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BACKGROUND

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

Atmosphere and measured radiation

� Interacts with radiation modifying the signal measured by optical sensors

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

� Composition: aerosols and molecules
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Introduction

Atmosphere and measured radiation

� Interacts with radiation modifying the signal measured by optical sensors

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

� Composition: aerosols and molecules

So...

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

−βext
a (~r , ~Ω) · ~I (~r , ~Ω)dS +β int

a (~r , ~Ω) · ~Ja(~r , ~Ω)dS

−
←→
β s(~r , ~Ω) · ~I (~r , ~Ω)dS +βs(~r , ~Ω) · ~Ja(~r , ~Ω)dS
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Radiative transfer (RT) in the optical domain

General 5D vector RT equation

d~I (~r , ~Ω) =− βext
a (~r , ~Ω) · ~I (~r , ~Ω)dS −

←→
β s(~r , ~Ω) · ~I (~r , ~Ω)dS+

+ β int
s (~r , ~Ω) · ~Ja(~r , ~Ω)dS + βa(~r , ~Ω) · ~Ja(~r , ~Ω)dS

~Js(~r , ~Ω) =
1

4π

∫
4π

d~Ω′
[←→

Ψ s(~r , ~Ω, ~Ω
′) · ~I (~r , ~Ω′)

]
←→
β s(~r , ~Ω) =

1

4π

∫
4π

d~Ω′
←→
Ψ s(~r , ~Ω, ~Ω

′)

... this is most times
too complex to be
used in practice...
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Radiative transfer (RT) in the optical domain

(
~Ω · ~∇

)
~I (~r , ~Ω) =− βe(~r , ~Ω) · ~I (~r , ~Ω)+

+
1

4π

∫
4π

d~Ω′
[←→

Ψ s(~r , ~Ω, ~Ω
′) · ~I (~r , ~Ω′)

]
+ ~S(~r , ~Ω)

∂

∂s
≡
(
~Ω · ~∇

)

1

βe(~r , ~Ω)

∂

∂s
~I (~r , ~Ω) =− ~I (~r , ~Ω)+

+
ω0(~r , ~Ω)

4π

∫
4π

d~Ω′
[←→

Ψ s(~r , ~Ω, ~Ω
′) · ~I (~r , ~Ω′)

]
+ ~J(~r , ~Ω)

dτ ≡ −βe(~r , ~Ω)dz = −βe(~r , ~Ω) cosϑds ; ds =
dz

cosϑ
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Radiative transfer (RT) in the optical domain

Polarization of light beam

~I =

(
I0
Q
U
V

)
=

 |Ev |2 + |Eh|2
|Ev |2 − |Eh|2

2<(EvE
∗
h )

2=(EvE
∗
h )

 =

 a2
v + a2

h

a2
v − a2

h
2avah cos δ
2avah sin δ

 =

 I0
I0 cos 2ψ cos 2χ
I0 sin 2ψ cos 2χ

I0 sin 2χ





9/51

Background Atm. charac. RT models ALG Summary

Radiative transfer (RT) in the optical domain

Simplified general solution in the coupled surface-atmosphere system

TOA
I

T↓
T↑ T↓

T↑

BOA

T↓

S S

r
r r

L0

LTOA = L0 + Eρ · T ↑ + ES · ρ2T ↑ + ES2 · ρ3T ↑ + · · · ≈ L0 +
Eρ · T ↑

1− Sρ
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Radiative transfer (RT) in the optical domain

TOA
I

T↓
T↑ T↓

T↑

BOA

T↓

S S

r
r r

L0

Simplified general solution in the coupled
surface-atmosphere system

� Solar irradiance: I

Atmospheric Transfer Functions:

� Atmospheric path radiance: L0

� At-surface solar irradiance:
E ≡ I · T ↓ = Edir cos θil + Edif

� Directly transmitted: Edir

� Diffusely transmitted: Edif

� Illumination zenith angle: θil

� Total upwards transmittance:
T ↑ = Tdir + Tdif

� Direct transmittance: Tdir

� Diffuse transmittance: Tdif

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

TOA
I

T↓
T↑ T↓

T↑

BOA

T↓

S S

r
r r

L0

Atmospheric Transfer Functions:

� Atmospheric path radiance: L0

� Direct/diffuse irradiance: Edir ; Edif

� Direct/diffuse transmittance: Tdir ; Tdif

� Spherical albedo: S

These functions are dependent on...

� 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

The Sun

� Not a punctual source

� Sun activity varies with time

� Various sources of solar irradiance data
(e.g. Kurucz, Fontentla, Cebula, Thuiller. . . )
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Atmospheric composition and vertical structure

Composition

� Major constituents: N2, O2, Ar, CO2, Ne, He, CH4

� Other important gases: O3, H2O, N2O, CO, NO, NO2, NH3, HNO3

� Trace gases: CFCs...

Each having specific absorption spectra
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Atmospheric composition and vertical structure

Vertical structure

� Stratification based on
temperature profiles

� Main layers:
Troposphere (0-12 km)
Stratosphere (12-50 km)
Mesosphere (50-80 km)
Thermosphere (>80 km)

Gas distribution varies for different species and atmospheric conditions:
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Aerosol properties

Composition

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



17/51

Background Atm. charac. RT models ALG Summary

Aerosol properties

Description

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

� Modeled by components...

� ...and agregations
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Aerosol properties

Description

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

� Modeled by components...

� ...and agregations
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Aerosol properties

Description

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

� Modeled by components...

� ...and agregations
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Aerosol properties

Extinction: εk

� Light loss per unit of optical
path [km−1]

� Scattering + Absorption

� Angstrom approx.

εk = εk(λ0)
(

λ
λ0
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Phase function: Φ(θ)

� Fraction of scattered light as
function of scattering angle (θ)

� Described by asymmetry
parameter

� Approximations:
(1) Mie; (2) Henyey-Greenstein
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Aerosol properties

Vertical structure (εk = εk (h)

� Vertically integrated extinction: optical thickness (AOT)

� Higher density between 0 km and ∼2 km

� Dependent of meteo conditions and topography

Parametric approx.

Exponential decay:
εk(h) ∼ exp(−h/Z)

� Scale height Z [km]

� Top height hmax ∈ [1, 3] km
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Atmospheric RT models

Computer solutions for the RT equation
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Overview

What’s a RT model?

� Abstraction of the physical laws describing light propagation in a media

� Approx. in the modelization and properties of the atmosphere

� Solve the RT equations: e.g. successive orders of scattering, discrete ordinates...

Model name Spectral range (resolution) Other characteristics

5S, 6S, 6SV 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−1) 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

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

Main characteristics

Spectral range and resolution Plane-parallel or spherical geometry

Polarization Single/multiple scattering
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MODTRAN

Main characteristics

� Spectral range: UV to µWave

� Spectral resolution: 0.1 cm−1 (∼0.01 nm at 1000 nm)

� Spherical atmospheric geometry

� Scalar (i.e. no polarization)

� Up to 127 atmospheric layers

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

Applications

� Sensor/mission design

� Atmospheric correction

� Vicarious calibration
� Atmospheric chemistry and aerosols

� Planetary science, exoplanets,...
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MODTRAN

How does it work?

Based on FORTRAN punch (perforated) cards ←− input variables
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MODTRAN

How does it work?

Based on FORTRAN punch (perforated) cards ←− input variables

⇐ MODTRAN5 User Manual
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MODTRAN

Input file example:

...

CO2 H2O Anstrom exp
Spectral
resolution

AOT

User-defined atmosphere

(T, p, gas...)

User-defined aerosol
(profile, optical properties)

Geometric config.

Spectral range
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MODTRAN

Output files

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

� Direct target-to-sensor transmittance: Tdir

� Direct reflected radiance, i.e. Edir cos θilTdirρ/π

� Total reflected radiance, i.e. Tdir · [Edir cos θil + Edif (ρ)] · ρ/π
� Solar scattered radiance, i.e. L0 + Tdif · Edif (ρ) · ρ/π
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MODTRAN user interfaces

PcModWin - www.ontar.com

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

MODO - www.rese.ch

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

Pros:

� Access to complete MODTRAN functionalities

� Documented and user support, including tutorials

� Continuous updates

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

Cons:

� 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
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Objective

Main idea

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

Requirements

� 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)



35/51

Background Atm. charac. RT models ALG Summary

Design

Run 
atmospheric 

RTM

Run OPAC

Create RTM 
input file(s)

Read and 
Process RTM 
output file(s)

Software 
configuration

Help system

Determine 
LUT grid 
points

LUT 
configuration 

Generic 
configuration

Advanced 
configuration

Key input 
parameters 

configuration 

OPAC 
configuration
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Design

Software configuration

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

� Include new RT models
� Extend with additional variables

Look-up table configuration

� RT model
� Input values (atmosphere, aerosols, geometry)

� Spectral range and resolution

� Advanced parameters
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Tutorial

Basic usage of ALG software tool and its data
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SUMMARY
&

OUTLOOK
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Summary

About atmospheric RT:

� 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

� Facilitates operation of various RT models (MODTRAN5, 6SV, OPAC)

� Common RT model outputs (typical Remote Sensing applications)

� LUT interpolation functions (in Matlab)

� Compatible with ARTMO tools
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Outlook

On-going activities

� Automatic selection of LUT nodes (gradient-based)

� Implementation of LibRadtran

� Emulation from atmospheric transfer functions

Planned activities

� Implementation of MODTRAN6

� User-defined atmosphere generator (for MODTRAN)

� Compatibility with Linux systems

� Adapt for use in computer farms/servers
� . . .
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