Optical Remote Sensing with
Differential Absorption Lidar (DIAL)

Part 1: Theory

Christoph Senff

CIRES, University of Colorado &
NOAA/ESRL/CSD/Atmospheric Remote Sensing Group

http://www.esrl.noaa.gov/csd/groups/csd3/

Guest lecture for ASEN-6365 Lidar Remote Sensing
CU Boulder

April 20, 2016



Outline

» DIAL concept
» A short history of DIAL
» DIAL equation

» Precision & accuracy of DIAL retrieval

» Dual-DIAL technique



Differential Absorption Lidar (DIAL) Concept

Distributed
Backscattering
Medium

Laser
Transmitter

*on “off

Optical
Receiver
A
Off °"‘0n’
Power Absorption
Received, }”On : Cross
P [ Section [
r ! C(XOﬂ) |
l
R1 R2 *off “on

Range Wavelength



Atmospheric gases measured with DIAL
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First DIAL measurements

Richard M. Schotland (“The father of DIAL")

1964 — Measured vertical profiles of water vapor by thermally tuning a
ruby laser on and off the water vapor absorption line at 694.38 nm.

Only 4 years after invention of ruby laser !
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Fig. 4.20. Comparison of atmospheric water vapor vertical profiles (expressed as dew
point temperature) measured by differential absorption lidar and radiosonde [4.82]



Major milestones in the history of DIAL
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Refresher

Extinction coefficient:
a(R), [ml]

Optical depth / thickness:

T(R)= [ ORa(r) dr

Transmission:

T(R)= exp[—r(R)] = exp [—fOR a(r) dr]



DIAL equation (1)

Single scattering, elastic backscatter LIDAR equation:

No(2R) = Ny ) B RIAR] 5 expl -2 et (2r) dr ] [n2) GO R) )+ N,y (2

with  ap,(A,1r)= a(A,r)+ E O ol abs.i (A1) 1; (1)

Take ratio of LIDAR equations for online and offline wavelengths A_, and A :

Ns(Ayy> R) = Nyp(Aoys B) Ny (L) 1(Ay) G(Ayy, R) (A, R)
Ng (4
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DIAL equation (2)

n 1 ( oﬁvR)_NB()Loﬁ)
©"2A0,.(R) dR Ng(4,,,R)=Ny(4,,)
1 G( oﬁ"R) [GF]
2AGC(R) dR G( )
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2AOC(R) dR /3( '
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with Ao (R)=0.(4,,,R)-0-(44,.R)

GF = differential geometrical factor B = differential backscatter
E = differential extinction X = interfering constituents



How to choose an appropriate absorption line for DIAL (1)

Ny(A,R)  exp| -2 [\ O (oY (r) di

Extinction of online wavelength due to absorption by constituent C must be
neither too small or too large.
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onﬁRmax) =jjmax Oc(ﬂ‘on,r)nc(r) dr=1.1

(Remsberg & Gordley, 1978)



How to choose an appropriate absorption line for DIAL (2)

Example: Ozone r(&on,RmaX)=meaX0'C(/10n,r)nC(r) dr=1.1
0

For mr, =80ppbv or n, =2x10"m~ and R =3km:
o, (A)n, R =11 = |0, (4,)=183x10"m’

Ozone absorption in the UV
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Precision of DIAL measurements

Simple “back of the envelope” calculation:

1 N(A;,R+AR) N(A,,,R) _
ne = with N =Ng - N,
2A0:(R)AR | N(A,,,R+AR) N(A,;,R)
0*(N(A,R,
ne = ! 2 ( ( l J))z ! 5N= I with SNR=7N
200.(R)AR\ & (N(A,R)} AG.AR N Ao. AR SNR SN

Onc _ ! b o swk-—1

n. Ao, n-ARSNR At SNR AT On./ng

Example: A7 =0.05, dn./n.=5% = | SNR=400!

Even modest precision of 5% requires high SNR. SNR can be increased by
averaging on/offline signals time- and range-wise.

Poisson statistics: ON =N = SNR=N"
Since N < AtAR, | SNR o At AR  and Sn,. A7 SARS




Accuracy of DIAL measurements (1)

1 dln s(Ay s R)=Ny(4,5)
2A0.(R) dR | Ny(A,,,R)-Ny(4,,)
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Accuracy affected by:

» How well is absorption cross section known?

» Improper correction of signal offsets, e.g. background light
» Geometrical factor different for A, and A

» Differential backscatter & extinction not properly corrected
> Interfering species not taken into account



Accuracy of DIAL measurements (2)

Differential geometrical factor:
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Accuracy of DIAL measurements (3)
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Height , m ASL

Accuracy of DIAL measurements (4)
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Wrong assumptions about aerosol parameters can introduce significant
errors in O, retrieval !




Dual-DIAL concept

Ozone absorption in the UV

100000F "~ T~ T T T T T
A

1000.0 1)\2 )\3

100.0

10.0

1.0

O 1L ...

240 260 280 300 320 340 360
Wavelength , nm

L] PR S| — L |

. 24 2
Ozone abs. cross section , 10 m

2 DIAL wavelength pairs: A; / A, and A, / A;



Dual-DIAL minimizes aerosol interference (1)

0, = 1 d lnN( off 19 )—ClnN( 2> R)
200.(R) dR S( on1s B S( o2 R)
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> No correction of differential aerosol effects needed and residual

errors are small.
» However, precision of DIAL retrieval is degraded.




Dual-DIAL minimizes aerosol interference (2)
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