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Airborne Spectroscopy
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Rotational Raman Scattering - Ring Effect
Andrew Young on Rayleigh Scattering [Young, 1981]:

Molecular scattering consists of Rayleigh scattering and vibrational Raman scat-
tering. The Rayleigh scattering consists of rotational Raman lines and the cen-
tral Cabannes line. The Cabannes line is composed of the Brillouin doublet
and the central Gross or Landau-Placzek line. None of the above is completely
coherent. The term “Rayleigh line” should never be used.
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Figure: Plot from: Oliver Reitebuch, Benjamin Witschas, Ofelia Vieitez, Eric-Jan van Duijn,
Willem van de Water, Wim Ubachs: Rayleigh-Brillouin Scattering in N2, Oy, and Air, 33rd Lidar
Working Group, Destin (FL), 2-4 Feb 2010 Institut fiir Physik der Atmosphéare, DLR
Oberpfaffenhofen. Details in the main text.
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Scalar Elastic IRTE

o 7
- - Y - o e (5<(U— |7_FI|) = g~ B
f(r,w):/cjmkp [(F.&) — (r,w)}f(r,w)ﬁdr dd’ + (7, @)

r—r

collision density [ m‘ngr]

radiance [ W ]
mesr

initial collision density
transition density

)
)

e(F), es(F)  total extinction, scattering coefficient {%}
)




Scalar Elastic Monte Carlo

» IRTE is fixed point condition: f = Kof 4+ fy=:Tof



Scalar Elastic Monte Carlo

» IRTE is fixed point condition: f = Kof 4+ fy=:Tof
» Banach: T is a contraction — fixed point is found by = limy_. TNf



Scalar Elastic Monte Carlo

» |IRTE is fixed point condition: f = Kof+fy=:Tof
» Banach: T is a contraction — fixed point is found by f = limy_ TNf

f=1lim To---oToToToToToTof

N—oo

N



Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof 4+ fy=:Tof

» Banach: T is a contraction — fixed point is found by = limpy_ TNf

f=1lim To---oToToToToTo(Kfy+f)
N-1




Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof 4+ fy=:Tof

» Banach: T is a contraction — fixed point is found by = limpy_ TNf

f=1lim To---oToToToTo(Kfy+ Kfy+ fy)

N—oo

N-2



Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof 4+ fy=:Tof

» Banach: T is a contraction — fixed point is found by = limpy_ TNf

F= lim To---oToToTo(K3fy+ K2+ Kfy + f)
00 N—
N-3



Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof 4+ fy=:Tof
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Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof 4+ fy=:Tof

» Banach: T is a contraction — fixed point is found by = limpy_ TNf

F=lim To---oTo(Kfh+K*% + K3y + K> + Kfy +
NTOO o oTo(K>fh+  + b+ b+ Kfo + 1)

N-5



Scalar Elastic Monte Carlo

> IRTE is fixed point condition: f = Kof +fy=:Tof
> Banach: T is a contraction — fixed point is found by f = limy_ TV

N
f=li K'fy=To---oTof N i
NTOO’; 0) o---0Tofy (Neumann Series)

[}



Scalar Elastic Monte Carlo
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Figure: Schematic depictions scalar elastic path generation. In total, the procedure generates an

event X,+1 = (¥, @) from its predecessor X, represented here by 7 and &', i.e. simulates
tro 3
k (Xn — Xn+1)

> IRTE is fixed point condition: f = Kof +fy=:Tof

> Banach: T is a contraction — fixed point is found by f = limy_ TV

=1 K™f -0 T ofg N Seri
NTooE b=To---0Tofy (Neumann Series)
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> raytracing: estimate K integrals with random numbers



Patchy Cloud Scatter Events

Figure: Scatter and absorption events: Rayleigh, , absorption and
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Local Estimates For Intensity Functionals

> large radiation source ¥, small detector ¢ — adjoint method (a.m.)

> detector intensity / is linear functional of the solution f — representation by
scalar product:

2 (¥, k') 3

e

(K™Y, 9) =

1
0 €n

e

I=1(r.9) =

n 0

> estimates of the intensity: local estimate method [Marchuk et al., 1976]

Fs.e.

I = Y a (4)
n=0

- Lp.u NG

Cn - H r"'yn) exp(_Tn) ( )
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The RRS Modified RTE

» modify scattering and extinction coefficients:

es(A) = €5(A) + errsou(A)  €e(A) = €ee(A) + €rrsou(A) )

» modify source term:
> add RRS source term:

i// errs (A = 1) Prgs () R(@, ') dd’ dA )
4r 4
> rewrite elastic source term in integral form:
47_( // sse\ el ]'4 )\) ( )\/)5(/\/*)\) d(r)/d)L/ (9)
» combine everything:
V. es(A)

GVR(@,A) = —e(A)R(@, A) +

[ | P = NR@ N i dr' (10)
A Jar
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The RRS Modified RTE

» modify scattering and extinction coefficients:

es(A) = €5(A) + errsou(A)  €e(A) = €ee(A) + €rrsou(A) )

» modify source term:
> add RRS source term:

1
H,/ANSRRS(NHA)PRRS(V)R(G/Y/\/)dG;’dN (@)

> rewrite elastic source term in integral form:

47_( // sse\ el ]'4 )\) ( )\/)5(/\/*)\) d(r)/d)L/ (9)

» combine everything:

GVR(@,A) = —e(A)R(@,A) + 81(2)

// P(u, A — MR(&', A )d@' dA (10)
J4m
where

(]/l )L, — A {Ss el eI ]/l A ) (A )L) +SRR5(A, — /\)PRRS(H)}
(11)

> algebraic structure identical to elastic case — similiar path generation scheme



Scalar Inelastic Path Generation

a a’
@0 PRRS
2 . . 7 . .
r absorption or scattering? r elastic or RRS scattering?
I Iy
a” b P(n)
21
ORRS (/\ — /\’?
o o i irection?
7! 7 which direction?
. : .
w RRS? — new wavelength w
F -
c - -7 d - r
o _- @
- o
-7 ge’T(’ r)
=/ 2/ SV
r ) e r @ "’2(7};) ce (7' F)
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Note: only one random number used in a, a’ and a”!
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path generation: local estimation:

> physical interpretation of trajectories — adjoint correction weight

b = @) PN DN e 212
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Adjoint Correction Weights

path generation: local estimation:

> physical interpretation of trajectories — adjoint correction weight

kyar = €(A)@o(A)pres (M) ars(A > A) =

ERRS,in (A)
€RRS (A/ — )\)

k)\r*w\ = E(A,)CDO()\I)IJRRS(/\,)W =
Lout

k/\’*)/\

Wis, RRS(A, —A)= X =
A=A

SRRSouL(A) /

: errs(A — A)(12
€RRs,in(/\) RRS( )( )
ERRS ()\/ — /\) (13)
SRRs,in(/\)
€rrs,out(A)
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o [

> local estimate ¢ calculation analog to elastic simulation scheme

e = (1 — prrs(A)) MF(A) + pres(A)wis, Rrs (A" — A) Pres ()

an an T 09



Local Estimates With Rotational Raman Scattering

I [

> local estimate ¢ calculation analog to elastic simulation scheme

Pe(p*, A , Py * ,
Qe =(1- PRRS(A))%F(A) + Pres (M) wis, rrs (A" — A)%F(A ) (14)
> total intensity estimate:
N n-1
I~ E wis, ris (A7 = Aj—1)@en(An-1,An) (15)

n=1i=1
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Elastic Biasing

» Ring effect / FI calculation?

» Monte Carlo noise: small deviations /. — | from
independent runs would be invisible

» reason: different trajectory ensembles for / and /.
» solution: get / and /. from one ensemble

» elastic biasing: find importance sampling correction
weights that simulate propagation at fixed center
wavelength Ag from inelastic path ensemble



Test of Elastic Biasing
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Single Scattering Test |
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Figure: Simulated O2 A band spectrum for a satellite nadir geometry with 45° SZA and J-FOV.
The surface albedo is zero and no aerosols or clouds are present. The red curve shows the (multiple
scattering) RTE solution, green is the result from the single scattering approximation (Neumann
series truncation) and the blue line shows the result of the analytic single scattering model.
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Multiple Scattering |
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DOASIS and the Ring
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Influence of the Line Shape
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Figure: The effect of choosing the wrong slit function for DOAS modeling. Left panel: a mercury
lamp emission line as it is observed on a typical spectrometer (green) and a Gaussian fit to its
shape (blue). The right panel shows a high resolution Shefov-Ring spectrum (black) as it would
be measured with the slit functions shown in the left panel (same colors) and the corresponding
DOAS fit residuum (red) of relative strength of 2.5 - 1073 peak-to-peak.
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Integral | Estimate
> principle: = [ F(x)p(x) dx I~ f(x) x5~ p(x)
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i.e.: instead of p(x) sample from g(x) and correct estimates with weight w(x) = p(x)/q(x)

> translated to RT...
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> section of backward trajectory:

n—1 I
= | @Ope — | @n — (20)
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> with the kernel
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section of backward trajectory:

v

n—1 I
= | @n- = @, | —
)\nfl )\n
> with the kernel
- P(?nv,un:)\nfl)
ke + RRS,7,_ 17, — EXP (*T?,,,l—ﬁn (An-1)) -es(Pa, An-1) - T a—
> time reversal 4+ center wavelength fixed:
?n ?nfl
- = —@n — —p-1 — e
Ao Ao

elastically biased kernel:
- Py (Fn, pin, Ao
Ka 7,7, 1 = E€s,er* (Far Ao) - % “exp (— T 7,557, ; (A0))

(20)

(21)

(22)

(23)
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> resulting “elastic biasing” importance sampling weight
et 703701
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> resulting “elastic biasing” importance sampling weight

" Kers 7,7, 1
1S,el,n
Kei + RRS,Fh_1—7n

Esel* (an )\0) Pel* (Fny Hn, /\0)

= —A :
exp (—ATo,n) €s(Fn, An—1)P(Fn, Hn  An—1)

where
ATo.n = Ty 7,4 (M) — T2, o, (An-1)

> accumulated weights for one scatter order:

[e5 e Perx (1)1 (Ao) .
n—1 n—1 Esel* Ter< \Hi)1\10) elastic event
- s.el Pet ()] (Aj—
Welb,n = | | Wis e = € DTntotal . H [g[és!el*l"gzl*)(];i)](z\)o)

i=1 i=1 else

lerrs Prrs ()] (Ai-1)

with
n—1 n—1
ATopoal = ) ATo.n = Ty 7yssr, (A0) = Y Trimrq (M)
i=1 i=0

(24)
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> resulting “elastic biasing” importance sampling weight

Kers 7,7, 1
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Kei + RRS,Fh_1—7n

Esel* (rnv )\0) el* (rny Hn, /\0)
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where
ATo.n = Ty 7,4 (M) — T2, o, (An-1)

> accumulated weights for one scatter order:

[e5 e Perx (1)1 (Ao) .
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with
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» modified local estimate:
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Figure: The total, incident and scattered field in a scattering process. The incident wave is a

linearely polarized plane wave. The refractive index of the particle (red ball) is considerably larger
causing a fine ripple structure in the internal field in E. Figure taken and modified from
[Mishchenko, 2009].

> incident single photon / wave

E = (Eoxéc + Eoy8,)e/ @t with  Ey, = |Eox|e’? and  Egy = |Eoy|e(®+9)
> total electric field in presence of a scatter object

- -
Einc = Eine + Ecca-

(31)
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> scattering amplitudes S;:

Ejs | _ €*2 (S 3\ [Ejpe (32)
Eiwo | kr Se S1) \Eline

> Stokes: description of fields with real numbers

F Eox ng + EO)/ Egy ‘EOX‘Z + |E0,V|2

Q _ L onng - EO,VESy — L ‘EOx‘z B |E0y|2 (33)
U | 2wu EoxEg,, + Eoy Ep, " 2wp | 2|Eox||Eoy|cos () |

v i(EoxEg, — EoyES.) 2| Eox | oy | sin (8)



Photon Spin / Wave Polarization

> scattering amplitudes S;:

EHsca _ jeik(r=z) S,
Elsca N kr 54

> Stokes: description of fields with real numbers

F EoxEg, + Eoy E5,

Q _ L Eox ng - EOY Egy _
U - 2wy Eox Egy + EOyEgX -
v i(EoxEgy — Eoy Eg,)

S3
S1

) (&)

| Eox|* + | Eoy|?

| Eox|* — |Eoy|?
2| Eox|| Eoy | cos (6)
2| Eox||Eoy | sin (6)

> scattering in Stokes’ language:
FSCS ’:il'!C
Qsca 1 _ Qinc
Usca ~ k22 Z (e, Cscs) Uinc
\/SCS \/inc
with
Pi1(ps)  Pia(ps) 0 0
SR Pa1(ps)  Pa2(ps) 0 0
Z(wlﬂC! wsca) - L(asca) 0 0 P33(I,ls) P34(‘1/ls)
0 0 Pa3(ps)  Paa(ps)

where jis = @iy - Wsea and L(a) are so called Stokes rotations.

(32)

. (33)

(34)



Phase Matrix Example

Mie phase matrix elements for A=500e-9m m=1.35+0i
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Figure: Example of water droplet phase matrix elements as a function of the scatter angle
obtained from Gustav Mie's theory.
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Figure: Shown are reflected (left column) and transmitted (right column) Stokes vector intensity
components for a one layered plane parallel pure molecular (Rayleigh) atmosphere over a black
ground. Solid lines: SCIATRAN model, points and errorbars: McArtim. Reproduction of Fig. 2
from [Kokhanovsky et al., 2010] with McArtim results.
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Figure: Comparison of scalar and vector intensities.



Derivatives

> basic principle of derivative calculation:



Derivatives

> basic principle of derivative calculation:
9

ol = % [ e eptx ) dx (40)

(42)



Derivatives

> basic principle of derivative calculation:

%/ - % [ e eptx ) dx (40)
- f’(x,é’)P(Xv'f)%|°g(f(X’§)P(X~§))dX (41)

(42)



Derivatives

> basic principle of derivative calculation:

%/ - % [ e eptx ) dx (40)
- f’(x,é’)P(Xv'f)%|°g(f(X’§)P(X~§))dX (41)
~ f(xs,C)iIog(f(XSVC)P(XsVC))VXsNP(stC) (42)

¢



Derivatives

> basic principle of derivative calculation:

J °]
gl = %‘/f(x,é)p(x,g)dx

= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox

f<stg)% log (f<X5vC)P(X5v':>)va ~ P(XSvC)

Q

> i.e. weights are logarithmic derivatives of the total kernel

(40)
(41)

(42)



Derivatives

> basic principle of derivative calculation:

J °]
%’ = %‘/f(xr@P(X’@)dX

= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox

f<stg)% log (f<X5vC)P(X5v':>)va ~ P(XSvg)

Q

> i.e. weights are logarithmic derivatives of the total kernel

> logarithm of kernel in RT:

(40)
(41)

(42)



Derivatives

> basic principle of derivative calculation:

%/ - %/ Fx, D)p(x. &) dx (40)
= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox (41)
~ f(xs,g)%Iog(f(xs,C)p(Xs,é)),XsNP<st§) (42)

> i.e. weights are logarithmic derivatives of the total kernel

> logarithm of kernel in RT:

@) = log (%wm,g)mﬂ % 8) e K (o zl,c)) (83)

(45)



Derivatives

> basic principle of derivative calculation:

J °]
%’ = %‘/f(xr@P(X’@)dX

= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox

f<stg)% log (f<X5vC)P(X5v':>)va ~ P(XSvg)

Q

> i.e. weights are logarithmic derivatives of the total kernel

> logarithm of kernel in RT:

@) = log (?lc)wmg)k*(m S 8) K G xl,c))

n—1
= Tyt — Tyt Y log (esP(F:, i) + log (esP(Fa. 113))
i-1

(40)
(41)

(42)

(43)

(44)

(45)



Derivatives

> basic principle of derivative calculation:

J °]
%’ = %‘/f(xr@P(X’@)dX

= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox

f<stg)% log (f<X5vC)P(X5v':>)va ~ P(XSvg)

Q

> i.e. weights are logarithmic derivatives of the total kernel

> logarithm of kernel in RT:

@) = log (?lc)wmg)k*(m S 8) K G xl,c))

n—1
= Tyt — Tyt Y log (esP(F:, i) + log (esP(Fa. 113))
i-1

F#s.e.

Y- cnDTa(0)

n=0

Qm

— Dgl(2)

(40)
(41)

(42)

(43)

(44)

(45)



Derivatives

> basic principle of derivative calculation:

0
%I

Q

52 [ lx0plx 0y ax
#0000, 5 o (F(x, E)p(x, ) e

f<stg)% log (f<X5v§)P(X5v':>)va ~ p(xs,C)

> i.e. weights are logarithmic derivatives of the total kernel

> logarithm of kernel in RT:

(@) =

S D) R

1 o - - o -
log <@‘Y(Xn, C)kf(x,,,l — X, €) - k*(xo — X1, ('J'))
n—1

—Tiysestn — Ty + Y, log (esP(F:, i) + log (es P (P, 11}))
f

F#s.e.

Y- cnDTa(0)

n=0

> i.e. use logarithmic derivatives as importance sampling weights

(40)
(41)

(42)

(43)

(44)

(45)



Derivatives

> basic principle of derivative calculation:
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= [ fx 8l 8) 5 Tor (Flx E)p(x,£)) Ox

f<stg)% log (f<X5v§)P(X5v':>)va ~ p(xs,C)

Q

> i.e. weights are logarithmic derivatives of the total kernel
> logarithm of kernel in RT:
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> i.e. use logarithmic derivatives as importance sampling weights
> validation by self consistence test (next slide):

1. calculate /() and Dg/(Z) for a range [Za, C5]
2. fit h(Z) to I(&) and compare Dzh(&) with Dgl(&)
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