On Modeling Elastic and Inelastic Polarized Radiation
Transport in the Earth Atmosphere with Monte Carlo Methods

Tim Deutschmann

IUP Heidelberg Atmospheric Chemistry
MPI Chemie Mainz Satellite Group

January 8th 2015



outline

Introduction and Motivation
Atmospheric Radiation Transport
Remote Sensing
Standard DOAS

Monte Carlo RTM
RTE Integral Form
Monte Carlo Method
Functionals

Ring E ect Modelling
RRS Modied RTE
Path Generation
Local Estimates
Elastic Biasing
Validation

Synthesis: DOAS 2.0
Variance Side E ects
Conclusions
Fin

Postambel
Theory
Polarization
Derivatives



outline

small outline inbetween

Introduction and Motivation
Atmospheric Radiation Transport
Remote Sensing
Standard DOAS



Naming Optical Properties

merely elastic scattering (s) on N2, O, Ar
molecules (Rayleigh) and on particles (Mie),
absorption (a) on O3, H,0, CO, and CHa,
extinction (e)



Naming Optical Properties

merely elastic scattering (s) on N2, O, Ar
molecules (Rayleigh) and on particles (Mie),
absorption (a) on O3, H,0, CO, and CHa,
extinction (e)

UV/vis/INIR wave nature: interference negligible,
vector properties important



Naming Optical Properties

merely elastic scattering (s) on N2, O, Ar
molecules (Rayleigh) and on particles (Mie),
absorption (a) on O3, H,0, CO, and CHa,
extinction (e)

UV/vis/INIR wave nature: interference negligible,
vector properties important

di erential scattering cross section:
g — = = P(w) @
S

s total scattering cs, P(w) so called phase
function (later phase matrix)



Naming Optical Properties

merely elastic scattering (s) on N2, O, Ar
molecules (Rayleigh) and on particles (Mie),
absorption (a) on O3, H,0, CO, and CHa,
extinction (e)

UV/vis/INIR wave nature: interference negligible,
vector properties important

di erential scattering cross section:
—— =8 ——— =~ P(w) @
S

s total scattering cs, P(w) so called phase
function (later phase matrix)

n number density in [# cm 3], optical densities
#=n sin[km 1]



Naming Optical Properties

merely elastic scattering (s) on N2, O, Ar
molecules (Rayleigh) and on particles (Mie),
absorption (a) on O3, H,0, CO, and CHa,
extinction (e)

UV/vis/INIR wave nature: interference negligible,
vector properties important

di erential scattering cross section:
g — = = P(w) @
S

s total scattering cs, P(w) so called phase
function (later phase matrix)

n number density in [# cm 3], optical densities
#=n sin[km 1]

radiative (Boltzmann) transfer equation (RTE)
describes the radianceR(+,w) in [W m 2 sr 1]
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Airborne Spectroscopy

source:
NASA quicklook
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Rotational Raman Scattering - Ring E ect
Andrew Young on Rayleigh Scattering [Young, 1981]:
Molecular scattering consists of Rayleigh scattering and vibrational Raman sca
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 Nz, O, and Air, 33rd Lidar
Working Group, Destin (FL), 2-4 Feb 2010 Institut far Physik der At mosphare, DLR

Oberpfa enhofen. Details in the main text.
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Scalar Elastic IRTE
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Scalar Elastic Monte Carlo

I IRTE is xed point condition: f =K f+fy=:T f
I Banach: T is a contraction |  xed point is found by f = limy: ¥ T Nfo

N
f‘ - . o n - .
NI|!m¥ a KMo il' { T} fo (Neumann Series)

z
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Scalar Elastic Monte Carlo

a b P(m
2p
Vo
0 . . 0 which direction?
* absorption or scattering? *
w0 w0
e
c -7 d *
W - w
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Figure: Schematic depictions scalar elastic path generation. In total, the pocedure generates an

eventx,.1 = (+,w) from its predecessorx, represented here byr® and w® i.e. simulates
kT('Xn 1 %ne1)

I IRTE is xed point condition: f =K f+fy=:T f
I Banach: T is a contraction |  xed point is found by f = limy: ¥ T Nfo

N
s N _
f= NI|!m¥ SOK fo= il' (z T} fo (Neumann Series)
¥

I raytracing: estimate K integrals with random numbers



Patchy Cloud Scatter Events

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

I large radiation sourceY, small detector j ! adjoint method (a.m.)

I detector intensity | is linear functional of the solution f ! representation by
scalar product:

B (Y,K™Mj) ®3)

0

(K", j)
0

ﬁ Qo «

T Qox
B

1,1
|—§(f,1)—#

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

#se.

| é_ Cn (4)
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o = oPEmen( t,) O
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t, = #r (1)) dl (6)
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The RRS Modi ed RTE

modify scattering and extinction coe cients:

#S(I ): #S,el(l )+ #RRS,DUI(I ) #E(I ) = #e,el(l )+ #RRS,out(I ) (7)

modify source term:
I add RRS source term:

122
— #rrs(1 ° 1 )Prrs(MR(wS | 9 dwPdl © ®
ap 4
I rewrite elastic source term in integral form:
zz
% the(l OPa(m1 YR(wWC 1 Ad(1 © 1) dwOdi © (9)
P 4p
combine everything:
w() 7
wFR(w,1)=  #I)R(w,|)+ i P(mI1% )R’ Y dwOl © (10)
4p
where
1
P(mI% 1)= wa) el IPa(m1Yd(1 © 1)+ #rs(1 °F 1) Pres(m)

(11)
algebraic structure identical to elastic case! similiar path generation scheme



Scalar Inelastic Path Generation

a a'
Vo Prrs
0 . . 0 . )
* absorption or scattering? * elastic or RRS scattering?
w0 w0
" P(m
a ol B} b 2p
i
£0 £0 which direction?
w® \ RRS?! new wavelength w0
e
c - d +
w_ - w
- - 0,
- #He t (F5F)
+0 . +0 vo%#e t (%)
wO how far~ wO

Note: only one random number used ina, a' and a"!



Adjoint Correction Weights

path generation: local estimation:




Adjoint Correction Weights

path generation: local estimation:

I physical interpretation of trajectories ! adjoint correction weight



Adjoint Correction Weights

path generation: local estimation:

I physical interpretation of trajectories ! adjoint correction weight
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Adjoint Correction Weights

path generation: local estimation:
vo(l
o) >
T4
vo(l)V o(l)
| 1 *2 ¥3 | 0
vo(l)
fo o

I physical interpretation of trajectories ! adjoint correction weight
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Adjoint Correction Weights

path generation:

vo(l9)
Vo(l) Vo) T
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I physical interpretation of trajectories !
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adjoint correction weight
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2
1 | 0

lo *3
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I local estimate ¢, calculation analog to elastic simulation scheme
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Local Estimates With Rotational Raman Scattering

2
1 | 0

lo *3
o

I local estimate ¢, calculation analog to elastic simulation scheme

Ge = (1 pras(l ))%F,’”F(mpm(l Jwis, rre(l ©! I)P%E””F(l% (14)

I total intensity estimate:

|| QJOZ

_Cj) Wis,rrs(li ! i 1)Cen(ln 1.1 n) (15)
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Elastic Biasing

Ring e ect / FI calculation?

Monte Carlo noise: small deviatioRs | from
independent runs would be invisible

reason: di erent trajectory ensembles foandle
solution: getl andle from one ensemble

elastic biasing: nd importance sampling correction
weights that simulate propagation at xed center
wavelength o 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 d-FOV.
The surface albedo is zero and no aerosols or clouds are present.h& red curve shows the (multiple
scattering) RTE solution, green is the result from the single scatteing approximation (Neumann
series truncation) and the blue line shows the result of the analytic ;gle scattering model.
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Multiple Scattering |
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DOASIS and the Ring
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In uence of the Line Shape

910° Ty . 110° . . . . . 510°
g .2nm —— A
0 o
o | BT o PP B
3 m W U

R 1510 210t l | ' 310° o
= / =
KA 3 / =
g o10 [ V vis E
B3 \ = i
£ 510° \ N s 210 F o
Z — f /‘W 0100 4 5 y 110° &
g \ " f A EAT 5
s \\ { ( \ & 310t fa 010" 3
A N
£ \ » g S
g L0 y 1 510% Y ! 110% 8
E } 4107 - HR Ring ——

110 Ring with Hg 334nm  ——— 4 -210°

Ring with Gauss * PG
residuum ——
010" 110° 5107 ! : ; . . 310°
1 05 0 05 1 356 358 360 362 364
wavelength [nm] wavelength [nm]

Figure: The e ect 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)rad a Gaussian t 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 colos) and the corresponding
DOAS t residuum (red) of relative strength of 2.5 10 3 peak-to-peak.
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linearely polarized plane wave. The refractive index of the particle (rel ball) is considerably larger
causing a ne ripple structure in the internal eld in €. Figure taken and modi ed from
[Mishchenko, 2009].
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Figure: The total, incident and scattered eld in a scattering process. The incident wave is a
linearely polarized plane wave. The refractive index of the particle (rel ball) is considerably larger

causing a ne ripple structure in the internal eld in €. Figure taken and modi ed from
[Mishchenko, 2009].

I incident single photon / wave

itz W) with Eox = onXjeij and Eogy = onyjei(j +d)

(30)

E = (Eoxex + Eoyey)e

I total electric eld in presence of a scatter object

EIHC = Emc + Esca- (31)
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scattering amplitudes S;:

Eksca — ieik(r ?) S, S3 Ekinc (32)
E, sca kr St S E, inc
StokeS' description of elds with real numbers
1 0
Eox Eox + EoyEgy jEoxj® + jEoyj?
% § Eox Eoy EOy EOy g - k _jEOX_j_z j_EOij § (33)
2wm EoxEqy + EoyEgx 2wm @ 2jEoxjj Eoy] cos(d) A
i(EoxEqy  EoyEqy) 2jEoxjjEoyj sin(d)
scattering in Stokes' language:
0 1 0 1
Fscax Finc
Qsca § - 1 % Qinc §
Usca k2 2 Z(WInCI Wsca) Uinc (34)
Vsca Vinc
with
1
P1i(m)  Pia(m) 0 0
: - P21(m)  P2a(my) 0 0 § »
Z(Wine, Wsea) = L(@sca) % 0 0 Pas(m)  Paa(m) L(@inc) (35)
0 0 Pas(my)  Paa(m)

where my = wi,. W, and L(a) are so called Stokes rotations.
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Mie phase matrix elements for | =500e-9m m=1.35+0i
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Figure: Example of water droplet phase matrix elements as a function of thescatter angle
obtained from Gustav Mie's theory.
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from [Kokhanovsky et al., 2010] with McArtim results.
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aiv oo



	Introduction and Motivation
	Atmospheric Radiation Transport
	Remote Sensing
	Standard DOAS

	Monte Carlo RTM
	RTE Integral Form
	Monte Carlo Method
	Functionals

	Ring Effect Modelling
	RRS Modified RTE
	Path Generation
	Local Estimates
	Elastic Biasing
	Validation

	Synthesis: DOAS 2.0
	Variance Side Effects
	Conclusions
	Fin


