no apparent change of wavelength

Sum of elastic scattering from atmospheric molecules and
elastic scattering from aerosol particles and cloud droplets

Rayleigh scattering and Mie scattering

-l Inelastic scattering:
scattering with apparent change of wavelength
Raman scattering

Pure rotational Raman and vibration-rotational Raman

24



Elastic and Inelastic Scattering (cont'd)

Rayleigh scattering is referred to the elastic scattering from
atmospheric molecules (particle size is much smallerthan the
wavelength), i.e., scattering with no apparent change of
wavelength

With lower detection resolution, Rayleigh scattering can consist of the

Cabannes scattering (really elastic scattering from molecules) and pure
rotational Raman scattering.

Scattering still undergoes Doppler broadening and Doppler shift.

Temp.; Press. and collective . Ravleigh Cabannes Line
moTiEn of molecules lead to Pure Rotationa '%/

spectral broadening. Raman \Naﬁ_ﬁﬂ
Rayleigh scattering is S 10 \g; S 0
therefore the sum of ‘| |

cabannes lines and the UL | ‘

Stokes VRR Slokes RR anti-Stokes| anti-Stokes VRR

Q
|

rotational Raman bands

25



Rayleigh Backscatter Coefficient

J In lidar field, a common practice is to use the equation

i 2o w1032 P2 1
/‘aRﬂ}’fffgh(}"’":' ,9 =) =2.938x10 ?(:) ’ )L—)l[]ll?

-1

(i?f_l."if‘

where P is the atmosphere pressure in mbar and T is the
temperature in Kelvin at altitude z, A is the wavelength in
meter, and Pgayciqn IS the backscatter coefficient (angular).

Rayleigh scattering is proportional to A4 and dominates elastic
backscatter at short laser wavelength.

26



Rayleigh Backscatter Cross Section

d It is also common in lidar field fo calculate the Rayleigh
backscatter cross section using the following equation

- 4
dow(A) _ 5 45.(229 xlo_ﬂ(mzm“
dQ A /




Elastic and Inelastic Scattering (cont'd)

Mie (Aerosol/Cloud) Scattering

In lidar field, Mie scattering is referred to the elastic
scattering from spherical particles whose size is
comparable to or larger than the wavelength of the
laser.

Furthermore, Mie scattering is generalized to elastic
scattering from overall aerosol particles and cloud
droplets, i.e., including non-spherical particles.
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Polarization in Scattering

Backscattering from spherical particles does not change the
polarization state of the radiation (Mie). The backscattered
light has polarization parallel to that of the transmitted
beam (usually linearly polarized).

Large non-spherical particles lead to a depolarization of
backscattered radiation, i.e., partial backscattered light
has polarization perpendicular to that of the transmitted

beam.
And hence the range-resolved linear depolarization ratio is:

O(R) =[P (R)/By(R)|exp(T; =T )
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Elastic and Inelastic Scattering (cont'd)

Raman Scattering
Inelastic scaterring process involves the change of the vibrational-
rotational energy level of the molecule.

Frequency shift corresponds to energy difference between initial and final
molecular states and hence is specific for the interacting molecule.

Intensity distn. within the Raman bands contains information on
temperature in scattering volume (energy levels population follows
Boltzamann's distn. law)

Rayleigh
Q X Q
S O S S @] S
I ‘ ‘ ‘ l i 1 I | L4 | |
Stokes VRR Slokes RR anti-Stokes anti-Stokes VRR
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Scattering Form of Lidar Equation

J Rayleigh, Mie, and Raman scattering processes are instantaneous
scattering processes, so there are no finite relaxation effects involved,
but infinitely short duration.

d For Rayleigh and Mie scattering, there is no frequency shift when
the atmospheric particles are at rest. The lidar equation is written as

J For Raman scattering, there is a large frequency shift. Raman lidar
equation may be written as
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(2) Differential Absorption

In the lidar equation for DIAL, the influence of molecular species is
in the extinction (atmosphere transmission) part, not in the
backscatter part of the lidar equation.

Scattering of laser light by air molecules and aerosols constitutes a
distributed Reflector of the Laser beam.

% N

o] o

o o 9 9
- 0,00 .00 _ 00O, Mone Meore
Transceiver —‘“Mrﬁé-ﬂv%&%&%ﬂ%h—b DAS
DGD o Q D

m§ %n

°00%0%00° f’*ow MorFr

Transceiver e oo io.txa s> 4—}

0D OOO0D0D VOO

Topographical
Target Scattering
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Differential Absorption/Scattering Form
of Lidar Equation

U For the laser with wavelength A on the molecular absorption line

F g - 1'_
Ng(A,, R =N; (A, )[-B.m (A,,.R) QH](;_E

expl—ﬂfu;c?( A 1)’

X exp[—2f;crﬂm(km? Fn, (;«*)dr'][r;r(ﬁ.m VG ( H)] +Np

O For the laser with wavelength A off the molecular absorption line

Ng(Zog - R) =Ny (}unjf)[ﬁﬂ,{, (Ao - R) ﬁ!{](% ]exp[—ngﬁ( Aoy 1) dr‘a}

X exp[—?f;crm.ﬁ(lw 200 (r') dﬂhi?(&ﬁ)ﬁ(m] + Ny

[ Differential absorption cross-section

AG 1 (R) =0, (Aon . R) — O (Ao pr . R)
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(3) Laser Induced Fluorescence

[ Strong intermolecular interactions in solids and ¢ E————————
liquids cause broad absorption and emission = =————
spectra.

[ A fixed frequency laser can be used for |
the excitation due to the broad absorption.

[ Following the excitation, a very

fast (ps) radiationless relaxation down to the
lowest sub-level of the excited state, where

the molecules remain for a typical excited state
(fluorescence lifetime).

[ A decay to different sublevels of the ground
state gives rise to a distribution of fluorescence
light, which reflect the lower-state level
distribution.

: —
alional S
e

alicn e —a

Enargy

Fleorascancs radiaton

Absorption

and collisions

—————

e — i oY [

1- Fixing the excitation wavelength, we can
obtain fluorescence spectra. 2- While fixing
the detection channel and varying the excit.
wavelength, an excitation spectrum can be
recorded.

Intensity

: e

‘Wavelength
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(4) Resonance Fluorescence

Resonance fluorescence is obtained if energy of incoming photon
coincides with energy of a transition in an atom, ion, or molecule from
one level into another energy level.

In the middle and upper atmosphere, there exist some metal atoms (Na) and
atomic ions with large absorption cross section. Quenching is not a problem in
that region.

Therefore, laser tuned to the resonance frequency of the absorption lines can
excite resonance fluorescence from these atoms and ions.

I.IH EE

hv hv = EE - E1

e ara = A
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Fluorescence Form of Lidar Equation

d The lidar equation in fluorescence form is given by

(AR =[‘D L ﬁf" l(r:r,_,ﬁ(l,R)nf(:{)RB(.&)ﬁR) A ](Tf(:«,,R)Tf(:«,,R)](u(A)G(R))+NB

il,l'll ; L JTR /

=

 Here, T(R) is the fransmission caused by the constituent absorption.

’]C(R) B exp(_f‘gbnmm Uﬁﬂ (}I”"'r’)”f'(f)dr') N exp(_fg};mmm ﬂc(}u,f')d r')

 Here, a(i,R) is the extinction coefficient caused by the absorption.

CIC()L ,R) = Ueﬁ'()" ,R)Hc (R)
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Backscatter Cross-Section Comparison

Physical Process

Backscatter
Cross-Section

Mechanism

Mie (Aerosol) Scattering

10-8 - 10-19 em?sr-!

Two-photon process

Elastic scattering, instantaneous

Eesonance Fluorescence

10-13 cm?sr-!

Two single-photon process (absorption
and spontaneous emission)

Delayed (radiative lifetime)

Molecular Absorption

10-1% cm?sr-!

Single-photon process

Fluorescence from
molecule, liquid, solid

10-1* em?sr!

Two single-photon process
Inelastic scattering, delayed (lifetime)

Rayleigh Scattering

10-27 em?sr-!

Two-photon process
Elastic scattering, instantaneous

Raman Scattering

10-3% cm?sr-!

Two-photon process
Inelastic scattering, instantaneous
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(5) Doppler Shift and Broadening

J Doppler Technique - Doppler linewidth broadening and
Doppler frequency shift are temperature-dependent and
wind-dependent, respectively (applying to both Na, K, Fe
resonance fluorescence and molecular scattering)

12

"m”)

[

o
©
x o
{

15) — =50 m's
|. Ns':fg] ” |T|."l‘i.
+30 m/s

o
T

@

Absomplion cross-section (<107 %md)

Absorption Cross—Section (510
=

N A

00 — (0D 0 [CH0) 20000

bd =
o

P T 2000 1000 o 1000 2000 - Frequency Offset (MHz)
a Frequency offset (MHz)
| 1 17 !
wy [kgT 1 kT veost
Oy = —2a| B = — -2 Aw=w-wy=-k vV =-w,
M L\ M c
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(6) Boltzmann Distribution

. Boltzmann distribution is the law of particle population
distribution according to energy levels

N )
2 3z E, % = 82 exp|—(E, - Ey) [k, T}
AE LSl
N, g, c l’
! - AE/k
Ny & exp(—E} /kpT) B 2 N,
N Y gexp(-E, [kyT) 1“(:1N—2)

N, and N, - particle populations on energy levels E, and E,
g, and g, - degeneracy for energy levels E, and E,, AE = E, - E|
k, - Boltzmann constant, T - Temperature, N - total population

Population Ratio = Temperature
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Fe Boltzmann temperature lidar

By measuring the Fe signal level at the two wavelengths, one can
derive the temperature provided that the ratios of the
extinction and the effective backscatter cross sections are

known.
T(s) — AE kg
) In g2 Fpany | 3"'~3H"'| T RE2)R,
| &1 Hparz |\ Aama/ Rz) |
B 598 .44 )
 Jor22iRr AR | T
R{z)
Where
B _ Elhagg. =)
Fel2) = E(haza, 2)

":re-t't'{ 3"-31--4, T. ":rLST-'d.}

Teplhgre. T, Oraze)

(=g
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Solutions of Some Lidar Equations

J Solution for scattering form lidar equation
- Solution for fluorescence form lidar equation
J Solution for differential absorption lidar equation

J Solution for resonance fluorescence lidar

41



Solution for
Scattering Form Lidar Equation

J Scattering form lidar equation

P (k)AL

Ng(h.R) =

[BCh.ip .RAR]: ;—t] [TO TR [k DGR+ Ny

;Tl’."..' "ﬁ"f_.

1 Solution for scattering form lidar equation

h,FS (}L.., R) - IVB

B(}‘?}"‘L ?R) = l

Py (n )AL (4) .
helhs ]‘Q‘R 22 |70 RTOLR) [ )G(R)]

42



Solution for
Fluorescence Form Lidar Equation

] Fluorescence form lidar equation

PL(:'R.)&F ' . ' A . ) . i
oy ](_a{, f.(h,R).u{.(R)RE(h)ﬂf{)(m)(I'a OLRTZOLR) ((IGR) + Ny

N¢(M.R) = (

[ Solution for fluorescence form lidar equation

N¢(MR)- Ny

n.(R)=
}(geﬁ (MR (}\)&R)( ; ARE J(mh):.*;f (MRT>(MR)G(R)

Py (M)At
he/

TT




Differential Absorption/Scattering Form

J For the laser with wavelength A, on the molecular
absorption line

- - - A ; — ' /]
hf.’f(hmr ’R) = NL (""”r;rI)[B.m'L're ("h“.rm ’R)&R](E)exp[_zf{f u(h”ﬂ r )df |

< XD =2 Oy I (F)lr [, YGR)]+ N

 For the laser with wavelength A ¢ off the molecular
absorption line

- A — e " [
N (hogy oB) = Ny (g Bocalog ,R)afe](?)exp[-z [EG Oy r)dr ]

X exp[—Zf{fU{,;}_,.(hqﬂ- ,r')nﬁ.(r’)a"f"][n(}x,qﬂ.)G(R)] + Np
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Differential Absorption/Scattering Form

 The ratio of photon counts from these two channels is a
function of the differential absorption and scattering:

N.S'(}".w'e ER)_NH — NL(}"U:I)E’H.'{;(}“rm ’R) T](?\‘m?)
NS(}“Uﬂ ,R) - NB Ni(hrﬂ')l?).w.'ﬂ(}“rﬂ' ,R) T](}'”-ffﬂﬂ)

% exp{—i [E[@0 Y =Ty ,r’)]dr’}

X BXP{—ZIS‘E -Gah.s'(}"rm vrr) - Uab.\'(}\‘qﬂ' J_!):I”{.(rr}drr}

Ao = Gﬂb.&'()"(m ) = Ua!).ﬁ'()bf?ﬂ )




Solution for
Differential Absorption Lidar Equation

J Solution for differential absorption lidar equation

n J'VL(}‘HH)B.&'LH(}'WH '-'R) T](}"rm)
NTL (}"qj_‘j'" )B.ﬁ'cu(}'”r} i ?R) 1]('}\. fg,!',i")

—1n ﬁ'l"rl{.’(f O R) J'VB
Ng(hpyR)=Np

- 2.‘4{?[5(}“”” ,F’I) - a(}‘uﬂ' =rf)]fh‘|r

1 d
ne(R) = 2£GE

Ao = Uah.i'()bou) - Gﬂb.&'(}"oﬂ')
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Solution for
Resonance Fluorescence Lidar Equation

J Resonance fluorescence and Rayleigh lidar equations

Ng(h.2) = [ d i;i‘; ff" J(gﬁﬁ-(;.;_)uc(;_)RB(,:H) ﬂ.z_)( o ](Tf(A)TE(ﬁ.,:)]{r;(ﬁ.)(;(z))+ Ng

x‘q-ﬂ.-f__’

| A

e J(UR(H,?L)HR(ER)M)[ 2 )?;ej(i*ER)(”{}')G(ER)) +INp

Nr(A.z =( .
RUA-ZR) . he/A

-

<R
J Rayleigh normalization
n.(z)  Ng(4.2)-Np _32 _Amog(m,A) T, 2)Gtzg)
np(zr) Np(A.zp)-Np 3!-&'2 Ou (A.2)Rp(A) XI{TZ(;:)TE(;":)G@)

] Solution for resonance fluorescence

Ng(Az)-Np 22 4dzop(x) 1

Ng(A.zg)=Np .7 O (A2Rg(A) T2(A.z2)

n.(z)=ng(zg)
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Solution for
Rayleigh and Mie Lidars

J Rayleigh and Mie (middle atmos) lidar equations

Ng(A.z) = ( Fiii:lﬁ{ ]{.ﬁﬁ‘{:) + ﬁ:wmmf(i))-ﬁ-:(j—‘;]ﬂ,gz (l,z}(?’.-'(}u)(}(:)] +Npg
Pr (A)A | A |
Np(A.zg) =( ‘;}i ;L r](.ﬁR(ER)ﬁ:_][ d 3 ]}'&2(f’m’iﬁ)(ll(ﬂ)(}(ﬁﬁ))JrNB
iR .

1 Rayleigh normalization

ﬁR{‘Z)-'_'BﬂEFU.‘Wf(‘Z)= NS(‘;'HE)_NB . ‘:2 fm)@(\fﬁj
Br(zg) Ng(Azg)=Np 7.° %)ﬁfﬁl_

] For Rayleigh scattering at z and z;

Pr(z) _ oR ()44, (2) _ N gm (2)
Br(zr)  OoR(GZR)Num (ZR) Ny (ZR)
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Solution (Continued)

1 Solution for Mie scattering in middle atmosphere

NS'(-;HZ)_NH N ”umr(z)
- ” _
NH(A:EH)—NH Ip- ”mm(%f{)

JB(:EJ'U.&':’H’ (z)= ﬁH (EH)

_ -2 Pg) 1 -1 -1
Br(hzp.m) =2.938 x10 ?‘(:i)'ﬂ-ﬂm (m 7 )

J Rayleigh normalization when aerosols not present
Br(z) _ Ns(hO=-Np 2% T (hzp)Glzg)
Br(zg) Np(i.zg)=Np z,° %56‘65.1__

-l Solution for relative number density in Rayleigh lidar

M (2) _ fr(2) _ Ng(2.2)=Np .
Nam(ZR)  Pr(zg) Ng(A.zp)-Np R~

RND(z) =

49



Review of Lidar Architecture

o Basic Lidar Architecture
- Configurations vs. Arrangements

J Lidar Classifications
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Physical Picture in Lidar Equation

B, hp,6,R)- AR|
Interaction between radiation and objects

T(7..R)

Radiation Propagation
Through Medium

T(LR}I
Signal Propagation
Through Medium

(A4 )G(R)

T Transmitter Receiver A
L.7L7} | (Radiation Source) (Detector) R*

System Control &
Data Acquisition

'

Data Analysis
& Interpretation
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Basic Architecture of LIDAR

- Receiver
Transmitter a . .
(Light Source) (Llight Collection

s . & Detection)
rFs

Data Acquisition
& Control System

Transmitter (laser pulses that meet some requirements): wavelength,
frequency accuracy, bandwidth, pulse duration time, pulse energy, repetition

rate, divergence angle, etc
Receiver (receiver is to collect and detect returned photon signals while compressing

background noise): it consists of telescopes, filters, collimating optics, photon
detectors, discriminators, etc.

Data acquisition and control system (record returned data and corresponding
time-offlight, provide system control and coordination fo transmitter and
receiver.): it usually consists of multi-channel scaler which has very precise clock so
can record time precisely, discriminator, computer and software.

52



Basic Configurations of LIDAR
Bistatic and Monostatic

’; i —J Az

R=c-At/2 i
3 5
JE Pulsed I A

Laser

Transmitter Receiver

Monostatic Configuration

Bistatic Configuration -



Monostatic Configuration Example

LASER OUTPUT

MONITOR
\ OUTPUT OPTICS

:’E_ LASER PROBE BEAN

RECEIVER
RETURN RADIATION
oPTICS \\ FROM TARGET
SPECTRUM / ——_TA
ANALYSER PROCESSOR
PHOTODETECTOR @

/ \DISPmY

REFERENCE FROM
LASER MONITOR MONITOR
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Coaxial vs. Biaxial Arrangements

J In a coaxial system, the axis of the laser beam
is coincident with the axis of the receiver optics.

- In the biaxial arrangement, the laser beam only
enters the field of view of the receiver optics
beyond some predetermined range.

J Biaxial arrangement helps avoiding near-field
backscattered radiation saturating photo-detector.

J The near-field backscattering problem in a
coaxial system can be overcome by either gating
of the photo-detector or use of a fast shutter or
chopper.
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Example of Biaxial Arrangement

Lidar Transmitter

Beam
Expander

Lasers -

Y

Modulation Device

Frequency Shift/

|

Energy/Power Meter

Frequency
Reference

Fast Photo Diode

Temporal Detection

Wavelength
Frequency

—{Spatial Beam Profiler

Control

Spectrum Analyzer

Trigger

Data Acquisition and System Control
Computer + Trigger Box
Control/Triggering/Monitoring

\d

Field Stop
Chopper

T

Collimating
Optics
¥
Filters
v
Photo
Detector
v
Amplifier
v

Discriminator

|

Multi-Channel
Scalers
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Example of Coaxial Arrangement

Lidar Transmitter

Beam
Expander

Frequency Shift/

Lasers

Y

Y

" | Modulation Device

— Energy/Power Meter

Frequency
Reference

Fast Photo Diode
Temporal Detection

Wavelength
Frequency
Control

—{Spatial Beam Profiler

Spectrum Analyzer

Trigger

Data Acquisition and System Control

Computer + Trigger Box
Control/Triggering/Monitoring

~__ Field Stop

‘——|—' Chopper

Collimating
Optics
¥
Filters
¥
Photo
Detector
v
Amplifier
]

Discriminator

Y

Multi—C-hanneI
Scalers
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Classifications of Lidar

There are several different classifications on lidars
e.g., based on the physical process;
(Mie, Rayleigh, Raman, Res. Fluorescence, ...)
based on the platform;
(Groundbased, Airborne, Spaceborne, ...)
based on the detection region;
(Atmosphere, Ocean, Solid Earth, Space, ...)
based on the emphasis of signal type;
(Ranging, Scattering, ...)
based on the topics to detect;
(Aerosol, Constituent, Temp, Wind, Target, ...)



Classification

on Physical Process

Objective

Physical Process Device
Elastic Scattering .y
> Mie Lid
by Aerosols and Clouds et
Absorption by DIAL

Atoms and Molecules

Inelastic Scattering

Y

Aerosols, Clouds:
Geometry, Thickness

Gaseous Pollutants |

Ozone |

Raman Lidar

Humidity {H:(}]

Elastic Scattering
By Air Molecules

Aerosols, Clouds:
Optical Density

Resonance Scattering/
Fluorescence By Atoms

Rayleigh Lidar

<

Temperature in
Lower Atmosphere

™\

Resonance
Fluorescence
Lidar

Stratos & NMesos
Density & Temp

¥

Temperature, Wind
Density., Clouds
in Mid-Upper Atmos

Doppler Shift

Laser Induced Fluorescence

Y

Y

Wind Lidar

Y

Wind, Turbulence

Reflection from Surfaces

Fluorescence Lidar

r

Marine, Vegetation

Target Lidar
Laser Altimeter

Y

Topography, Target
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Classification on Platform

Spaceborne lidar

Airborne lidar

Groundbased lidar

Shipborne lidar

Submarine lidar

Satellite,
Space Shuttle.
Space Station

Jet, Propeller Airplanes
Unmanned Aerial Vehicle (UAV)
Kite

Stationary
Contanerized moved with ftruck

Icebreaker, Ships

Submarine
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Classification on Detection Regions

Atmosphere lidar

Hydrosphere lidar

Solid Earth lidar

Target lidar

Various types
From various platforms

Various types
From various platforms

Airborne or Spaceborne
Laser altimeter

Various type

With or without
Imaging function
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LIDAR 1 & 2

Taieb Gasmi
College of Science & Engineering
Saint Louis University in Spain

International Centre for Theoretical Physics (ICTP)

International College on Optics in Environmental Science
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LIDAR 2: Classes of LIDARS

H WN =

Temperature LIDAR
Wind LIDAR (review)
Aerosol LIDAR
Constituent LIDAR
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Temperature Measurement LIDAR

Use temperature-dependent effects or phenomena

1 Doppler Technique - Doppler broadening (not only for Na,
K, and Fe, but also for Rayleigh scattering, as long as
Doppler broadening dominate and can be detected)

populations on different energy levels (not only for Fe, but
also for molecular spectroscopy in optical remote sensing)

[ Integration Technique (Rayleigh or Raman) - integration
lidar technique using ideal gas law and assuming hydrostatic
equilibrium (not only for modern lidar, but also for cw
searchlight and rocket falling sphere - some way to
measure atmosphere number density)

J Rotational Raman Technique - temperature dependence
of population ratio, similar to Boltzmann technique
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Boltzmann Distribution

. Boltzmann distribution is the law of particle population
distribution according to energy levels

N )
2 3z E, % = 82 exp|—(E, - Ey) [k, T}
AE LSl
N, g, c l’
! - AE/k
Ny & exp(—E} /kpT) B 2 N,
N Y gexp(-E, [kyT) 1“(:1N—2)

N, and N, - particle populations on energy levels E, and E,
g, and g, - degeneracy for energy levels E, and E,, AE = E, - E|
k, - Boltzmann constant, T - Temperature, N - total population

Population Ratio = Temperature
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Temperature Measurement Principle
of the Fe Boltzmann Lidar Technique

There are four natural isotopes of Fe atoms: >4Fe, %Fe, >’Fe and %8Fe.
Among them %¢Fe is the most abundant isotope with natural abundance of
91.754%. The isotopic data of Fe atoms are summarized in the following

table.
e R R O

Z 26 26 26
A 54 56 58
Nuclear spin 0 0 0
Natural abundance 5.845% 91.754% 0.282%
Table 5.4 Fe Resonance Line Parameters
Transition wavelength A 372.0993 nm 373.8194 nm
Degeneracy for ground state g1=9 go=T
Degeneracy for excited state g =11 g9/ =9
Radiative lifetime of excited state (ns) 61.0 63.6
Einstein coefficient Ay; (10% s 1) 0.163 0.142
Oscillator strength fi\ 0.0413 0.0382
Branching ratio Ry 0.9959 0.9079
oo (107 m?) 9.4 8.7
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E

J'=1 27666.346 cm™’
J'=2 27559.581 cm!
25F0 J'=3 27394.688 cm™’
3dPasdp i J=4 27166.819cm™’
7y J'=5 26874549 cm!
“372nm|  [374nm-. 3388 nm
£.100% N% = . 9%
-0 978.072cm’
J=1 888.129 cm™'
J=2 704004 cm™’
aSD o :
3df452 = X = J=3 415932 cm!
- AE=416cm™" [
r y X J=4 0.000 cm™!

-The isotope shifts of >*Fe, ’Fe and °8Fe with respect to °°FE are ~ 1 Ghz for the
two resonance lines 372 nm and 374 nm.

- Energy difference between the lowest ground states is about 416 cm! which is
almost 1,25 x10* GHz, which means that the contribution of these isotope shifts
(°*Fe, %’Fe and ®8Fe) to the Boltzmann factor (exp(-AE/KyT) is negligible (less
than 1x10-4).

- The Fe Boltzmann temperature Lidar relies on the unique energy level
distribution diagram of the ground state manifold of Fe atom. In thermodynamic
equilibrium, the ratio of the populations in the J=3 and J=4 sublevels in the ground
state manifold is given by Maxwell-Boltzamnn distribution law.
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Boltzmann Technique

I
},:i Maxwell-Boltzmann Distribution
;Fu J':3 in Thermal-dynamic Equilibrinm
7 =
6 452 J'=4
3 4841) ? ( ; | = Pﬂr—" = jj Preczza 5
K ) S o Vo paoy” -===exp(-AE[kT)
- - o = ) e 177 ! 4
Ci 72nm 374mni~,  >368nm j Cresra 81
€ 100% 91% g > 9%
>
P < S AE /K,
/:) {ﬁ“- J_ T -
> < J=1 g b
< < ———, J=2 In —
a’D > f c/i; - g, I,
3d°4s7 O D R
) i J=4 P,, P, -- Fe populations

) 2., 8, -- Degeneracy
Atomic Fe Energy Level kg -- Boltzmann constant

[Gelbwachs, 1994; Chu et al., 2002] T -- Temperature

p(372) and p(374) are the associated number desities. AE is the energy

difference between the two level= 416 cml. Subscripts 372 and 374 refers to

the excitation wavelengths of the two transitions.
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The Fe densities at those two states can be measured using resonance
fluorescence lidar technique.

The Fe photon count is therefore given by the lidar equation:

. [PLAT. .. N\ L
Nre(A.2) = (2="2E(\,2) Joer(. T, 01.)Rpa pre(A, 2)
he/A
,_ AR
xAz( EX,2)Ta 51 (5.92)

- Z is the altitude; P_ laser power; AT temporal resolution; AZ is the vertical
resolution; T, is the lower transmitance of the atmosphere; E(A.z) is the
extinction coefficient of the signal associated with the Fe absorption;
O.¢¢(A, T,0,) is the effective scattering cross-section; Ry is the branching
ratio.

- The system uses two separate lasers because of the two Fe lines which are
far apart in A to be tuned easily with a single laser.

- To compensate for the signal variations in each of these systems, number
densities of Fe layers at each wavelength are normalized by the Rayleigh
count (Np) over an altitude range of 50 Km.

P, (7)A A

he/ A

‘Mff{‘;‘"“:ff] [ LUH(.-T f}?TR{ H}ﬂk i

Tﬂ (hzp)n(A)G(zp)) 70
\ *R _



The Rayleigh-normalized background-corrected Fe signal count is hence defined:

~ Npo(A.z2) +Np(A.2) = Ng(A)

N (h.2) = #,L ;z\JJr BF ;ZJN ﬂBUE
Ng(A,2g) +Np(A,zr) — Np(A)

EIQ{EZ ("\ : Z)RB;\HEH(AT T? (TLJPFE ("\ *3)

EZ(IR (j)l)ﬂatmnﬂ [ER)

N”B(A) is the estimated background noise count.

The Fe densities p(372) and p(374) at each wavelength can be derived from
the last equation.

The ratio of the normalised signal counts at two wavelengths (Ry) can be related
to the temperature as follows:
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AEkg

T(z) =
VT 40117 p2
In |82 Rp374 (3374) "R%.(2)R,
g1 Rp3rz2 \A372 Rr(z)
Nnorm{,f’\‘j’?d-z]
Br(z) " Nuorm(Aa72, 2) _ Oeff (Ag74. T, 01,374)
_ 82 Rr3ua (@)ri.ml?Ezu:m-z} " Oer(Azre, T on372)
g1 Rpaze \Agge E?(Ag72.2) EO\ ‘
Teff(A374. T, O1.374) AT (2) — “(A374,2)
Terf(Az72. T oL372) exp(~ABksT) hglz) = E(Agq9.2)
At 200 K, (372nm) Fe signal is ~ _ 598.44K
30 times stronger than (374nm) 0.722 1R§{3)Rﬁ
Fe signal so Ry ~ 1/30. So the final In -
. Rr(z)
result is:

Thus, by measuring the Fe signal level at
the two wavelengths and computing RT7(z),
one can derive the temperature,

provided that the ratios of the extinction
and the effective backscatter cross
sections are known.
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Fig. 6. (a) Temperature profiles measured by Fe Boltzmann tem-

perature lidar over the North Pole on 21 June 1999 and over the
South Pole on 24 December 2000 and 29 December 2000 along with
MSISE-() model data for 21 June 1999 at the North Pole. (b) The
3TZ2-nm ground-state Fe density profiles corresponding to the tem-
perature profiles plotted in Fig. 6{a).
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AE kg
Fag I:"F-a'[3 TE]
gl F'FE{ETLI']

In

Pr.372 and pFe374 are the associated
Fe number densities, AE is the
energy difference between the two
levels
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Uptleal
Filtser

T4iam CW |1
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|
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Reeiiver
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rm'.l‘|_

Recelver
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FMT
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Data Acquisition System

Spectram . -
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== Computer
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Diagram of Univ. of Illinois Fe Boltzmann Temperature Lidar System
J.Appl. Opt. 41, 2002.
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Fe Boltzmann Lidar Schematic

Lidar Transmitter

Omptical

T48nm CW

—|

Fiber 374nm 374nm
748nm Pulsed LBOM~ #1 Beam
Seeder Laser| [Alexandrite Laser Expander i

adoasapa .

Receiver

Wavelength

Control

l

Spectrum
Diagnostics

Oprical 1

Tddnm CW
Seeder Laser

1 Fiber

Receiver
Chain

T44nm Pulsed
Alexandrite Laser

372Inm 372Znm i
# 2 Beam
Expander

adoasaja

Receiver

Multichannel
Scaler # 1

Discriminator| |

#1

Multichannel
Scaler # 2

Discriminator

#2

Data Acquisition System

J Based on injection-seeded, frequency-doubled, pulse
Alexandrite laser systems (372 and 374 nm output)
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Fe Lidar Seeder Laser System

Seeder Laser Structure and Wavelength Control

Seeder Laser Head |
Optical
PR ., Fiber
N lolator |

. Interference
Field Filter
Stop .

A
Collimating

Lens
Chopper

Fabry-Ierot
Etalon
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Aerosol Lidar

Motivations to Study Aerosols

Atmospheric aerosols play an important role in many atmospheric processes:

- Aerosols have appreciable influence on the Earth's radiation budget, air quality
and visibility, clouds, precipitation, and chemical processes in the troposphere
and stratosphere.

Their occurrence, residence time, physical properties, chemical composition as
well as the resulting climate-relevant optical properties are subject to large
diversity especially in the troposphere because of their widely different
sources and meteorological processes.

Therefore, vertically resolved measurements of physical and optical properties
of particles such as the mean particle size, and the volume extinction
coefficient are of great interest.

Routine (long-term), range-resolved observations of these parameters can only
be carried out with lidar.
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(3) Aerosol LIDAR:
Elastic-Scattering, Raman, HSRL

Elastic-Scattering for Lower Atmos

J Lidar equation for elastic backscatter by air molecules and aerosols

O(R) - overlap between laser and FOV
p(R) - backscatter coefficient (km-lsr-!)

PCR) = 221 O(R) B(R) e:i;p{—ﬂ I a(r}dr]
i3 a(R) - extinction coefficient (km-1)

J Backscatter and extinction are contributed by aerosols and molecules

DB(R) = ﬁuer(R} + ﬁr.rrn.!'{:R)
a(R) = aceer{:Rj + anur!{:R)

Index aer refer to aerosol particles
Index mol refer to air molecules

 Combining above equations, we obtain

P( R) Hz = E‘DI?L[,S(IEP'(H) + ﬁmn!(R)] EKP[_Z f: [HEIE’F(F) + {Imﬂf{f‘)]fﬁ"

Note: backscatter is local effect while extinction is integrated effect

1 Recall the Rayleigh scattering from air molecules . ,(R) can be
determined from atmosphere temperature and pressure

. : 32 P(zgp) 1
ﬁnm!(j“:-»ﬁ‘} =2938 %10 T(:R) }Lii-_ﬂllT

zp is altitude for range R
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In general, both the volume extinction coefficient a and backscattering
coefficient By are unknown. it is therefore necessary to assume some kind of
relation between the extinction a and the backscattering coefficient B+
(extinction-to-backscattering ratio). where the volume backscaterring
coefficient is B=p/41 (m1.5r1)

Extinction-to-backscattering ratio:
Let S(R)= Ln[R2.P(R)] and let S(Ro) be the signal at the reference range R, we

have: S(R) -S(RO)= Ln[B(RY/B(R)1-2 [, .
In differential form:

dS(R)/d(R)=1/B(R).dB(R)/dR - 2a(R)

Slope method of inversion: assumes that the scatterers are homogeneously
Distributed along the lidar path so dB3(R)/dR ~0

Thus dS/dR = 2a(R) is estimated from the slope of the plot S vs. R
Limitations: applicable for a homogeneous path only.
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Lidar Detection of Aerosols/Clouds

- Aerosols and clouds are shown as distinct peaks above the Rayleigh
scattering background in range-resolved lidar profiles.

- The common way to detect aerosols and clouds is to use elastic
scattering lidar with Rayleigh and Mie scattering detection capability.

d Virtually this can be done by any lidars that receive scattering
signals, including resonance fluorescence, DIAL, Raman, Rayleigh, & Mie.

P50 Backscaller Halio al Rothara [07M16H03] 1130 UT - 1430 UT

Altitude (km)
]
S

“;E:;—: [Chuetal, GRL.2001] | L{ PSC |
= Pmc 1 },7?

1 ({//

. i, F 3 4 5
Volume backscatter coefficient f (10~ mlsr™h) Backscatier Rati Biz)

Polar m?SGSPhE’“iC clouds Polar stratospheric clouds
Noctilucent clouds
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Polarization Lidar Detection

 Backscattering from a spherical particle does not change the
polarization, but the non-spherical particle changes the polarization.
Thus, by monitoring the polarization status of the scattered light,
information on the shape of the aerosol particles can be obtained.

L - TAG
kredi
| ﬂ -
o

Calkr SRHAA nonin

T ————
E22 i igraen | bo strecepbens
L

J Depolarization is defined by

1BM disi-compaibls
TGO

.Lll.ul..“i--u_ |

Dol

100 - ch
Wil Sl
digizer

mroq BT
ireaktimes dieplayi

aisitsagilianibaraslasisvoeialasrsisras

Cepolarization ratio (3] at 332 nm
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(2) Wind Lidar

Motivations for Wind Measurements

Global atmospheric wind profiles from ground to 120 km are
important for validation of the output of global atmosphere
models, and for study of the atmosphere dynamics, as wave
information can be inferred from the wind measurements.

Wind/velocity measurements have much more applications in
industry, environment, and defense business. For example,
(1) Aircraft true airspeed, aircraft wake vortices

(2) Clear air turbulence, wind shear, gust fronts

(3) Air pollution monitoring

(4) Vibration of objects

(5) Laboratory, machine shop, production facility, wind tunnel
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Techniques for Wind Measurements
Use wind-dependent effects or use definition of wind

] Direct Motion Detection Technique: - dr (1)

(using the definition of velocity ) D

(1) Tracking aerosol/cloud motions
(2) Laser Time-of-Flight Velocimetry
(3) Laser Doppler Velocimetry

J For non-resonant scattering
J The Doppler frequency shift is given by

Aw

=, —; =—(k; "V —kyV,)

scattering

1 Therefore, for forward scattering, k-: ﬁk.l Vo=V, S0Aw =0

- For backward scattering, ks ﬁ_k'l ,1,}2 =~ ‘;1= o) ﬁm=—2k-1 vy
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(4) Constituent Lidar

- Motivations to study atmosphere constituents
- Lidar detection of atmospheric constituents
(spectroscopic signatures to distinguish species)
- Metal atoms by resonance fluorescence lidar
-l DIAL detection of molecules and pollutant

(DIAL Equation and Solution)
-l Raman Lidar detection of molecules and pollutant

(Raman Equation and Solution)
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Motivations to Study Constituents

- Atmospheric constituents are referred to the frace gases that occur in
relatively small but sometimes highly variable concentrations. In our class,
constituents mean the atomic or molecular trace gases in the atmosphere,

exr:luding aerosols and clouds.
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Table 4.1

Abzorption Cross Section of Pollutant Gases at

Wavelengths Suitable for DIAL Measurement in the Troposphere

L ]
Absorption

wa we cnze Pollutant Gases in
Maolecule Wavelength (Examples) {10 ¥ em®)
Nitric oxide, NO 226.8 nm Diye 4.6
Earth Atmosphere
Mercury, Hg 253 66nm  Dye 33 = 10?
Toluene, C;Hg 266.9nm Dve, Ti:Sa 28
Ozone, O, 266.0 nm Dye, NdYAG-IV 9.49

288.0nm Raman D 1.59
2990 nm Raman H. 042
Formaldehyvde, CHO 286.5 nm Dye, Ti:Sa 0L.068 . H | H
Sulfur disxide, SO 3000 nm Diye, Ti:Sa 1.3 ND.I-E" fhe absorpflon Cross SEC.I-IOHS
Chlorine, Cls 3300 nm Dye, Xel'l 0.26
- Baman cdl of molecules are about 6 orders of

Mitrous acid, HONO 354.0nm Diye, Ti:5a .50 H
Nitrogen dioxida, NO, 448.1nm  Dye 0.69 magni tude smaller than the metal
Methane, CH, 3270 um QPO 2.0

2,897 pm 0.6 atoms such as Na, Fe, K .
Propane, CiHg 3.391 pm OQOFO 0.8
Hydrogen chloride, HCL 3.636 um DF, OPO 020
Methane, CH, 3. T15am  DF, 0P LRI
Sulfur dioxide, 30, 4.984 um DF, OPOD .42 . e
farbon menoxida, CO 4708 um  C0, 2.8 Table 4.1 Absorption Cross Section of Pollutant Gases
i " 4,776 pum - 0.8 at Wavelengths Suitable for DIAL Measurement in the
Mitric oxide, N 5215 pum €O 06T .

5.263um CO, e Troposphere—(Continued)
Propyvlens, CsHg G.06% um  CO .09 Abs .
1,3-Butadiene, C,H, 6215 um CO 0.27 : BEOrplion
Nitrogen dioxide, NO, 6.220 um €O 2.68 Typical Laser Cross Section
Sulfur dioxide, S0: 8024 pm OO 26  Molecule Wavelength  (Examples) (10 '"em®)
Freon-11, COL P 8261 pm  COy 1.09 -
Oreone, Oy 8606 um CO, 0.45 Trichloroethylene, C:HCI, 10.591 wm 0, 0.49
o . R ﬂ-?ﬁ#m o H‘:;_ 1,2-Dichloroethane, CoH,Cl, 10,591 pm OO, 0.02
e i b S S i e Ly Hydrazine, NoH 10.612um OOy 0.18
Benzene, CaHyg 9,621 um  CO; 0,07 S ¥ . K s -
MMH, CHyN.H, 10,182 um €O nog  vinyl chloride, CoH,Cl 10.612um  CO, 0.33
Ethyl mercaptan, CoHaSH 10208 um  CO. o2 UDMH, (CHyN.H. 10,656 m COy 0.08
Chloroprene, CyHaCl _ 10,261 pm COx (34 Fluorocarbon-12, CCl.F. 10.718 pm 0, 1.33
Manpehlorocthon, CRFEREL H275un. 00, 012 Perchloroethylene, C2Cl, 10.742pm  CO, 0.18
Ammonia, NI, 10333 pm  COy 1.0 7
Ethylene, C,H, 10.533 um €O, L19 1-Butene, CyHg 10,787 wm co, .13
Sulfur hexafluoride, SFs 10.551 um  CO. ao.s  Perchloroethylene, CoCl, 10834 um  CO, 1.14




Differential Absorption Lidar

- For the molecular species to be detected by DIAL, usually they have
strong absorption, however, nearly none resonance fluorescence due to
strong relaxation processes other than fluorescence (e.g., frequent
collisions with surrounding atmosphere molecules can make molecules
decay from excited states to ground state without giving fluorescence).

= Thus, in the lidar equation for DIAL, the influence of molecular
species is in the extinction (atmosphere transmission) part, not in the
backscatter part. In other words, the molecular absorption contributes
to the extinction of light when incident light and scattered light
propagate through atmosphere, while the return signals are from the
scattering of laser light by air molecules and aerosols.

o)
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lllustration of the DIAL Concept

Wind
Gascous plume

Emission T e
SOUrCe T A

= 7 Back-scattered
* 7 light

Telescopse

Detector

Case I: DIAL Elastic scattering from diffuse reflector (Mie & Rayleigh Scattering)

Elastic scattering is when the scattering frequency is the same as the frequency
of the incident light (e.g.,Rayleigh scattering and Mie scattering)

1 | d P (Ao, R) B(As R) _ _
N (R) [ {M{——————}—M{7RZ;E7}}+K(%ﬁJQ—K(LNR)

“2A0|dR ]| P(4,R)

Where

D-{l:] -

I ﬁ'ﬁ = GI.EI'I - D-uIT
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Case |I: Elastic scattering from a topographical target

IRTN(R)dR:L{ln{E(%ﬁ,RT)}mOﬁ,R)_E(/,L,R)
° 2N E(4,,R;)
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Lidar Equation for DIAL

J DIAL lidar equation

x exXp

I
_gf
0

IT?(‘J”’R:] - "ri("‘*)[ﬁxm:m'(ﬁ‘*R)ﬂ‘R]l F

ga.f;-_-.'lz-}"rr]”f'(f]

R
Exp[—ﬂ [ S @ r)dr

fffl[u(ﬁ.)(;(m] + Py

Extinction caused by interested constituent absorption

Extinction caused by other molecules and aerosols

J Compared to resonance fluorescence, the main difference in DIAL is
that the backscatter coefficient is from the elastic-scattering from air
molecules and aerosols, not from the fluorescence of interested molecules.

ﬁ.‘if.'f:!w.l'(}"=ﬁ) = ﬁfmr(j*e-'tﬂ + ﬁmrn’(‘}"'-H)

J The parameter in the DIAL equation

ﬂ_(-‘]'-f] =ﬁuer("’-" a-’-) + nm.l'(j"er) + 0 l:f]l"-.r)”fﬂ (IJI
T

Aerosol Extinction Air Molecule Extinction Interference gas absorption
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DIAL Equation Cont'd

J Notice that the constituent information is already included in the
extinction part. If the lidar parameters and aerosol/air molecule
backscatter and extinction are known, we can derive the constituent
number density from the lidar equation directly.

J Unfortunately, most of these parameters are unknown. So the DIAL
technique is to utilize two wavelengths - one tuned to strong molecular
absorption and another one detuned off the absorption line. Thus, most of
the parameters can be cancelled or estimated to a much better degree,
allowing the constituent information to be derived more truthfully.

Hﬁ'(}“ﬂ?\r 3 H:' = F.[. (‘J'ﬂ;"v' )[(ﬁﬂﬁ (‘J"OJ"'." : Rj + Jﬂmﬂfl::‘ﬁﬂ."'u' FH))M]L% exp’_gfﬂﬁ {ﬂ'uer{"iﬂ.“u' J) + ﬂ'mﬂfi‘ﬁﬂ.“-’ ,J":ijlﬂ‘lil"

R I - -
s exp’—ifn O (Apy -rn mdrlexpl—i I . O Ay TIH, {r)ﬂ’rhn(fﬂw G H}:| + Py

apl A & : :
Ps(hopr .R)=Fy {}“{J!-'F}[(-Baﬂ'(’;lbﬂ!-'f-' R+ Bt (orr . R:'-}MI{FJEKP[_ZJ‘D (Caer (Aopp 1)+ ot (Ao 1) )dr
\

x expl—if; O (Aopr rIngd r']exp[—lf; O b (Aopr 1 In:(r)d F'kl’](}wﬁ')ﬂ(ﬁ}] +1y
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Solution for DIAL Equations

] To derive solution for DIAL equations, we take the ratio between the
ON and OFF wavelength equations and take the logarithm of the ratio:

In ‘F:'{{jﬂ:"r'-R} _FH

Ps(Agpp.R) - Py

=In

FL ()Lfaw ){:'6(!!?' (;”(J.l‘\" R)+ -ﬁmm' [:’JLUJ".-' 3 R})r}('ﬁ"ﬂh’}

P (A ore ) Buer (Porr ) + Bt (Aorr R }}n(':'"ﬂf'}')

_acr:'r (‘:"’U."'u" J-) — ey (‘:."I'JFF J'?}]d."
_a””h!'(j"ﬂ."'n" J'} - arrrm' (":"’UFF }F}]df

TG (Ao 1) =06 (Agpp .1 :?]”,rr;ﬂ'"

_G-:.'.‘J.m [\’P'“{'.J."'n" ,,r:} - H{ffl.'u'{':‘"”f""- }r}]n:_ [:f:ld!'

J Note: several factors have been eliminated from the equation: AR,
A/R2, G(R), as the ON and OFF wavelength laser lights are transmitted
and received through the save transmitter and receiver, so share the

same geometry factor and the same receiver aperture.
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Solution for DIAL Cont'd

 Take the differentiation of the equation, we obtain the number
density of the constituent that we are interested in

]nlpﬂ}»wﬁﬁ) - Pp
Ps(h.on-R) = Pg

n.(R)= 1 4 —1n Pr (hoppM(hoprF)
i Eﬁauh\' dR PL{}"{‘-—'N}T][}"{]N}

i ﬁuw {}"t‘]'_-\" -‘R} + ﬁ'mu." (}"O_-"f !R)

1 [[&“w{}hﬂw R) ~ afmr(}‘ﬂFF'-R}] l -

B ‘ﬁ + [ﬂf?!:?f(}'ﬂz\r’R) _a”r”{(}"{‘]FF:R)]
O abs l

+[o6(hon . R) —0yg {}‘-GFF-R}]”H'}J —

—In ﬁfmr(}»(}.rlr R) + ﬁmu.l'{}"ﬂFF R]]

1 Here, the Ao, is called the differential absorption cross-section

&UHFJ.T ( H) - Uﬂh.ﬁ' ( ’:""ﬂ."'n." ' H) B qu).s'(}'ﬂFF ? H)

= Uu.‘l}.'n { }"’I,'j"l.'r :I - qu)&{}LGFF)




DIAL Solution in Simple Case

d In the case that the ON and OFF wavelengths have small separation,
the laser power, lidar efficiency, aerosol/molecule backscatter
coefficient and extinction coefficient are close to be the same for the
ON and OFF wavelengths. Therefore, terms B-E are zero. Also, assume
there is no interference gas present, so term F is zero. Then we have

Ps(Aorp -R) = Py 1
Ps(Agy .R) - Py J

__1 4]
n‘_.{RJ—zﬁU rjrl.?1]11

abs

 In practice, lidar signals are not recorded or analyzed as continuous
functions, but rather as values in discrete range bins. Thus, the above
solution should be expressed in terms of a range increment AR:

1

Ps(Appp .R+AR) - Fy P (Aon -R) = Fy
Ps(Aon -R+AR) - Py Ps(Agpp.R)— Py

n.(R) =

2A0,;, AR

iths

J Number density average between range R, and R,

1 Ps(Aopp . Ro) =Py Po(Agy .Ry) - Fy
Pi(Aoy -Ra) =Py Ps(Agpp.Ry) - Fy

In
AR

by

n,

- 2A0
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Pulse-Clipper

BS |
Tunable CO2-TEA Laser AN \MZ
F Topographical
Calibration cell ‘ 2 Target

Newtonian Telescope

Schematic diagram of the Dial system:
1) Photo-detection and signal boosting stage, 2) Signal calibration,
3) Signal digitization, 4) Data processing and storage, M2-M3:
Steering mirrors, BS: Beam splitter, 5) Topographical target.
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View of the 3-D scanner
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Detector voltage (mv)

1 2 3 4 5
L ' 1 . I )
10 — — 10
Gain switched spike
3 Wavelength: 10P(20) 3
0 — — 0
1 Nitrogen tail i
-5 —P) — -5
']0 I T ] T | T ']D
1 2 3 4 5
Time (us)
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Detector voltage (mv)

Gas inlet *
S HY

~ 10

lime (ps) H

To vacuum pump

1- Incoming beam is focussed by lens 1 to an intensity very close to
gas breakdown

2- High voltage pulse triggers the breakdown

3- Plasma once generated absorbs the remaining energy of the laser pulse
4- Lens 2 collimates the beam

103



104



105



Characteristics and performance of the CO,-TEA DIAL

Parameters

Specifications

Transmitter

Laser Tunable, pulsed CO,-TEA Lumonics
370XT upgraded at 20 Hz
Pulse width Unclipped pulse: 3.5 ps
Clipped with plasma shutter:<70 ns
Energy 1.2 J (gain-switched spike at P20)

Repetition rate

2-20 Hz

Wavelength

9.210 10.8 pum

Tuning

Scanner computer controlled

Receiver module

Telescope Newtonian ¢=40cm. F=183cm, F#/4.5
Field of view <5 mrad.
Detector EG&G LN cooled: J15-D12

Data acquisition

Computer

PC 3 GHz, 1Gb Ram

Software language

C++

Digitization

Tektronix TDS 540-200 MHz

Interfaces

IEEE-488
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Backscattered signal measured with the ir lidar system.

Logarithmic Amplification of IR LIDAR Return Signal. SNR~300 I
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Atmospheric Ammonia
It is produced by a combination of natural and anthropogenic sources.
Concentration of ambient NH; varies between 3ppb and 10ppb.

Detection and measurement of Ammonia are important:

- Concentration of NHj; is critical parameter in the rates of formation,
transport, fransformation and removal of sulfur and nitrogen oxides.

- Nitrogen aerosols play an important role in the generation of acid rain.

LIDAR Calibration using Ammonia I

= —
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“ | “Calibration
cell
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= e ———u L]
RETROREFLECTOR = TELESCOPE
HOST
COMPUTER. ] R 232 Cable SCANNER
PC — =
ELECTROMNIC
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TELESCOFPE BEATL

= ERETRO BEANL POWEER-SUPPLY
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Ammonia Measurements Near a Corn Field I

a(P30) = 1.1 (atm. cm)?
a(P32) =12 (atm.cm)?

Time variation of LIDAR returns of
10.69-pm P(30) and 10.71- pm P(32)
radiation passing through the tank
and reflected from a topographic
target at a range of 2.7 km after
injecting 0.2 cm3 of 287% aqueous
NH,

NORMALIZED LIDAR RETURNS
o o
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ATMOSPHERIC NH,

ATMOSPHERIC NH,

Ammonia Measurements Near a Corn Field I

CONCENTRATION (ppb)

40 B RS [
3 sogigﬁfﬁief'gﬂm | Single-laser DIAL measurement of
S "l ambient atmospheric NH; using
2 0} 1 9.24-ym R(26) and 9.22-um R(30)
: % 6506°%0° oE CO, laser lines over a 2.7-km range
w 10" < with 26% relative humidity
S o ’
: | . \ . e ]
o TIME &S
40 == =7 o ; T
20k A30LAE) 8 6 REL HUM- 4% 1 DIAL measurement of
k- /ooo" ambient atmospheric NH,

REL. HUM. 54% { o %o, ° | using9.24-pm R(26) and 9.22-
tof- | » 4 pum R(30) CO, laser lines over
ok }of’o"o "o | a2.7-km range showing the
| | | ! effect of a change in relative
010 00 1100 12 00 1.00 2.00 3;0 4_.(1)0 humldlfy from 54 to 41%

TIME
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Ozone and Ozone Layer:

-Ozone is a naturally occurring gas found in the
Earth's atmosphere that absorbs certain
wavelengths of the sun's UV radiation.

-Ozone Layer: around 15-35 Km above the earth's
surface.

-10% of the total ozone is found in the troposphere. Mestsper
-The troposphere contains 90% of the atmosphere
and nearly all the atmosphere’s water vapor.

|onosphere (Aurora)

Tropospheric Ozone:
-the layer between the earth's surface and fitn
tropopause (border between troposphere and B
stratosphere) contains only a fraction of the ozone.
Due to multiple scattering (dust and aerosols) of rays
within this layer, the solar UV is absorbed there
more efficiently than within an equal amount of
stratospheric ozone.

Troposphere

-In spite of this benefit, tropospheric ozone is often referred to as "bad
ozone" or "bad Nearby” because of its adverse effects.
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Ozone In the Troposphere
“Bad Nearby”

VOCs = volatile organic
compounds

NO, = nitrogen oxides




VOCs and NO,, result primarily
from combustion of fossil fuels




Concentration of 0zone (ppb)

Effect of UVB Radiation on the Persistence Time of Ozone I
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Ozone concentration (ppb)

Urban Ozone Measurements

During a Vehicle-Free Day
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Ozone, NOz, NOz*UVB, UVvB

Arbitrary units

Inter-relation between NO,, O;, UVB and NO,*UVB I
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Atmospheric Ethylene as a Hydrocarbon Representative and
its Relation with Ozone
» It is an important urban air pollutant.
> It is emitted as a portion of motor vehicle exhaust
> Plants exhibit symptoms of ethylene toxicity at concentrations
as low as 10 ppb.

Typical effects:

> Reduction of plant growth

» Reduction of flowering and hence fruit production
» Premature aging of plants.

Motivations:

» Study the ethylene-NO,-Ozone inter-correlation on one-day
scale as a function of UV.
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[C,H,] (PPb)
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Ethylene DIAL measurements:

C,H, with 7 ppb-correction and
0zone point monitored
concentration.

C,H, starts at a background
level of 15-20 ppb and reaches
a peak of 80 ppb. Ozone,
showed the same behavior
namely, a slow increase then
reached a maximum at around
15:00 and back to 40-50 ppb
level.
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Summary and Outlook

J Lidar remote sensing is an advanced technology that is not only
replacing conventional sensors in science study, environmental research,
and industry application, but also creating new methods with unique
properties that could not be achieved before.

d Lidar technology has been advanced dramatically in the past 20 years,
owing to the new availability of lasers, detectors, creative people involved,
and the demanding needs from various aspects.

J Potential growing points at this stage include

(1) Solid-state resonance fluorescence lidar for mobile deployment globally
(2) Extend measurement range into thermosphere and lower mesosphere
(3) Doppler, DIAL, HSRL, and Raman lidar for lower atmosphere research
(4) Target lidar for novel applications
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Material used in preparing the lectures:

-Laser Remote Sensing, Edited by Takshi Fujii and Tetsuo
Fukuchi, Published by CRC Press, Taylor & Francis Group, ISBN:
0-8247-4256-7, 2005.

-Lidar: Range-resolved optical remote sensing of the atmosphere,
edited by Claus Weitkamp, published by Springer, ISBN: 0-387-
40075-3, 2005.

-Laser Remote Sensing: Fundamentals and Applications, by
Raymond M. Measures, Wiley- Interscience, New York, ISBN: O-
89464-619-2, 1984.

- Lecture notes of Professor X. Chu; CIRES, Colorado University,
USA
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Thank you for your attention!
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