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. IDifferential Absorption Lidar (DIAL)

J 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.
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Lidar Equation for DIAL

J DIAL lidar equation

P;(A,R) = PL()L)[ﬁscatter()L,R)AR](% expl—Zf: &(A,r)dr]

R
xexpl—2 f o Oaps(Ar)n, (r dr][n(A)G(R)]+PB

Extinction caused by interested constituent absorption

Extinction caused by other molecules and aerosols

 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.

[))Scatter()\"R) = ﬁaer()‘”R) + ﬁmol(A’R)

d The parameter in the DIAL equation

a(A,r) =g, (A,r) +?mol()»,r) + GIG(é,r)n,G(r)

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

 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.

d 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.

PS()"ON R) PL()LON)[(/D)aer()"ON R) + /))mol()LON R) AR]( )expl Zf aer()LON ,7‘) +amol()L0N ,r))dr

exp| -2 f o Tabs(Ron ,r)nc(r)dr][n(AON )G(R) |+ Py

R
X eXp —2f0 016 (Aon sF)Ncdr

Fs(Aorr-R) = PL()"OFF)I:(/))aer()"OFF R) + B01(AorF R) ]( )expl 2f aer()"OFF’r)+amol()"0FF’r))dr

XeXP{—zf:GIG()LOFFJ’)and”]eXP{—zfo Gabs()‘OFF’r)nc(r)dr][n()‘OFF)G(R)]+PB
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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:

T PG )(BaerCrow -R) + BuoiCrow -R)nCron)
F ()"OFF)(/))aer (Aorr >R + Boi(Aopr »R) )n()LOFF)

R -
_2f _aaer()\’ON 1) _aaer()"OFF ,I")]dl"

Ps(Apy -R) — Py
Ps(Aopr »R) — Py

In

R -
_2f _amol()"ON 1) _amol()\‘OFF ,r)]dr

R -
—2f 1016 (Aon 1) =016 (Aopr J)]”IGdV

R
—Zf _Gabs()\‘ON 1) _O-abs()LOFF ,r)]nc(r)dr

[ 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

r Py(Aopp,R) — Py

Py (KON,R) - Py

Py (horrM(AoFF)
Py (hoyIM(Mon)

Baer(}\OFF ’R) + Bmol (}\‘OFF ’R)
6aer(}“0N ’R) + Bmol(}\‘ON ’R) ]

rI:O(aer(}\‘ON ’R) - OLaer(}“OFF ’R)] ||——
+ [0 ot Mo »R) = 0oy (Mo R) ]

+[016(hon-R) - GIGO‘OFF’R)]nIG, -

In

J\

I

c —In
2A0 ,,, dR

n

—In

S\
Y

Ao

abs

M m O O

 Here, the Ao, is called the differential absorption cross-section
Ao s (R) = Gabs()"ON ,R) - Oabs()"OFF ,R)

=0 s (Aon) = O s (Aopr)
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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, ferms B-E are zero. Also, assume there is no
interference gas present, so term F is zero. Then we have

n.(R)= 1 d {ln }

2A0,;, dR
d 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)- Py  Ps(Agy .R)— Py

n.(R)= In
‘ 2A0 4, AR | Po(Apy R+ AR) =Py  Po(Appr.R) - Py

Ps(Aorpr-R) - Py
Ps(Apy -R) — Py

d Number density average between range R, and R,

_ 1 Ps(Aopp .Ry) =Py Ps(Agy .R) - Py
© 2M00,AR | Ps(Agy.R)) - Py Ps(Appp.Ry) - Py

In

n
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€

Coven’rional DIAL Ozone Measurement
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Figure 4.1 Ozone absorption spectrum in the UV: the Raman
shifted wavelengths given in Table 4.2 are highlighted in this figure.
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Converrl'lonal DIAL Solu‘hons

1

d

nc(R) =

ZAOabS

1

AO-abs

J\\

AR

In

Pg(hopp,R) - Py
PSO\‘ON’R) Pg

P, (horrM(Aopr)
P; (MoyI(hon)

f)aer(}\'OFF ’R) + 3mol (7\'0FF’ \
ﬁaer(}\‘ON ’R) + 3mol O‘ON ,R)
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Ozone Raman DIAL
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Fig. 9.5. Ozone absorption cross section and wavelengths applied in the ozone Raman
DIAL technique for upper tropospheric and stratospheric measurements (A >300 nm)
and for boundary-layer measurements in the solar-blind region (A <300 nm).

[Ulla Wandinger, Raman Lidar chapter, 2005]
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Conventional Raman DIAL
for O; Measurements in Clouds
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Conventional Raman DIAL uses two primary wavelengths transmitted
(e.g., 308 and 351 nm) into the atmosphere and ozone is calculated from
the differential absorption of the corresponding Raman return signals
of molecular N, (e.g., 332 and 382 nm).
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Raman DIAL Equations

[ Raman channels (e.g., from N, Raman inelastic scattering, instead of
elastic scattering from air molecules or aerosols),

PS()"Ref ,R) = PL()L )[ﬁRaman()“ON )”Ref R)AR:I(
X exp-—

X exp|—

X exp|—

0 Ager (AQ

)\.ON

Rlo1 AN 1) + 016 O ,r))nIGdr]

0, AN 1) 40 (AN r)) C(r)dr][n(xRef)G(R)]wB

A)
R2

JT) +aaer()"Ref 1) +amol()"0 JT) +amol( Ref r))dr]

X exp_—f

X exp-—f

X exp-—f

A
PR R = PLOS™ ) Braman 13" IREF ,R>AR]( )

OFF OFF
aer()"O
OFF OFF
O'IG()\,O ’r)+GIG()"Ref ,r))nIGa’r]

0. (A9FF pyro, (AQEF r)) C(r)dr][n(ngj{ )G(R)]+PB

R2

1+ laor OREL )+ oy G 1)+ g ORLF )|
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® Solution for Raman DIAL Equations

d From the two Raman reference channel equations, we obtain the
number density of the constituent that we are interested in

Ps(Apet LR) - Py
PS(K(l)gf»R) - Pp

A

In

n.(R)= L d 7 —In
¢ AG . dR

PLOPFFm(x%’éf )
PL O" )n(}\Ref)

' B ranan Ot -R)|
ﬁRaman Mo R )JJ

Aoy, (R) \
1 +Aa,,, (R)
+AO;G(R)nyg | —

ve

~ 1
AO-atbs

TTm 9O O

d Here, the A expressions consist of four terms each

AE =E(AGV ) +EAQ) —E(AG™Y —E(ARED)

with

’S = Oabs ’aaer ’amol ’OIG
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(J Term B can be measured and it
is range-independent, so the
derivative is zero,

d Term C is only concerned about
molecule Raman scattering, so can
be calculated.

d Term D will be determined
through using the Raman channel
at OFF wavelength and introducing
Angstrom exponent.

(] Term E is concerned about
molecule Rayleigh scattering, so
can be be calculated from
atmosphere temperature and
pressure.

J Term F can be minimized
through choosing proper
wavelengths, thus, can be ignored.

Solution in Ozone Case

Ozone Comparison
GSFC Lidar vs STOIC Reference
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Fig. 6 GSFC lidar ozone profiles taken at JPL-TMO during June and
July 1991 using the mechanical chopper.
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Ozone Raman DIAL Instrumentation
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On-line: 332 nm (N, Raman scattering from 308 nm)
Off-line: 382 nm (N, Raman scattering from 351 nm)
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Ozone Raman DIAL Receiver
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IRVR Raman DIAL for O, Measurement
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Rotational Vibrational-Rotational Raman DIAL fransmits single primary
wavelength (e.g., 308 nm) into the atmosphere and then ozone measurement is
based on differential absorption of ozone between the purely rotational
Raman (RR) return signals from N, (307 nm) and O, (307 nm) as the on-
resonance wavelength, and the vibrational-rotational Raman (VRR) return
signals from N, (332 nm) or O, (323 nm) as the off-resonance wavelength.
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otational Vibrational-Rotational (RVR)
Raman DIAL with Single Laser

Table 1. Parameters of the Conventional Raman DIAL and the RVR Raman DIAL’s®

On-Resonance Off-Resonance
Raman Raman
Wavelength AL Wavelength AL AN ACE:
Lidar (nm) (nm) (nm) (nm) (nm) (102t m?)
O, RVR Raman DIAL 307 308 323 308 16 11.7
N, RVR Raman DIAL 307 308 332 308 25 12.3
Raman DIAL 332 308 387 355 79 12.4

AN, maximum spectral separation of the signals used for the measurements. Differential ozone absorption cross sections (AC

calculated from Ref. 13 (T = 226 K). Wavelength values are rounded to full nanometers.

The RVR Raman DIAL measurement yields the num-
bers N(\, z) of lidar return photons from distance z at
the rotational Raman wavelength A of molecular
oxygen and nitrogen and at the vibrational—
rotational Raman wavelength A\, of O, or N,, iflight
of the primary wavelength A\, is transmitted. When
absorption by particles and trace gases other than
ozone is neglected, a condition satisfied for cirrus
measurements in the free troposphere,? the RVR Ra-
man DIAL ozone molecule number density n(z) in the

single-scattering approximation is given by

abs

Og ) are
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RVR Raman DIAL

n(z) = RVRN — RVRM — RVRP, (1)

where

(d/d2)In[N(A\yg, 2)/N(\g, 2)]

RWN — )
Co (g, T)—=CEH (A\yg, T)
a?l(l:‘)ll(hl{’ Z) _ a;f?l(}\\ "Rs Z)
RVRM =
1b3()\R, 7‘!‘) Cqbso\vR, T)
RVRP = T)qu:'()\Ra 2) T)Z:'()\\ R» Z)

'lbs(}\Ra TT) Bb:()\\ R T)

Here C?)lzs()\, T) is the ozone absorption cross section
at temperature T, and «a;,,1(\, 2) and o, (N, 2) are the
Rayleigh extinction and the single scatterlng particle
extinction coefficient, respectively. Similar expres-
sions, RDN, RDM, and RDP, have been derived for
conventional Raman DIAL.4

[Reichardt et al., Applied Optics, 39, 6072-6079, 2000]
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Single-Laser RVR Raman DIAL

L SIF ND
channel R =1
Raman ““C‘/ -

Fig. 3. RVR Raman DIAL receiver: D, diaphragm; L, lens; DBS,
dichroic beam splitter; BS, beam splitter; ND, neutral-density fil-
ter; IF, interference filter; S, flexible shield. Atmospheric rota-
tional Raman, elastic, and N, vibrational-rotational Raman
backscattering signals are detected in channels R, L, and VR.
The center wavelength of the channel-R interference filter can be
tuned by rotating the filter around the vertical axis.
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RVR Raman DIAL Equation

J For the elastic DIAL channel at ON-resonance wavelength 308 nm,

R
X eXp —2f0 O (AL ,r)ngdr

P(A; ,R) = PL(AL)[(/sae,(AL R+, (A ,R))AR](%)exp[—Z f : (Ot ger (A 1) + Clpoy (Ap 1) )dr

R
expl—2 f o Oans(Ay ,r)nc(r)dr][n(;\L)G(R)] + Py

d For the purely

rotational Raman channels from N, and O, at 307 nm,

X eXp

X eXp

X exp

Pg(Agg,R) = PL()‘L)[/gRaman (AL ARR ’R)AR](F)

A

[ (R
_fo (aaer()"L )+ aaer()‘RR 1)+ amol()“L 1)+ amol()‘RR ’r))dr]

-_f()R (OIG()LL ,I") + O]G(}LRR ,I’))nIGdr]

-_f(l)? (Oabs()"L 1) +Gabs(ARR ’r))nc(r)d’"][n()hRR)G(R)] + PB

The beauty of the RVR Raman DIAL is the utilization of pure rotational Raman
(RR) scattering so that aerosol backscatter is excluded in the RR channel.
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RVR Raman DIAL Equation Continued

d For the vibrational-rotational Raman channel from N, at 332 nm,

X exp

X exp

X eXp

Ps(Aygr -R) = PL(AD)| Braman (AL -2vRR ,R)AR](i)

R2

[ (R
_f() (aaer(;“L 1)+ aaer()“VRR 1)+ amol()‘L 1)+ amol(;‘VRR ,r))dr]

_fée (GIG()"L ,I") + GIG()\’VRR ,r))nIGdr]

_f(l)'e (Oabs()‘L 1)+ O b (AvRR ,V))nc(i")dr][n()\.VRR)G(R)] + Pg

Certainly, the vibrational-rotational Raman (VRR) scattering channel also
excludes aerosol backscatter.
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Solution for RVR Raman DIAL

[ From the Rotational Raman (RR) and the Vibrational-Rotational Raman
(VRR) equations, the ozone number density can be derived as

in| £5 Pvrr-R) — Pp — A
ne(R)=—— 4| —1n[”(xVRR)] |— B
‘ AO-abs dR T](}“RR)
_1n ﬁRamanO\‘VRR’R) — C
BRaman (}\RR ’R) 1]
(Aat,, . (R) 1|/ D
et AR AT B |
O
abs +AOIG (R)nIGJ F

1 Here, the A expressions consist of four terms each, but the outgoing
laser wavelength terms are cancelled out

AE =[E(Ap) +E(AgR)|-|E(AL) +E(Aygp) | = E(ARR) = E(AyRR)

with ‘E = Ogbs X ger sEmol O 1G
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Challenge in RVR Raman DIAL

J Term B is range-independent, so the derivative is zero,
J Term C is only concerned about molecule Raman scattering.

J Term D will be determined through using the Raman VRR channel and
introducing Angstrom exponent.

J Term E is concerned about molecule Rayleigh scattering, so can be be
calculated from atmosphere temperature and pressure.

d Term F can be minimized through choosing proper wavelengths, thus,
can be ignored.

The main challenge in RVR Raman DIAL is how to sufficiently suppress
the elastic scattering at laser wavelength in the pure rotational Raman
(RR) channel, as the wavelength difference is only 1 nm.

Modern interference filter has FWHM of 0.3 nm, but its wing (or tail)
can certainly extend to more than 1 nm. Since Rayleigh scattering is
about 3 orders of magnitude larger than rotational Raman scattering,
the influence from Rayleigh scattering is not easy to be excluded. Thus,
RVR Raman DIAL is not easy to be realized.
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Multiwavelength (Raman) DIAL

Nd:YAG (4th) XeCl XeF/Nd:YAG (3rd)
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Multiwavelength DIAL uses three or more wavelengths transmitted into
the atmosphere and ozone is calculated from the differential absorption
of several pairs of elastic scattering signals from air molecules and
aerosols. The influence from differential scattering and extinction of
aerosols are dramatically decreased by properly choosing wavelengths.
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 For the elastic DIAL channel at 10N-resonance wavelen th,

P29 Ry =P, (2V) [(ﬁaer(A?N R+p, (A ,R)) ](?)exp[—Z fo (aaer(A?N ) +a, (20N ,r))dr]

xexp[—z ) f 01 (A" J)nzc(r)dr]eXpl—Z ) f O s (A m)m(r)dr][n(k?N)G(R)] + Py

 For the elastic DIAL channel at 10FF-resonance waveleng’rh,

Py(AOFF ,R)=PL(A?FF)[(ﬁaer(A?FF R+ B,y (5 R)JAR ]( )expl ) f (Ctaer 9T 1)+ €ty (9T ,r))dr]

xexp[—z ) : GIGM?FF,r>n,G<r>dr}exp[—2 ) (f aabsm?”,r>nc<r>dr][n<A?FF>G<R>] + Py

J For the elastic DIAL channel at 20N-resonance wavelength,
Py(A2Y Ry = P, (A" )[(ﬁaer(,ngv R+B, (A ,R))M](%)exp ) f (et (29" r)+am0,(A§N,r))dr]

X eXp

2f : 016 (AN ,r)nIG(r)dr}eXpl—2 [ : O s AN ,r)nc(r)dr][n()»(zm JG(R)|+ Py

J For the elastic DIAL channel at 20FF-resonance wavelength,

RS R = BLGS™ )| (Buer (9T )+ B (13 ,R>)M](§)exp[—2 S (etaer 7 )+ 0,0 (A9 m)dr]

xexp[—z ) f GIGM?”F,r>nlc<r>dr}exp[—2 ) f oabsm?”,r>nc<r>dr][n</'\‘§FF>G<R>] + Py
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3-Wavelength Dual-DIAL for O,

J From above equations, we can derive the following

ln( PS(A?N,R)-PB/PS(;gN,R)_pB P, (29" (29 / PL(KE)N)W(A‘;N)j

=In

PsO0 R =Py [ B3 R =By )\ RO AT ) RS (A3

+1n( Buer 29 R)+ B (19" ) / Buer (23" R+ Bt 13" )
ﬁaer()“IOFF ’R) + ﬁmol(}LIOFF ’R) ﬁaer()gFF ’R) + ﬁmol()“gFF ’R)

) f e, AN 1y -a,, (AOFF ,r)) ( o, (AN r) -a

aer
0L

( )»gFF ,r))] dr

( )»(Z)FF ,r))] dr

aer

ol mol()"ON I") amol()"?FF’r)) ( mol()"ON ,I") Aol

2 [ (06 (G ) ~016 (A0 )= (016 (29" 1) —a,G()ijFF,r))]n,G(r)dr

(0 1) =0 A9 1))~ (038" 1) = 0, (B9 1) e (1)

Three wavelengths form a dual-pair DIAL, with Ajoer = Ayon- Thus, the influence
from aerosol extinction and backscatter can be minimized by choosing
appropriate pairs of wavelengths.
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Solution for Dual-DIAL O,

[ Ozone number density can be derived from above equations:

_ln( PSO‘(‘I)N’R)_PB /PS()\gN’R)_PB )
PO Ry =Py | Pe(AS™ R) - Py

ne(R) = ——2 <+1n( PL@?N)n(x?N)/ PL<x2N>n<x8N>)

2AG,,. dR P, OOFF Y OFF) | p, (A9FF yn(29FF)

+{1n

ﬁaer XON R) + ﬁmol(}\‘ON R) ) ln( ﬁaer(}\gN’R) + ﬁmol(;\gN’R)
Baer 7R + Bt AR )\ Baer SR 4B 05" R )|

r[( aer O R = 010, ST R = (e (Y R - 1, B9 RO

J\.

+ [(amol (}\’?N ’R) - OLmolO\’?FF’R)) - (amol (}\gN ’R) - OLmol(}\gFF’R))jI
Ao

abs

+ [(0 6N R -0,609" R)) - (0,609 R) - 0,633 ,R))]n G|

Where the differential absorption cross-section is defined as

Agabs ( abs()"ON r)_oabs()\’IOFF’r)) ( abs()"ON r)_aabs()"gFF’r))
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248 Choice of Wavelength for Dual-DIAL

AB = 1n| Laer O R+ Buoy U7 R) | [ Buer (33" R+ By (23" R)
Baer AL R + Bt (AT R) Baer AT R + Bt (25T R)
Aaaer ( aer ()LON R) aer()L?FF ’R)) - (aaer ()\'gN aR) - Yaer ()‘gFF ’R))

AOC ( mol()"ON R) mol()"lOFF ’R)) - (amol ()"gN ’R) - amol()\gFF ’R))

Ao = (UIG ()HON R) -0 ()L?FF ,R)) ~ (GIG ()LgN ,R)—0¢ ()gFF ,R))‘

AO’abs ( abs(;\‘ON r)_aabs()"?FF’r)) ( abs()"ON r)_aabs()\‘gFF’r))

[ Different channels interact on the same aerosols and interference gases (IG)
but with different wavelengths. The main error in conventional DIAL is caused by
the uncertainty of the wavelength dependence and information (like density) of
the backscatter, extinction, and interference owing to aerosols and IG.

1 1
ﬁaer()h) OC—, aer()\’)
1! A“

O If the wavelength dependence (Angstrom factor) is stable within the detection
wavelength range, it is possible to cancel the influence by carefully choosing the
wavelengths of two pairs - the difference between two pairs can be minimized.
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Solution for Dual-DIAL O,

1 By choosing the pairs of wavelengths, terms C-F (now the difference
between two pairs of DIAL wavelengths) can be minimized or cancelled out.
Thus, the O; measurement errors caused by the uncertainties of terms C-
F can be dramatically decreased.

1 Notice that the choice of the pairs of wavelengths must satisfy one
important condition that the differential absorption cross-section given
above must be large enough to meet the requirements of measurements
sensitivity and spatial resolution.

d For the O; measurements, the dual-DIAL can be carried out by three
wavelengths chosen at 2771, 291.8, and 313.2 nm. The middle wavelength
291.8 nm acts as the off-wavelength for the 1st pair, while the on-
wavelength for the 2nd pair.

J To minimize the influence from aerosol backscatter and extinction, a

constant C can be introduced info above lidar equation. C is approximately

determined by the ratio of the wavelength differences between two pairs
C = )"1 _)\‘1

)\.?F o )\gN

}\.ON )\.OFF Here
2 1V
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olution with Constant C Introduced

( C
i PSS R) = Py / Ps(\5" R) - Py
P.OOFF Ry— P, | | Po9FF R) - P, A
C
(R = — gl PLOTOMGT) / PLa%N)n(x%N)) 3
T 280, dR || PLOSTIMOSTY )\ PG MO
+ 1 Baer(x?N ’R) + ﬁmol ()\"?N ’R) _ Cl Baer (}\'OZN 7R) + Bmol(}\gN 7R) - C
n B 09 Ry+p. 09 R) n 809 Ry+p, (09 R)
aer 1 s mol 1 ’ aer\'v2 mol\"v2 >
(ctaer O R = ey O RD) = € ter 09 R = 1y O3 R D
1
" ] +[( ot O R) = 0,y O R)) = (0t (13 R - amol@gFF,R))] :
abs
#0609 R = 01609 B) - C(016(HS" R - 016G R 16 (R F

Where the differential absorption cross-section is defined as

AOiabs ( abs()\‘ON 1) _Gabs()"IOFF’r))_C( abs()\‘ON 1) _Gabs()\‘gFF’r))
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ulation Results for Dual-DIAL O,
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Fig. 1. Profile of the aerosol scattering ratio (532 nm) Q 10 20 30 40 50

MEASUREMENT ERROR(%)

Fig. 2a, b. Simulations of measurement error vs altitude for the
dual-DIAL with 277.1,291.8, 313.2 nm and conventional DIAL with
277.1, 291.8 nm operated from an aircraft flying at an altitude of
5 km. The ozone profile is the US standard ozone profile. In the
C = 0.65 legend, S represents the statistical error, T the total measurement
error, dual the dual-DIAL method and con. the conventional DIAL
method: (a) night-time; (b) day-time
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'Dual-DIAL for SO, Measurements

DIAL2 DIAL1

I B 1
(on2)  (off1,2)  (on1)
298.65nm 299.35 nm 300.05 nm

150 s <DIAL2Y) 150 : . L DIAL(2W) )
+ ¥ t dual-DIAL(3)) i y + + dual-DIAL(3%)
: . > | ' : q'.
(\IA (\]A ' ' \
E £ l\ z ' \
N 100f & 100" : SO
-9 'O \4_\ : . ,\' 2
x| x N o |
s | s | \ / \\ f
8 .C, X \ '.’
N : : i @ \ f
g 50 | D 5ot \ / \ J
. X & M 2\ | \\4
5 | s S ol % J
: : : © N A N
x x x xdual-DIAL(42) —
0' : l I. I 4 1 1
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wavelength (nm) 298 299 300 301 302
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Fig. 1 Absorption cross section of SO,. The wavelengths used in  Fig. 1. Wavelengths used in three-wavelength dual DIAL for
two-wavelength DIAL, three-wavelength dual-DIAL, and four- SO,, and absorption cross sections of SO, and Oa.
wavelength dual-DIAL are indicated.

Fukuchi et al., Opt. Eng., 38, 141-145, 1999
Fujii et al., Applied Optics, 40, 949-956, 2001
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Dual-DIAL for SO, Measurements

Table 1 Cases considered for SO, measurement. na’ and na"” are given for a SO, concentration of

1 ppb.
ag .00 nog ,Nog a, ,ay N
Method (10724 m?) (107 m™") (107" m=") i (nm) e;
DIAL 98.0 2.5 —-3.7 1 299.35 —1*
2 300.05 +1°
Dual-DIAL:
3-wavelength 131 3.3 0.83 1 298.65 +1
5
| 299.35 -1
3
4 300.05 +1
4-wavelength 148 3.8 0.094 1 298.05 +1
2 298.75 | 1
3 299.35/
4 300.05 +1
aoff m
b "__ : :
On. O'O—tzl (?,-0'0(_)\1)

1 ~ " . m
= > L(RN;)—  B(R\;)|— —. |
2AR o} z=z| ettt :=El ¢ip (M) o a;'=El e;jay(A;)
l'=

n
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Comparison of Constituent Lidar Tech

Technique Signal Source & Trace Gas Interests
Resonance Resonance fluorescence from metal atoms in middle and Temp, Wind,
Fluorescence Lidar upper atmosphere Density, Wave
Resonance Resonance fluorescence from He, N,*, O in thermosphere Density, Temp
Fluorescence Lidar Wind, etc
Conventional DIAL | Elastic-scattering from air Trace gas absorption in Species, Density

molecules and aerosols the extinction terms
Raman Lidar Inelastic Raman scattering from Trace gas scattering in Species, Density,
trace gas and reference N, or O, | the backscatter terms, Mixing ratio
(no aerosol scattering) Trace gas absorption in
the extinction terms
Raman DIAL Inelastic Raman scattering from Trace gas absorption in Species, Density
N, or O, the extinction terms
RVR Raman DIAL Pure rotational Raman scattering | Trace gas absorption in Species, Density
from N, and O, and Vibrational- | the extinction terms
Rotational Raman scattering from
N, or O,
Multiwavelength Elastic scattering from air Trace gas absorption in Species, Density
(Raman) DIAL molecules and aerosols the extinction terms

Range-Resolved spatial & temporal distribution of these species, density, temp, wind and waves
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ackscatter Cross-Section Comparison

Physical Process

Backscatter
Cross-Section

Mechanism

Mie (Aerosol) Scattering

108 - 10°19 cm2sr!

Two-photon process

Elastic scattering, instantaneous

Atomic Absorption and
Resonance Fluorescence

10-13 cm?sr!

Two single-photon process (absorption
and spontaneous emission)

Delayed (radiative lifetime)

Molecular Absorption

1012 cm?2sr!

Single-photon process

Fluorescence From
Molecule, Liquid, Solid

10-1° cm?sr!

Two single-photon process

Inelastic scattering, delayed (lifetime)

Rayleigh Scattering
(Wavelength Dependent)

1027 cm?2sr!

Two-photon process

Elastic scattering, instantaneous

Raman Scattering
(Wavelength Dependent)

10739 cm?2sr!

Two-photon process

Inelastic scattering, instantaneous
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mmar'y for Constituent Lidars

1 To identify species and to measure species, spectroscopy is the key
for constituent lidars fo infer spectral information of the species. These
lidars use atomic resonance fluorescence, molecular absorption, or
Raman scattering or combination of differential absorption with Raman
scattering to obtain the specie spectrum. The key is fo gain spectral
information as much as possible, with multiple frequencies or multiple
wavelengths.

J Lower atmosphere study poses a great challenge to lidar community,
as many factors (especially the aerosol backscatter and extinction) are
involved with each other and make the derivation of precise information
on trace gases a very complicated procedure.

d Different techniques have been developed or proposed for solving
these problems. The main idea is how to minimize the influence from
aerosol backscatter and extinction and how to minimize the
interference from other gas molecules.
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mmar'y for Constituent Lidars

d The essential point for Raman lidar is to avoid the aerosol
scattering in the Raman-shifted channel. Thus, only aerosol
extinction will be dealt with in deriving constituent density.
Aerosol extinction can be safely estimated by introducing
Angstrom exponent. The error introduced by Angstrom

uncertainty is much less than the lidar ratio or backscatter
coefficient.

(1 Combination of Raman and DIAL can effectively remove the
influence from aerosol or interference gases.

J More combination and approaches using DIAL and Raman are
on the way to solve practical constituent detection problems.

J Again, spectroscopy is the key to guide the laser wavelength
selection and DIAL/Raman considerations.
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ummary for Constituent Lidars

d Two major solutions for now: to use Raman scattering to avoid
aerosol scattering get into the signal channels, or to use multi-
wavelength selection to cancel out the influence from aerosol and other
molecules.

d  Other possible ways are to measure several interference gases
simultaneously with multiple channels or to combine the DIAL with
Doppler lidar etc to study the dynamic transportation of pollutant.

J The DIAL and Raman lidars are still far from perfection. It could be
a growing point in lidar field.

d The resonance fluorescence lidar for thermosphere species is still
under development. The main point is to develop the proper laser
transmitter that can give the right wavelength and high enough power.
As O resonance frequency is in the far UV range (131 nm), the O lidar
has to be operated from the space down-looking to avoid the UV
absorption by ozone and atmospheric molecules.



