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gondola roll out prepare gondola for launch

ready for take-off go!
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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.

Figure: Plot from: Oliver Reitebuch, Benjamin Witschas, Ofelia Vieitez, Eric-Jan van Duijn,
Willem van de Water, Wim Ubachs: Rayleigh-Brillouin Scattering in N2, O2, and Air, 33rd Lidar
Working Group, Destin (FL), 2-4 Feb 2010 Institut für Physik der Atmosphäre, DLR
Oberpfaffenhofen. Details in the main text.
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Scalar Elastic IRTE

f (~r , ~ω) =
∫

G

∫

4π
kp
[
(~r ′, ~ω′) → (~r , ~ω)

]
f (~r ′, ~ω′)

δ

(

~ω − ~r−~r ′

|~r−~r ′|

)

|~r −~r ′|2
d~r ′d~ω′ + f0(~r , ~ω)

f (~r , ~ω) := ε(~r )R(~r , ~ω) collision density
[

W
m3sr

]

R(~r , ~ω) radiance
[

W
m2sr

]

ε(~r ), εs (~r ) total extinction, scattering coefficient
[

1
m

]

f0(~r , ~ω) initial collision density
kp
[
(~r ′, ~ω′) → (~r , ~ω)

]
transition density

HG g = 0.7 HG g = 0.9 3
40 (13+ µ2) 3

4 (1+ µ2)
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◮ IRTE is fixed point condition: f = K ◦ f + f0 =: T ◦ f

◮ Banach: T is a contraction → fixed point is found by f̃ = limN→∞ TN f0

f̃ = lim
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N
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Scalar Elastic Monte Carlo

a

~ω′

~r ′

̟0

absorption or scattering?

b P(µ)
2π

~ω′

~r ′ which direction?

c

~ω′

~r ′

~ω

εe−τ(~r ′ ,~r )

how far?

d

~ω′

~r ′

~ω
~r

̟0
P(µ)
2π εe−τ(~r ′ ,~r )

Figure: Schematic depictions scalar elastic path generation. In total, the procedure generates an
event ~xn+1 = (~r , ~ω) from its predecessor ~xn represented here by ~r ′ and ~ω′, i.e. simulates
k†(~xn → ~xn+1)

◮ IRTE is fixed point condition: f = K ◦ f + f0 =: T ◦ f

◮ Banach: T is a contraction → fixed point is found by f̃ = limN→∞ TN f0

f̃ = lim
N→∞

N

∑
n=0

Knf0 = T ◦ · · · ◦T
︸ ︷︷ ︸

∞

◦f0 (Neumann Series)

◮ raytracing: estimate K integrals with random numbers



Patchy Cloud Scatter Events

Figure: Scatter and absorption events: Rayleigh, cloud particle, absorption and ground scattering
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Local Estimates For Intensity Functionals

◮ large radiation source Ψ, small detector ϕ → adjoint method (a.m.)

◮ detector intensity I is linear functional of the solution f → representation by
scalar product:

I =
1

ε
(f , ϕ) =

1

ε

∞

∑
n=0

(KnΨ, ϕ)
a.m.
=

1

ε

∞

∑
n=0

(Ψ,K †nϕ) (3)

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

I ≈
#s.e.

∑
n=0

cn (4)

cn =
1

4π
P(~rn, µ∗

n) exp (−τ∗
n ) (5)

τ∗
n =

∫ Sun

~rn

ε(~r (l))dl (6)

c1

c2

c3

c4

c5

c6
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◮ modify scattering and extinction coefficients:

εs (λ) = εs,el(λ) + εRRS,out(λ) εe (λ) = εe,el(λ) + εRRS,out(λ) (7)

◮ modify source term:
◮ add RRS source term:

1

4π

∫ ∫

4π
εRRS(λ

′ → λ)PRRS(µ)R(~ω′,λ′) d~ω′ dλ′ (8)

◮ rewrite elastic source term in integral form:

1

4π

∫ ∫

4π
εs,el(λ

′)Pel(µ,λ′)R(~ω′,λ′)δ(λ′ − λ) d~ω′ dλ′ (9)

◮ combine everything:

~ω~∇R(~ω,λ) = −ε(λ)R(~ω,λ) +
εs (λ)

4π

∫ ∫

4π
P(µ,λ′ → λ)R(~ω′,λ′) d~ω′ dλ′ (10)

where

P(µ,λ′ → λ) =
1

εs (λ)

{
εs,el(λ

′)Pel(µ,λ′)δ(λ′ − λ) + εRRS(λ
′ → λ)PRRS(µ)

}

(11)

◮ algebraic structure identical to elastic case → similiar path generation scheme



Scalar Inelastic Path Generation
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Pel(µ∗,λ)
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PRRS(µ∗)
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◮ total intensity estimate:

I ≈
N

∑
n=1

n−1

∏
i=1

wIS, RRS(λi → λi−1)cl.e.,n(λn−1,λn) (15)
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Elastic Biasing

◮ Ring effect / FI calculation?

◮ Monte Carlo noise: small deviations Ie − I from
independent runs would be invisible

◮ reason: different trajectory ensembles for I and Ie

◮ solution: get I and Ie from one ensemble

◮ elastic biasing: find importance sampling correction
weights that simulate propagation at fixed center
wavelength λ0 from inelastic path ensemble



Test of Elastic Biasing

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 398  400  402  404  406  408  410  412
-6e-05

-4e-05

-2e-05

 0

 2e-05

 4e-05

 6e-05

ra
d

ia
n

c
e
 [

W
/m

2
/s

r]

∆ 
ra

d
ia

n
c
e
 [

W
/m

2
/s

r]

wavelength [nm]

a) Iel (no RRS)
Iel (no RRS using IS)

I (RRS)
I-Iel

-6e-05

-4e-05

-2e-05

 0

 2e-05

 4e-05

 6e-05

 398  400  402  404  406  408  410  412
-5
 0
 5
 10
 15
 20
 25
 30
 35
 40
 45

∆ 
ra

d
ia

n
c
e
 [

W
/m

2
/s

r]

R
in

g
 S

ig
n

a
l 
[%

]

wavelength [nm]

b) I-Iel
Iel (IS) - Iel

100*(I-Iel)/Iel

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 398  400  402  404  406  408  410  412
 0

 2e-05

 4e-05

 6e-05

 8e-05

 0.0001

ir
ra

d
ia

n
c
e
 [

W
/m

2
/n

m
]

c
ro

s
s
 s

e
c
ti

o
n

 [
c
m

2
]

wavelength [nm]

c) solar irradiance
σx(λ)

 60

 65

 70

 75

 80

 85

 398  400  402  404  406  408  410  412

-0.4

-0.2

 0

 0.2

 0.4

D
O

P
 [

%
]

∆D
O

P

wavelength [nm]

d)

DOP (elastic)
DOP (elastic, IS)

DOP (RRS)
∆DOP



Single Scattering Test I
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Figure: Simulated O2 A band spectrum for a satellite nadir geometry with 45◦ SZA and δ-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.



Single Scattering Test II
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Multiple Scattering I
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Multiple Scattering II
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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 · 10−3 peak-to-peak.
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Removal of the Ring Effect and Absorption II
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Removal of the Ring Effect and Absorption III
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◮ DOAS is robust but needs revision
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[Mishchenko, 2009].
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~E = (E0x~ex + E0y~ey )e
i(kz−ωt) with E0x = |E0x |e

iϕ and E0y = |E0y |e
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◮ total electric field in presence of a scatter object

~Einc = ~Einc + ~Esca. (31)
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◮ Stokes: description of fields with real numbers
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◮ scattering in Stokes’ language:
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=
1

k2r2
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Finc

Qinc
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(34)

with

Z(~ωinc, ~ωsca) = L(αsca)







P11(µs ) P12(µs ) 0 0
P21(µs ) P22(µs ) 0 0

0 0 P33(µs ) P34(µs )
0 0 P43(µs ) P44(µs )







L(αinc) (35)

where µs = ~ωinc · ~ωsca and L(α) are so called Stokes rotations.



Phase Matrix Example

Mie phase matrix elements for λ=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
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2. fit h(ξ) to I (ξ) and compare Dξh(ξ) with Dξ I (ξ)



Validation of Derivatives

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 0.09

 0  0.05  0.1  0.15  0.2  0.25  0.3
 0.22

 0.23

 0.24

 0.25

 0.26

 0.27

 0.28

 0.29

 0.3

 0.31

 0.32
I 

[W
/m

2
/s

r]

d
I/

d
ε 1

 [
W

/m
2
/s

r/
k

m
-1

]

ε1 [km
-1

]

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0  0.05  0.1  0.15  0.2  0.25  0.3
 0.17

 0.175

 0.18

 0.185

 0.19

 0.195

 0.2

 0.205

 0.21

 0.215

I 
[W

/m
2
/s

r]

d
I/

d
ε 2

 [
W

/m
2
/s

r/
k

m
-1

]

ε2 [km
-1

]

 0.003

 0.004

 0.005

 0.006

 0.007

 0.008

 0.009

 0.01

 0.011

 0.012

 0.013

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
 0.007

 0.0075

 0.008

 0.0085

 0.009

 0.0095

 0.01

 0.0105

 0.011

I 
[W

/m
2
/s

r]

d
I/

d
ϖ

0
 [

W
/m

2
/s

r/
1

]

ϖ0 [1]

 0

 0.005

 0.01

 0.015

 0.02

 0.025

 0.03

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

 0

 0.005

I 
[W

/m
2
/s

r]

d
I/

d
g

 [
W

/m
2
/s

r/
1

]

g [1]

Figure: Validation of 1st order scalar intensity derivatives
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Figure: Validation of 2nd order scalar intensity derivatives
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