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BACKGROUND

Radiative transfer (RT) in the atmosphere
Motivation, theory and definitions
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Introduction

Atmosphere and measured radiation

m Interacts with radiation modifying the signal measured by optical sensors

m Described by its properties: reflection, refraction, diffraction, absorption,
polarization, and scattering

s Composition: aerosols and molecules
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Introduction

Atmosphere and measured radiation

m Interacts with radiation modifying the signal measured by optical sensors

m Described by its properties: reflection, refraction, diffraction, absorption,
polarization, and scattering

s Composition: aerosols and molecules

how can | calculate the radiative
effect of the atmosphere 7
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Radiative transfer (RT) in the optical domain
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Radiative transfer (RT) in the optical domain

General 5D vector RT equation

/ J’ [vs('ﬁﬁ,ﬁ/) (7, Q/)] ... this is most times
4 too complex to be

? (7 ﬁ) _ / dﬁlv (7.6 ﬁ’) used in practice...
4
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Radiative transfer (RT) in the optical domain

AT Jur
0 (= =
55 = (8:9)
1 0 - = =
= 7’( ?Q):_ (r,Q)+
Be(7, Q) Jds
+cuo(r,Q)/ J6’ [Ws(fﬁ,ﬁl) _tﬁﬁ')]+J_(j§)
47 an
o L= dz
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Radiative transfer (RT) in the optical domain

Polarization of light beam

|Eo[? + |Enl? a + a; I
= g = |E,|” — = a— ag _ Iy C95212cos2x
U 2R(E, E; a3y cos § Io sin 21) cos 2
7 E Dayansind Io sin 2y
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Radiative transfer (RT) in the optical domain

Simplified general solution in the coupled surface-atmosphere system

Ep- T

Lioa=Lo+Ep-T'+ES-p° T+ ES* . p*TT + .- = Lo + -5,




Background

[e]e]e]e] }

Radiative transfer (RT) in the optical domain

m Solar irradiance: /

Atmospheric Transfer Functions:

s Atmospheric path radiance: Lo
m At-surface solar irradiance:
E=/-T'= Egir cos 0 + Egir
m Directly transmitted: Eg;,
m Diffusely transmitted: Egjr
= lllumination zenith angle: 6;

Total upwards transmittance:
T = Tair + Tar
m Direct transmittance: T,
m Diffuse transmittance: Ty;r

m Spherical albedo: S
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Radiative transfer (RT) in the optical domain

Atmospheric Transfer Functions:

m Atmospheric path radiance: L
m Direct/diffuse irradiance: Egir; Edi
m Direct/diffuse transmittance: Tair; Tai

s Spherical albedo: S

Atmospheric composition and structure

Pressure and temperature profiles

Observation and illumination geometry

Sensor and surface height
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Atmospheric characteristics

Composition, aerosols and vertical structure
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Illumination by solar irradiance

= Not a punctual source
= Sun activity varies with time

m Various sources of solar irradiance data
(e.g. Kurucz, Fontentla, Cebula, Thuiller...)

E 2250 —— NEWKLUR

NE 20004 —— Thuillier 2004

g 1 — ASTM E480

= 17501 Wehrl 1985

g 1500 e

T 1250

= 10004

o 1

g 7504

{?} 500

250 R TN

K —e
400 600 800 1000 1200 1400 1600 1800 2000 2200

Wavelength (nm)

2400



Atm. charac.
[ Jol

Atmospheric composition and vertical structure

Composition
s Major constituents: N2, Oz, Ar, CO2, Ne, He, CH,4
m Other important gases: O3z, H,O, N»,O, CO, NO, NO2, NH3, HNO3

m Trace gases: CFCs...

Each having specific absorption spectra
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Atmospheric composition and vertical structure

Vertical structure
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= Main layers:
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Thermosphere (>80 km) 0

@
S

= Sub-Arctic Summer
—— Sub_Arctic Winter
1976 U.S. Standard

Altitude (km)
P

N
=]

1%5 200 225 25(} 275 300
Temperature (K)
Gas distribution varies for different species and atmospheric conditions:

100 - : y 100 wor
b= ) H = Tropical
- B T;_oplc.a_l 80 e Mid-Latitude Summer

50F - id-Latitude Summer 1 sok = Mid-Latitude Winter

25E \ — I\._tld-La!lIude Winter ] m— Sub-Arclic Summer
E 104 Sub-Arctic Summer 7 E 407 Sub_Arctic Winter &
= Sub_Arctic Winter i S 1976 U.S. Standard
-~ 8 ——— 1976 U.S. Standard 1 - ~
@ q o 300 oy \ ]
B sl o Y
2 £ :
£ = 20 =
I 4} i <

2t i 10} 1

o NS - | 0 |

1E-8 1E-5 0.01 500 1000 1500 2000 1E-8 1E-6 1E-4 0.005 0010 0015 0.020

HO fatm em f bmd 0Oy (atmy ~m F kmd



Aerosol properties

Composition

Interaction between surface and atmosphere (e.g. urban pollution, dust storms, volcanic
activity, biomass burning)




Aerosol properties

Description

s Microphysical and optical properties (e.g. size distribution, refraction index...)
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Aerosol properties

Description

s Modeled by components...

M

File ooy Tooar T T P (g m)/
Component name o (pm) (pm) (pm) (pm) (gem™) (part. cm™)
Insoluble INSO 2.51 0.471 6.00 0.005 20.0 2.0 2.37E1
Water-soluble WASO 2.24 0.0212 0.15 0.005 20.0 1.8 1.34E-3
Soot SOOT 2.00 0.0118 0.05 0.005 20.0 1.0 5.99E-5
Sea salt (acc. mode) SSAM 2.03 0.209 0.94 0.005 20.0 22 8.02E-1
Sea salt (coa. mode) SSCM 2.03 1.75 7.90 0.005 60.0 22 2.24E2
Mineral (nuc. mode) MINM 1.95 0.07 0.27 0.005 20.0 2.6 2.78E-2
Mineral (acc. mode) MIAM 2.00 0.39 1.60 0.005 20.0 2.6 5.53E0
Mineral (coa. mode) MICM 2.15 1.90 11.00 0.005 60.0 2.6 3.24E2
Mineral-transported MITR 2.20 0.50 3.00 0.02 5.0 2.6 1.59E1

Sulfate droplets SUSO 2.03 0.0695 0.31 0.005 20.0 1.7 2.28E-2



Aerosol properties

Description

= ...and agregations

Number Mass Number Mass
X, M, mixing mixing N M, mixing mixing
Aerosol types  Components (@)  (gm) ratios(n) ratios(n) _Aerosol types Components (em™)  (ugm) ratios(n) ratios (m)
Continental total 2600 8.8 Maritime total 1520 423
clean water soluble 2600 52 0.591 clean water soluble 1500 30 0.987 0.071
insoluble 0.13 36 0.409 sea salt (acc.) 20 386 0.132E-1 0.908
sea salt (coa.) 32E-3 09 0.211E-5 0.021
Continental total 15 300 240
average water soluble 7000 140 0458 0.583 Maritime total 9000 474
insoluble 04 9.5 0.261E-4 0.396 polluted water soluble 3800 76 0.160
soot 8300 0.3 0.542 0.021 sea salt (acc.) 20 386 0814
sea salt (coa.) 32E-3 0.9 0.019
Continental total 50000 477 soot 5180 03 0.006
polluted water soluble 15700 314 0314 0.638
insoluble 06 142 0.12E-4 0.298 Maritime total 600 208
soot 34300 21 0.686 0.044 tropical water soluble 590 2 0.058
sea salt (acc.) 10 193 L 0.928
Urban total 158 000 994 sea salt (coa.) 13E-3 03 0217E-5 0.014
water soluble 28 000 56.0 0.
insoluble 15 356 0.949%-05 Arctic total 6600 6.8
soot 130 000 78 0.823 water soluble 1300 26 0.197
insoluble 0.01 02 0.152E-5
Desert total 2300 2258 sea salt (acc.) 19 37 0.288E-3
water soluble 2000 40 0.87 0.018 soot 5300 03 0.803
mineral (auc.) 269.5 7.5 0.117 0.033
mineral (acc.) 5 168.7 0.133 0.747 Antarctic total 43 22
mineral (coa.) 456 0.617-4 0.202 sulfate 429 20 0.998 0910
sea salt (acc.) 047E-1 0.1 0.109e-2 0.043
mineral (tra.) 0.53E-2 0.1 0.123E-3 0.043
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Aerosol properties

Phase function: ®(0)

m Light loss per unit of optical
path [km™']

s Scattering + Absorption

= Angstrom approx.

ex = ek(No) (/\%)a

OPAC's normalized extinction coefficient

o o o o o
D N 00 ©

&

Normalized extinction [km‘l]

600 650 700 750 800
Wavelength [nm]

Phase function [-]

m Fraction of scattered light as
function of scattering angle (0)

m Described by asymmetry
parameter

m Approximations:
(1) Mie; (2) Henyey-Greenstein

OPAC's phase function

10" 10° 10" 10°
Scatering angle [deg]



Aerosol properties

Vertical structure (g4 = ex(h)

m Vertically integrated extinction: optical thickness (AOT)
m Higher density between 0 km and ~2 km
= Dependent of meteo conditions and topography

0 5000 10000 15000

Number Concentration (cm‘a}

Parametric approx.

Exponential decay:
ek(h) ~ exp(—h/Z)
m Scale height Z [km]
m Top height hmax € [1, 3] km
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Atmospheric RT models

Computer solutions for the RT equation



Overview

What's a RT model?

RT models

[ ]

m Abstraction of the physical laws describing light propagation in a media
m Approx. in the modelization and properties of the atmosphere
s Solve the RT equations: e.g. successive orders of scattering, discrete ordinates. ..

Model name |

Spectral range (resolution) |

Other characteristics

5S, 6S, 65V VIS-MIR (2.5 nm) Plane-parallel. 6SV includes polarization

LibRadTran UV-TIR (0.1 cm™1) Pseudo plane-parallel or pseudo-spherical. In-
cludes polarization

MODTRAN UV-TIR (0.1 cm™?) Pseudo-spherical

MOMO UV-TIR (0.05-100 nm) Plane-parallel

MOSART UV-TIR (1 cm™1) MODTRAN-based band model. Includes tur-
bidity

SCIATRAN UV-TIR (0.05-100 nm) Plane-parallel, pseudo-spherical or spherical.
Includes polarization

SMART VNIR Plane-parallel. Fast execution

https://en.wikipedia.org/wiki/Atmospheric_radiative_transfer_codes
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Overview

Main character S

Spectral range and resolution
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MODTRAN

Main characteristics

m Spectral range: UV to uWave

= Spectral resolution: 0.1 cm™! (~0.01 nm at 1000 nm)
m Spherical atmospheric geometry

= Scalar (i.e. no polarization)

s Up to 127 atmospheric layers

m Pre-defined and User-defined atmospheric profiles and aerosol/cloud
optical properties

Applications

= Sensor/mission design

m Atmospheric correction

= Vicarious calibration
Atmospheric chemistry and aerosols

m Planetary science, exoplanets,...




RT models

o] le]e)

MODTRAN

How does it wo

Based on FORTRAN punch (perforated) cards «— input variables

R aaE e ERRu R R R e b
D T T T S R

A VT S AR Ap AR

AWM M WA AW W A ANWRRE Y WERE WAREART AN

4 s ssas 3aa w saaa 344 sas 55 sassass s
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MODTRAN

ow does it work?

Based on FORTRAN punch (perforated) cards <— input variables

KSF 2 3 2 -1 2 2 2 2 2 2 0 0 3 0.0000.50000

TFF 8 0 395.000g 1.200000a 0.31500001 T F T F 0.000 1.000 0.000 0.000 0.000 0
15_2009
s 0o o0 3 0 0 -0.130 0.000 0.000 0.000 0.000
100.000000 0.000000180.000000  0.00000 0.000000 0.000000 0 0.000000 0.000000
12 2 93 0
45.000  55.000 0.000 0.000 0.000 0.000 0.000  10.000
10000.000025000.0000  0.10000  0.10000RN 0 0.000

MODTRAN®5.2.1 USER’S MANUAL

A.Berk’, G.P. Anderson”, P.K. Acharya, E.P. Shettle

4 Fourth A
on, MA 01803 3304

# Alr Force Research Laboratory
Space Vehicles Directorate
Alr Force Materiel Command
Hanscom AFB, MA 017313010
(Gail Anderson@noan go
Naval Research Laboratory
Remote Sensing Division
Washington, DC 203

1

May 2011

4 Fourth Ave.
Burlington, MA 01803-3304

-
' SPECTRAL SCIENCES, INC.

) AIRFORCE RESEARCH LABORATORY
/ Space Vehicles Directorate

#7  AIRFORCE MATERIEL COMMAND

.Q’ HANSCOM AFB, MA 01731-3010 <: MODTRAN5 User Manual
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MODTRAN

Input file example

6 6 3 0.0000.50000

2

405.000y (2.750000a 0. 31500003 TFTF U 000 1.000 ‘lp 0.000 0.000 0
Qpectr%gﬁ@ qnstrom exp
7 OUS[‘S % 3 0 01—04000 0.000 0.000 0.900

KSF 7 3

oo o Sl Sl

0.000 1.013E+03 2.881E+02 0.000E+00 0.000E+00 0.000E+00 61
0.056 0.000 0.000 7 0 0 0 0

0.273 1.013E+03 2.881E+02 0.000E+00 0. 000E+00 (e} 61
0.052 0.000 0.000 p 0

0.545 1.013E+03 2.881E+02 0.0Q0 % 0.000E+00 61
.048 ggﬂ 7 0

0.818 1.013E+83, @Ei 0. 000E+00 0. 000E+00 0. 000E+00 61

\) 4 000 7 0 o 0
1.091 T-013E+0 qag-o‘ﬁ E+00 0.000E+00 o.ooomoo 61
é 00 0.000 7 0 0 0 0
e
00.000 1.013E+03 2.881E+02 0.000E+00 0.000E+00 0.000E+00 61
0.000 0.000 0.0000 0 0 0 0 0

e R A e A T S T 7]
0. 500.seera0. 100450, oD OB [Bpo L ol | [ GRE TS
1
0

.250.280790.077840.6025

100.000000 0.000000180.000000 0.00000 0.000000 0.000000 0 0.000000 0.000000
0.000 0.000 0.710
0 0.000
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MODTRAN

Output files

MODTRAN does not output the Atmospheric Transfer Functions but the
combinations of the various direct/diffuse fluxes

m Direct target-to-sensor transmittance: Tgi

m Direct reflected radiance, i.e. Egir cos 0 Tairp/m

m Total reflected radiance, i.e. Ty - [Eqir cos 0y + Eqir(p)] - p/™
m Solar scattered radiance, i.e. Lo+ Tuir - Egir(p) - p/7

a0
0.00000

MF6 2 2 1 6 6 6 6 6 &
2 1 1 0 0 0 5.0000 0.00000
-99.000 -99.000 -99. 00!
-99.00000 -99.00000 -99.0000!
361976 U S STANDARD
20.00000  0.00000 180.0000
0 0
0.00000  0.00000 02 0.00000 270.00000  0.00000  0.00000
34110.0 15.0 . wran

0 0 2es.
0 0.00000

1.416445 0.000736 ! E20 & 03 COLUMNS [GM/CM2]

20.00000  0.00000  0.00000 O

0.000 0  0.000
FREQ TOT_TRANS PTH_THRML SOL_SCAT SING_SCAT GRND_RFLT DRCT_RFLT TOTAL RAD REF_SOL SOLGOBS ~DEPTH DIR_EM  TOR_SUN B

6.53076-31 1.27878-07 3.13176-08 6.5368E-08 2.0612E-08 1.9324E-07 3.24E. 1.117 0.6000 7.2343E-06
1966E-31 5.44478-31 4.49656-31 1.31418-07 3.1184E-08 6.7092E-08 2. 1.98508-07 3. 1.100 0.6000 7.0468E-06

9231E-31 5.33178-31 4.47618-31 1 3.3456B-08 §.1534E-08 2 2.39138-07 3 1.032 0.6000 7

4.78458 1 3.28608-08 7.2849E-08 2 2.16376-07 3 1.082 0.6000 7

1 7 3.5669E-08 9.8503E-08 2 2 3 0.967 0.6000 7

2 3.8736B-08 1.2279B-07 3 3 3 0.898 0.6000 7
2 3 1.21008-07 3. 3 1 0.897 0.6000 7.1432E-06
13995.00 0.41138890 4.2439E-31 4.07298-31 3.61328-31 2 3.9 3 3 4 0.888 0.6000 7.24458-06
14010.00 0.41197479 3.9556E-31 2 3 3 3 s d 0.887 0.6000 7.3079E-06
14025.00 0.41087475 3.6849E-3: 2 3. 3. 3. 4 7. 0.889 0.6000 7.2172E-06
14040.00 0.41116598 3.4342E-31 2. 3.0 3. 3 4. 7. 0.889 0.6000 7.25208-06

14055.00 0.41080150 3.1997E-3: 2. 3.05015-08 1.2 3. 3 4. 7. 0.890 0.6000 7.

2. 40071502 3 2’692 07 3. 3 1. 7. 0.894 0.6000 7.

2. L0064E- 3. 3 1. 7. 0.896 0.6000 7.

2. 3.9468E- 3. 3 1. 7. 0.897 0.6000 7.

2. 3.08715-08 3. 3 1. 7. 0.897 0.6000 7.

2. 3.99748-08 1 3. 3. 1. 7. 0.906 0.6000 7.

2. 3.92438-08 3. 3. 1. 7. 0.904 0.6000 7.

2. 3.96178-0 2. 3. 1. 7. 0 0.6000 7.

2. 3.9583E-0 2. 3. 4. 7. 0.919 0.6000 7.




MODTRAN user interfaces

PcModWin - www.ontar.com

Calculation Option MODTRAN ~

v Slow x —
Correiation-K specd [sto 5| Run Model - Status Information

Madal Atmosghor LT El Cancel Run | View Details | View Erors |
Type of Atmospheric Path |Stani Path ~]
Hortzorial Path

Slant Path ‘

Mode of Execution

Slark Pan.h ace or Ground
Execute With Multiple Scattering User-Defined Line of Sigl

Temperature and Prossure Allitude Profile [Default to Model ~~ v]
Water Vapor Altitude Profile [Detauit to Mogel 7] (S e ()
Ozone Altitude Profile [Detautto Modet ~ +]
Methane Altitude Profile [Defadltto Model ~ ¥]
Nitrous Oxide Altitude Profile [Default to Modad |

Carbon Monaxide Altitude Profile Default to Model =
Other Gases Altitude Profile Not Used =

Include Auliary Species I
Produce K distribution and Transmittance [~ Produce Binary Output [~
Output File Options Include ATM Profiles -~
ok | Cancel | Heip | Next 5> |
E e £
Tia o a
20
RN
A oo
00 20 40 60 &0 oo

Down Range Distance Km



http://www.ontar.com/Software/ProductDetails.aspx?item=PcModWin
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MODTRAN user interfaces

MODO - www.rese.ch

XMODO

T g

File Edit MHodrand Calculate | 0 OO % Create MODTRAN Series

I Select| Tnput-HID4-TapeS Standard |Etandard, te5

»

Visibility [kn] - Ozone

Hopo 3 ferosal models - Carbon Dioxide

AR breaany SO0 185 OFL
v Std. Atrospheres - View Zenith Angle

Utility to be used for: ~ Water Wapor ~ PARML (Sun Zenith Angle)
~ HODTRAN runs (creation of §

<

<

v

v

PARMZ (Relative Azimuth fAngle)
Sensor Altitude
Ground Altitude

Surface Reflectance

- plot of the MODTRAN - outpd T =

- extraction of spectra from| Parameter Series (Comna Separated) |10,15,23 40
characteristics

Musber of the Column to Be Extracted (Default: -1+ !}1

Tevelopment, and maintenance;
ReSe Replications Sch

Sensors Response-Filels]:

Langeacueg &
CH-9500 Wil, SWITZERY

in case of problens. bugs, s

‘src_id]/modo_v3/sensor_resp/aviris/aviris_03.spc

infolirese. ch Behne‘ Output File Hame: | hod_series, txt

I

I

|

I

I

I

I

I

I

I

| = convolution of spectra to &
I

I

|

I

I

I

I

I

|

I

I siter  httpi/fwuw.rese.ch/ng
I

_telp| R Series

++» If you like this utility,

license fee to the above address - THANKST
X MODO File Plot
{more about licensing iz in the Help-Menu)

File Font Size Display lutput

:
Help

/Users /dschlapf /uni /project /atme/atm_sign /visvar_{

D12, e,

5
- \



http://www.rese.ch/products/modo/
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MODTRAN user interfaces

m Access to complete MODTRAN functionalities

s Documented and user support, including tutorials

m Continuous updates

m Partnership with Spectral Sciences Inc. (i.e. MODTRAN)

Commercial software = ~600 USD

Limited capability to generate Look-Up Tables (LUTs)

No automatic coupling with atmospheric and aerosol databases (e.g. OPAC)
No parallelization (1 MODTRAN execution = 1-10 min)

Limited to MODTRAN = no support to other RT models
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THE ALG* SOFTWARE PACKAGE
A tool to operate atmospheric RT models

*ALG: Atmospheric Look-up table Generator



Objective

Main idea

Develop a tool to generate large LUTs of atmospheric transfer functions from

various RT models

Start with implementation of MODTRAN and 6SV but. ..

allowing expansion to new RT models

Output: Atmospheric Transfer Functions

Versatility to configure the input parameter space

Expandable = access to additional RT input variables

Integration of external databases (e.g., OPAC aerosols, atmospheric profiles)
Parallelization = reduce computation time

Develop LUT interpolation functions (in Matlab)




Graphical User

Interface
Atmospheric LUT generation
Software
configuration Determ!ne Create RTM Run ) Read and
LUT grid input file(s) atmospheric »| Process RTM
» points P RTM output file(s)
LuT A
configuration
Run OPAC
Help system
LUT configuration
. Key input
Generic R yinp Advanced
= a » parameters > . .
configuration . . configuration
configuration
OPAC




Software configuration

s Path to RT model executables files
Variables description, range and default values...

Include new RT models
m Extend with additional variables

Look-up table configuration

s RT model
= Input values (atmosphere, aerosols, geometry)

m Spectral range and resolution
s Advanced parameters




Tutorial

Basic usage of ALG software tool and its data

File Help Tools

BREG| *
1~ LUT config
R~ Laboratory for
_\ h Group: (7} Parameter: (7} Sel, D Description Values Units
art /Acrosol madel i 1 MODEL  Atmospheric profile model 24
O . \Aerosol optical thickness
bservation Geometric Henyey-Greenstein asymmets 2 PARM2  Solar zenith angle [deg] 20,42.229,51.23... deg
Angstrom coeficient 3 vis Aerosol optical thickness 0102504
Boundary layer scale height
AtmLutGen V1.2 May 2017 [Boundary layer top height
Copyright (C) Laboratory for Earth Observation Single Scattering Albedo
(Univ. of Valencia, Spain)
http://ipl.uv.esfleo/ i
« il »
®

@
Maritime Add parameter («1) Remove

Caninental (clean)

Continental (average)

Continental (polluted)
(OPAC)

m
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Summary

Atmospheric RT is complex

Models facilitate resolution of the RT equation = practical applications
However, these models are also complex:

Large number of input variables
Vertical profiles of various gasses
Spectrally-dependent optical properties. . .

How to make them practical for LUT generation?

Atmospheric LUT Generator (ALG):

= Easy to generate LUTs

m Facilitates operation of various RT models (MODTRANS, 65V, OPAC)
s Common RT model outputs (typical Remote Sensing applications)

m LUT interpolation functions (in Matlab)

s Compatible with ARTMO tools
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Outlook

On-going activities

s Automatic selection of LUT nodes (gradient-based)
» Implementation of LibRadtran
s Emulation from atmospheric transfer functions

s Implementation of MODTRANG
m User-defined atmosphere generator (for MODTRAN)

s Compatibility with Linux systems

Adapt for use in computer farms/servers
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