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MCARaTS

Monte Carlo Atmospheric Radiative
Transfer Simulator

http: / / www.geocities.jp /null2unity /mca

rats/
e (an be found at Google!

e Source codes, examples, and
documentation are available



ALGORITHM

Forward-propagating photon-transport
algorithm

Very small bias + random noise
(depending on computer power)




MODELED PROCESSES

e Atmosphere (3-D)

e Scattering/absorption by molecules, aerosols, &
hydrometeors (cloud water, cloud ice, etc.)

e Refraction/reflection due to air density changes
e Surface (2-D, macroscopically flat)

e Mixed model of diffuse reflection and specular
reflection: Roughness of surface facets can be
variable (e.g., ocean waves are properly treated
depending on wind velocity).



e Radiation sources

e Distributed sources: S«
emission

e Localized sources: Las
e Radiative transfer solver
e Fully3-D

e Partially 3-D (3-D for low-order scattering,
while 1-D for high-order)

e ICA (1-D for independent columns)
e PPA (1-D for large-scale single column)



e Output ( )

e Radiative flux & heating rate
e Area-averaged radiances at specific altitude m
e Angle-averaged radiances at specific location ’

e Pathlength statistics (for DOAS modeling) m

e Lidar signal

e Applications (/)
e Radiation budget at cloud-resolving scale N
e Signal simulation for optical sensors

e Validation of approximate radiation models
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VARIANCE REDUCTION
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PROBLEM 1: PHASE
FUNCTION SPIKES

Radiance computation is usually difficult
for realistic Mie phase functions

Significant noises due to rare sampling of

diffraction peaks in the forward scattering
direction (Barker et al., 2003)

---> The peak can be approximated by
Dirac’s delta function (truncation
approximation)



Phase Function P(8)

DUAL-END TRUNCATION
APPROXIMATION

F,, =08,f5=0.56

0 30 60 90 120 150

Scattering Angle ©

Q(O) = pg
= Q(O)=f+ /,pe

e Does not reqguiize
additional computer
memory for the truncated
phase functions

e 1stand 2nd moments of
modified phase function
are equated as the
originals



DELTA FRACTION

[s(n+1)=F

max

G(P)H(x,)
Fmax 18 a tuning parameter
Large for sharply peaked P(O)

Set as null for solar direct beam

Increases with decreasing
directionality of light (high-order
scattering)

---> High accuracy (very small bias)
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PROBLEM 2: SMALL C

=¥ (0,9,0',9)T (1)

e Sampled energy Cis often very small,
despite that their contribution to total
radiance is small (Barker et al., 2003)

e Ray tracing for small ¢ is inefficient
use of CPU time



UNBIASED MODIFICATION
OF THE LOCAL ESTIMATE

Sampled ¢ is modified to ¢’ = 0 or a value >
threshold (&min) according to Monte Carlo
manner (using random numbers)

Ray tracing can be immediately terminated
when &’ = 0; This case is frequently seen
when W is small or partially-integrated
exceeds a limit.

This method =a¥(0,¢,0',¢"T ]
the threshol . (0.9 P
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PROBLEM 3: OPTICALLY-
THIN MEDIA

Collisions are rare in optically-thin media

---> Collision-forcing method; We can
force virtual collisions by increasing
extinction coefficients (scaling
transformation according to the similarity
relations)

Can be used where it is needed (cloud-free
regions, cloud edges, or only for first-order
collision)



NUMERICAL DIFFUSION

e Each sampled energy is simply distributed
in horizontal area around the photon
location (Note: Actual trajectory is not
altered)

e The diffusion area is determined by number
of incident photon packets, sampled weight,
directionality of photon packet, etc.

e (Physically) diffusive light ---> more
artificial smoothing



Radiance Error
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PERFORMANCE
IMPROVEMENTS: RADIANCE

Fmax =0
100 —_—(a) 0.67 um Fmax = 0.4
2 Fmax = 0.6
g: Fmax = 0.8
4 e Fmax = 1
: e Fmax = 0.8, +ND
2-
3
B 10—
= N
wl -
w 6
= 54
oz 5l
3-
2-.
§ P
T T IITTIT] 1 1 TTIIIII 1 1
2 2 4 6 8 . 2 4 6 8 2 2 4
10 10 10

CPU Time (sec)



up

dn

HR

FLUX & HEATING RATE
(Nco]_=100)

Scheme S Scheme V Benchmark




Layer Index

Layer Index

40 -
(a) Fy, Scheme
1D
30 —S
—_—V
20 =~
— lJ
10 i //}
O 1 l
0.00 0.30

30 -~

20

10 =

20

40
RMSE

Layer Index

0 I I I I
00 02 04 06 0810 1N
RMSE

* Ncol =100 is enough to

obtain higher accuracy than 1D
scheme!

* Note that two-term 1D

approximation can have bias of
about 10% even for plane-
parallel cloud!




VARIANCE REDUCTION
TECHNIQUES

1. Truncation approximations for sharply-
peaked phase function

2. Modification of local estimate

3. Collision-forcing method for optically-
thin media

4. Numerical diffusion
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CONCLUSIONS

Development of an advanced 3-D
radiation model is in progress. Coupling
with cloud-resolving models will be
feasible in the near future, so that realistic
radiation processes can be simulated.

The 3-D radiative transfer is quite different
from 1-D transfer.



FUTURE WORKS

Coupling 3DRT code
with cloud-resolving
model

More realistic land and
ocean processes

BRDFs of
vegetation/ city
canopy, ice sheet

RT in water & ice

Terrain; rough surface
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APPENDIX 2




TRUNCATION APPROXIMATIONS OF
SCATTERING PHASE FUNCTIONS
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PERFORMANCE
IMPROVEMENTS: RADIANCE
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MAJOR 3-D RADIATIVE EFFECTS

e Direct-beam effects (shadowing & side
illumination), depending on solar
angle

e Radiative diffusion of multiply-
scattered light

e Enhanced heating



FORMULAS




THE RUSSIAN ROULETTE
METHOD

r

0 ifp, =w/W
W if p, <w/W

.



DIRECTIONALITY PARAMETER
OF A PHOTON PACKET

Xn = Xn—l‘g(n)|



TRUNCATION
APPROXIMATION

P(©) =2 /,0(0)+(1- f,)P(©)

oY

/3(: = ﬁe(l 7= faw)
b=w(l- f;)/(1- fw)



SCALING TRANSFORMATION

B.= B
o= o' =1-(1-0)f.
P(©)= P'(©)=2/,00)+(1- f,)P(©)

where

.
fe=ﬁe/ﬁe Ja 1-(1-@)f.




UNBIASED MODIFICATION
OF THE LOCAL ESTIMATE

r

IIJmin
Y=g =

0
I =exp(-71)

=>T’=<

r-

1

N p‘P = lIJ/lljmln

if p, >W/W_.

1 itr=<t,_ =-In(p. )

0 1f 7> 7,



MLE METHOD: FINAL FORM
B <
Cr r-Cmin lf plP = W/Cmn and T = Tfree
—

0 if p, >a¥/C . orT>5 "
2) oY > a0

i T <t .
C’ = Cmin 1“ Tmax <Ts Tmax i Tfree

0 itr>1. T




