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Lecture 08. Fundamentals of

Lidar Remote Sensing (4)
Solutions for Lidar Equations”

 Lidar Classification with Physical Processes

d So
d So
d So
d So
d So
d So

ution for scattering form lidar equation

ution for Raman lidar equation

ution for differential absorption lidar equation
ution for fluorescence form lidar equation
ution for resonance fluorescence lidar

ution for Rayleigh and Mie lidar in middle atmos

J Summary
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Review Lidar Equation

J Lidar equation is to link the expected lidar returns
(Ng) to the lidar parameters (both transmitter and
receiver), transmission through medium, physical
intferactions between light and objects, and
background/noise conditions, etc.

d Keep in mind the big picture of a lidar system -
Radiation source
Radiation propagation in the medium
Interaction of radiation with the objects
Signal propagation in the medium
Photons are collected, filtered and detected

Can you derive a lidar equation by yourself?
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. Parameters in General Lidar Equation
Assumptions: independent and single scattering

Pp(Ap)At
hC/)LL

[B(As B.RAR]--2 [T(2y RT(.R]-[n(AA)GR)] + Ny

R2

NS()\”R) =

(8.1)

N (R) - expected received photon number from a distance R
P_ - transmitted laser power, A - laser wavelength

At - integration time,

h - Planck’s constant, ¢ - light speed

B(R) - volume scatter coefficient at distance R for angle 6,
AR - thickness of the range bin

A - area of receiver,

T(R) - one way transmission of the light from laser source to
distance R or from distance R to the receiver,

n - system optical efficiency,
G(R) - geometrical factor of the system,
Ng - background and detector noise photon counts. 4
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Review Lidar Equation

1 General lidar equation with angular scattering coefficient

Ng(A,R) =Ny (A) [ B(hsdp 0,RVAR]- [T (A ,RT(AR)]-[n(A,A )G(R)]+ Ny

A

R2

(4.2)

1 General lidar equation with total scattering coefficient

Ns(A.R) =Ny (Ap):|Br(A.AL.R)AR|:

A
4Jt132

[T(AL . RT(A.R) ]| [n(A,A)G(R)|+Npg

(4.12)

J General lidar equation in angular scattering coefficient § and
extinction coefficient a form

N¢(A,R) =

Pp(Ap)Ar
hC/)\.L

-exp[—f(l)ea()uL ,r')dr’]exp[—f(lfa()u,r’)dr’][n()u,)uL)G(R)] +Np

[BGA, ,H,Rm](i) (4.17)

R2
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Specific Lidar Equations

[ Lidar equation for Rayleigh lidar

Ng(A,R) =

P; (A)At

hc

)(ﬁ(A,R)M)(%)Tz()»,R)(n()L)G(R))+NB (5.17)

[ Lidar equation for resonance fluorescence lidar

NS()\‘aR) =

P (A)At
he/ A

(aeﬁ(A,R)nc(z)RB(A)AR)(

4 TR

A

; )(Tf(A,R)TEM,R))(n

(M)G(R))+ N

J Lidar equation for differential absorption lidar

Ne(A% Ry =

A

NG Buea 220 ,R>AR](—

R2
xexp[—ZféGabs()ung ,r’)nc(r’)d”

I_I

expl—2f§§()»gj,z[ ,r’)dr’]

n(A% )G(R)]+NB

(4.14)

(5.21-5.22)
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Elastic Scattering Lidar:

Rayleigh Lidar and Mie Lidar

Strong Mie Scattering above
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Block diagram of four-wavelength lidar.
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Chapter 3 in our textbook
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Solution for
Scattering Form Lidar Equation

[ Scattering form lidar equation

Ng(R) = |2 - (Z;i)ft} [BAAL.RAR]: [%] [TOLRTOLR)] [n())GR) ]+ Ny
(8.2)
1 Solution for scattering form lidar equation
Bhhy R = o M T;&R;)T]Zi o (8.3)
heln, } ( Rz) L» R [n(MAp)GR)]
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Inelastic Scattering Lidar:
Raman Lidar

H,O in atmosphere

Raman spectra for O,, N, and H,0
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Fig. 9.2. Raman backscatter spectrum of the atmosphere for an incident laser wavelength
of 355 nm, normal pressure, a temperature of 300 K, an N> and O» content of 0.781 and
0.209, respectively, and a water-vapor mixing ratio of 10 g/kg. The curves for liquid
water and ice are arbitrarily scaled. The isosbestic point is discussed in Subsection 9.5.2. 9
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Solution for

Raman Lidar Equation
[ Raman lidar equations for gas of interest (8.4) and

reference gas (8.5)

Eon)u

PcRa(R’)"cRa) = R CRa O(R )“cRa)ﬁcRa(R )"O’ cRa)eXp

{ - ég[a(r,AO)+a(r,)ucRa)]dr} (8.4)

Emna R
Prefra(RARetRa) = — RgefR“ O(R’ARefRa)ﬁRefRa(RaAO,)LRefRa)eXP{_ Jo [0!(?,7&0)+a(r,7kRefRa)]d’”}

1 Solution for Raman lidar equations

(8.5)

R
PreRiery) Mgy Nera(R) déa(” 404 eRa) e"p{'fo “(r’)“cR“)dr}

- R
PRefRa(Ra)"RefRa) TMRefRa NRefRa(R) % (.7'1,’,)\,0 ,ARefRa) exp{_fo OC(I’,)LRefRa)dI”}

‘ Mixing Ratio =

NcRa (R)

N RefRa (R)

(8.6)

10
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Differential Absorption Lidar (DIAL)

RANGE CEL;’/RH)R\
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CONTINUOUSLY DISTRIBUTED
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This is a nice schematic,
but in reality, light
cannot turn as drawn!
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Fig. 4.10. The differential absorption lidar technique

Collis and Russell in “Laser monitoring of the atmosphere” 11
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Differential Absorption/Scattering Form

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

NS (7\-0;1 ,R) = NL ()\'on )[ﬁscao\‘On ’R)AR](%) expl:—2f§ aO\.(m ,I’,)dl"’: (8 7)

v exp[—Z 6 s oo ,r')nc(r’)dr'][n(xon YG(R)]+ Ny

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

Ns(}\oﬁ R) = NL(xoﬁ)[ﬁscaO\'Oﬁf ,R)AR](%) exp[—ng a(koﬁf 9}"’)d}"l: (8 8)

< exp[—Z G s Oy ,r')nc(r’)dr'][n(KOﬁc )G(R)|+ N

12
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ifer'ern'ial Absorption/Scattering Form

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

NSO\on ’R) — NB _ NL (}‘On )ﬁsca(kon ’R) n(}‘an)
NS(}\'OﬁC 9R) — NB NL (koﬁf )ﬁsca(}\oﬁf 9R) 7](7\'0]7)

X exp{—2f§ -G(kon ) — a(k()ﬁ ,r')]dr,}

X CXP{—2I§ -Oabs(}“on,r,) — ()'abs(}\.Oﬁc,r’)]nC(r’)drr}

(8.9)

Ao = Gabs()\’on) - O-abs(}"oﬁf)

(8.10)

13
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Solution for

Differential Absorption Lidar Equation

1 Solution for differential absorption lidar equation

n.(R)=

In NL(kon)Bsca(xon’R) n(}'on)

1 d Ng(\,, ,R)—Np

—In

2A0 dR

NS(KoﬁaR)_NB

NL (}\‘oﬁ )Bsca(}\‘oﬁ ?R) n(}\‘oﬁ)

~2f [a(xon ) =Tk ,r’)]dr

Y

(8.11)

Ao = Oabs()"on) - Gabs()\’oﬁ”)

(8.10)

14
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Resonance Fluorescence Lidar
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Solution for
Fluorescence Form Lidar Equation

[ Fluorescence form lidar equation

oy

P; (M)At A
N(A.R) =( - vy )(oeﬁe(K,R)nc(R)RB()\)AR)(4TER2)(Taz(k,R)Tcz(k,R))(n(k)G(R))+N
(8.12)
1 Solution for fluorescence form lidar equation
e = T oA NSO\,i)_NB
', (M)A 2 2
MR (M)AR MT,2(MR)T?(MR)G(R
( he/n (0,5 MR (V) )(%Rz)(ﬂ( )T, (MR)TE (MR)G( ))

(8.13)

16
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Solution for
Resonance Fluorescence Lidar Equation

] Resonance fluorescence and Rayleigh lidar equations

Ng(22) = PL(MN)(aeﬁcm,z)nc(z)RB(A)Az) o] (RO LE TN TENCE) o
he/ A 4 717 (8 12)

N (hizp) =(PL(MN )(aR(n,MnR(zR)Az) A2z ()G p)) + N
i w (8.14)

J Rayleigh normalization

ne(z) _ Ns(d)-Np 2 _daog(nd) T Hzp)Gr) (8 15)
np(zg) NR(Azgp)=Np zp* Ogr(A2DR(A) TAADT(1.2)G)

] Solution for resonance fluorescence

Ng(A2)-Ng z°  4mop(wh) 1
NR()\.,ZR)—NB ZR2 Geﬁf()\'az)RB(A) TCZ()L,Z)

(8.16)

17

ne(z) =ng(zg)
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Rayleigh and Mie Lidar for

Middle Atmosphere Detection

Courtesy of Pekka Parviainen

Polar mesospheric clouds (PMC), also
noctilucent clouds (NLC), are thin
scattering layers of nanometer-sized
water ice particles, occurring around
80-87 km in the high-latitude
summer mesopause region.

100 - |
% E_ [Chu et al., GRL, 2001]:
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Polar mesospheric clouds
Noctilucent clouds

Chapter 5 in our textbook

18
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Solution for
Rayleigh and Mie Lidars

1 Rayleigh and Mie (middle atmos) lidar equations

No(A.2) =(P Lh(f/)f’ )(ﬁR<z>+/3aemsoz<z>)Az Z% T,2(A MG+ Ny (8.17)
Ng(A.zR) =(PLh(C)/L;At )(ﬁR(zR)AZ) iz T,”(Azg)(N(M)G(zg))+ Np (8.18)
<R

J Rayleigh normalization

ﬁR(Z)+/3aerosol(Z)= NS()"’Z)_NB . Zz .T2 ’ZR)G(\Z\R\)
Pr(zR) Nr(A,zp)-Np ZR2 %)M

J For Rayleigh scattering at z and z,

(8.19)

Br2) _ Or@DMan(z) _ nam@ | g o0
Pr(zr) ORZR)Narm (ZR) Mgy (ZR) 19
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Solution (Continued)

[ Solution for Mie scattering in middle atmosphere

Ng(AD)=Np 2" gy (2)

Nr(Azr)=Np zp* Nam(zR)

Baeroso1(2) = Pr(ZR)

] (8.21)

3 P L[ -
Br(Azg ) = 2.938 x 1072 T&;f*m” (m Lsr 1) (5.14)

J Rayleigh normalization when aerosols are not present
Br(z)  Ng(A2)-Ng z° T,/ (h,zr)Glzg)

Br(zg) Ng(Azg)-Np 2R’ %m

1 Solution for relative number density in Rayleigh lidar
2

(8.22)

amZ) _ Pr(z)  Ng(A,z2)-Np z
RND(z) = lat - _ . |
) Nam(Zr)  Pr(zr) Np(AzZg)-Np zp° (8.23) -
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Rayleigh Backscatter Cross Section

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

4
A0y (1) =5.45-(%) x10_32(m25r_1) (5.16)

719

where A is the wavelength in nm.

J The Rayleigh backscatter cross section can also be
estimated from the Rayleigh backscatter coefficient

o P TR
BRrayleioh (72,0 = 1) =2.938 x 1072 Tz;',ﬁ-om (m Ly 1) (5.14)

where A is the wavelength in meter, P in mbar, T in Kelvin.

L doy(A) _ Brayieigh (A-2,7) (mzsr_l)
dQ natmOS(Z)

(8.24)

21
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Summary

J Physical processes in the interaction between radiation and
objects classify lidars into different Kkinds, each possessing unique
features and lidar equations along with certain applications.

d Solutions of lidar equations can be obtained by solving the
lidar equations directly if all the lidar parameters and
atmosphere conditions are well known.

d  Solutions for three forms of lidar equations are shown:
scattering form, fluorescence form, and differential absorption
form, along with a few specific lidar types.

J However, system parameters and atmosphere conditions may
vary frequently and are NOT well known to experimenters.

J A good solution is to perform Rayleigh normalization fo cancel
out most of the system and atmosphere parameters so that the
essential and known parts can be solved.

22



