A Unified-Principle-Component Radiative Transfer Model

for High-Spectral Simulations

Chao Liu, Bin Yao
Nanjing University of Information Science & Technology, China

Vijay Natraj, Yuk L. Yung
Division of Planetary Sciences, California Institute of Technology, USA



Contents

Motivation
A Combination of Fast RTMSs

PCRTMs and a Unified-PCRTM

Conclusion



Motivation

Some of the high-spectral instruments

AIRS/Aqua
Cris/Suomi-NPP
IASI/METOP-A

GIIRS/FY-4A
HIRAS/FY-3D
OMI/Aura
TROPOMI/S5P
OCO-2
Carbon-Spec/TanSat
CLARS (Ground)

3.7-15.40
3.92 - 15.38
3.62 - 15.50
4.40 - 14.29
3.92 - 15.38
0.27 -0.50
0.27 -2.38
0.76 - 2.08
0.76 - 2.08
0.63 - 3.30

2,378
1,305
8,461
1,671
2,287
740
750
3,048
2,242
21,000

Temperature/water vapor/trace gases
Temperature/water vapor/trace gases
Temperature/water vapor/trace gases
Temperature/water vapor/trace gases
Temperature/water vapor/trace gases
Trace Gases/Aerosol
Trace Gases/Aerosol
CO,/Aerosol
CO,/Aerosol
Trace Gases/Aerosol



Motivation

Atmospheric Profiles
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Motivation

Forward simulations have to be efficient enough for
applications of high-spectral observations.

Satellite applications need accurate radiance simulations.

High-spectral simulation Is a fundamental and benchmark
method for wide/narrow-band simulations.

We always need more accurate and more efficient models.
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Some examples of fast RT models

Fast RT Models
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(Wang et al., 2015)

(Liu et al., 2006;
Natraj et al., 2006;
Moncet et al., 2008)




Some examples of fast RT models
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(_VVEnE etal., §OT5)_ —————— (Liu et al., 2006;
Natraj et al., 2006;
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Some examples of fast RT models

Fast RT Models
|
v v
Accelerate Limit the Number of
Monochromatic Simulation Monochromatic Simulation
I |
v v v v

Give up Accuracy | | Pre-calculated database || Band model || High-Spectral model

T e s W

Low-stream | ! LUT for Correlated k- |1 | Random 0SS
model : multi-scattering | | distribution : Model
(_VVEng etal., §OT5)_ —————— (Liu et al., 2006;
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Moncet et al., 2008)



A Fast RT Model: CKD

Instead of performing
thousands of monochromatic
RTMs, the CKD calculation
needs only a few.
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A Fast RT Model: LUT-based Model

Instead of performing 128-stream
DISORT for cloud multi-scattering,
the BRDF/BTDF of cloud layers
can be saved and used directly.

(Wang et al. 2013)



A Combination of Fast Models
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Instead of performing
thousands of monochromatic
RTMs, the CKD calculation
needs only a few.
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Instead of performing 128-stream
DISORT for cloud multi-scattering,
the BRDF/BTDF of cloud layers
can be saved and used directly.

Cloud/Aerosol BRDF/BTDF

(Liu et al. 2015)
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A Combination of Fast Models

The LUT based fast model takes
similar computational time to those
of the 16-stream DISROT, but
gives much more accurate results.
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A Combination of Fast Models

Comparison of the model with the AHI/H-8 observations for different channels.
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Fast Models for High-Spectral RT

Double-k distribution Method (Duan et al., 2005)
28 RT calculations for entire oxygen A-band (over 20,000 wavelengths)

Principle Component RTM (Natraj et al., 2005; Liu et al., 2006)
A PAC of optical properties of the system (Natraj et al., 2005);

A PCA of monochromatic radiance over the spectrum (Liu et al., 2006)

Optimal Spectral Sampling (Moncet et al., 2008)

A few RT calculations to model channel radiances with a BTD < 0.05K

Look-up-table-based RTM (Wang et al., 2015)
Approximately four orders of magnitudes faster than the 32-stream DISORT



Radiance-Based PCRTM: R-PCRTM

Input
PCRTM
Model
Parameters

Data

Generate Predictors
by Performing Mono
RT Calculations

v

Calculate PC Scores
and Jacobian

y
Y,= Y a,R" ()
1-

Next Profile

EOF
Transformation

Channel
Radiance and
Jacobian ?

(X. Liu, et al., 2006)



Radiance-Based PCRTM: R-PCRTM

‘ Data }

Input
PCRTM
Model
Parameters

Generate Predictors
by Performing Mono
RT Calculations

Calculate PC Scores

Next Profile and Jacobian
n\’__._
Y, = E(I}R""""’(j)
I=1
EOF
Transformation No Channel

Radiance and

N,
- S Jacobian ?
R" = E,V,U,

i1

(X. Liu, et al., 2006)
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For the NAST-I instrument (8632 channels),
only 305 monochromatic RT calculations are
needed.



Optical-Based PCRTM: O-PCRTM

Bi ical . (25 + 1) RT simulations (LIDORT, 2- i
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Optical-Based PCRTM: O-PCRTM




Optical-Based PCRTM: O-PCRTM

Binned set of optical properties:
F; = {Tni» @Wnil

=

Mean-removed logarithmic data:
{In[F;] — In({F}}

Perform PCA
(Eigenproblem)

EOFs W,, Principal Components P,.
Optical states F,, = exp[W,].
2N

Int,; ={Int,»+ k__lwn.kPFri

(first k EOFs)

(2 + 1) RT simulations (LIDORT, 2-
Stream, First-Order) for mean optical

h J

property {F) and PC-perturbed optical
properties {F) + F,,

-

Correction factors  (A;) at all points A;
using abowve (2&+1) RT simulations and
second-order central-differencing with
Principal Components P,

n®

(]

10

~ Accuracy

= -
(=] =]
] L]

Averaga Wo. of Points

—
=
LS

@0
Kesidual (%)

v

Fast RT Simulations at all points:
Tas(Ai) Ipa (A

r

Final PCA results:
Lipprox(A) = [Has5(A) Hipg (AD]CCA)D

1’

(Natraj et al., 2006;
Spurr, et al., 2013;
Kopparler et al., 2016;
Kopparler et al., 2017)

Efficiency

10*

10

Runtime |s)

10?

1 b R

—— Exact
— PCA

o 5 10 15

20 25 30 35

Humber of Streams



O-PCRTM & R-PCRTM
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» Both PCRTMs are powerful (accurate and efficient)
» The two PCRTMs are different



A Unified-PCRTM

Bin wavelength
with similar
optical properties

Compute 2-stream
radiances at
particular wavelengths
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compute PC scores

R-PCA radiance
at cach wavelength

l

l

Perform PCA to reduce

Compute O-PCA

1IN

b Y '
% PC scores

Pertorm BT calculations
tor mean and EOF-
perturbed binstates

dimensionality of radiance at
binopticaldata particular wavelengths
A

PC components tor
radiance at particular
wavelengths

- ——

Compute radiance

correction tactors

PC components for
radiance at each
wavelength

>

Training dataset
tor radiances at
cach wavelength




A Unified-PCRTM: O-PCRTM Part

Binwavelength
with similar
optical properties

Compute 2-stream
radiances at
particular wavelengths

» Accurate RT Model: LIDORT

» Approximated method: Two-Stream

l

l

+ First-Order Scattering

Perform PCA to reduce
dimensionality of
binopticaldata

Compute O-PCA
radiance at
particular wavelengths

» Components in the model:

« Aerosol Scattering

Pertorm BT calculations
tor mean and EOF-
perturbed binstates

« Rayleigh Scattering
« Gas Absorption (HITRAN)

Compute radiance

correction factors




A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: R-PCRTM Part

Atmospheric profiles from ECMWF database

PC components for
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Reflectance

Reflectance

A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: R-PCRTM Part

_________________________________________________________________
1 |1
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|
Start from equal-spaced grid points



A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: R-PCRTM Part
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A Unified-PCRTM: Solar Band

Reflectance

Relative Errors ( % )
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50,000 monochromatic
radiances with a spectral
resolution of 0.05 cm-1.

The O-PCRTM, R-
PCRTM, and U-PCRTM
show similar accuracy
with relative differences
less than 0.3%, and mean
relative differences less
than 0.01%.



A Unified-PCRTM: IR Band
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A Unified-PCRTM: IR Band
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A Unified-PCRTM: Efficiency

Simulations needed for the three PCRTMSs

Simulations

Additional 50,000 ~ 400 Approximations
simulations None Approximations it & PCA

wavenumber

e For solar band, a few tens accurate monochromatic simulations are
performed to give monochromatic radiances over 50,000 wavelengths.




Take home messages

We developed the Unified-PCRTM (U-PCRTM) to further enhance
the computational efficiency for high-spectral RT simulations by
combining the O-PCRTM and R-PCRTM;

The U-PCRTM shows relative differences less than 0.5% for solar
reflectance, and brightness temperature differences less than 0.5K;

The U-PCRTM is approximately three orders of magnitudes faster
the the corresponding “accurate model”, and we can further work
on the accurate model!

Cloud scattering parameterization, irradiance simulations will be
Included in the U-PCRMT.
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