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OptimistsOptimists
“There have been many altered perceptions, usually direct results 
of changing technologies, but fewer advances in fundamental 
ideas”

R. M. Goody and Y. L. Yung, Atmospheric Radiation: Theoretical Basis 
Oxford, Oxford University Press, 1989

“The subject of radiative transfer has matured to the point of being 
a well-developed tool.”

G. E. Thomas and K. Stamnes, Radiative Transfer in the Atmosphere and Ocean
Cambridge University Press, 1999

“Radiative transfer theory has reached a high point of 
development.”

W. Zdunkovski et al., Radiation in the Atmosphere
Cambridge University Press, 2007
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PessimistsPessimists
“In spite of the extensive use of the 
theory of radiative energy transfer, no
satisfactory derivation of its basic 
equation from electromagnetic theory 
has been obtained up to now…” (1995)
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PessimistsPessimists

J. Opt. Soc. Am. 68, 6–17 (1978)
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OptimistsOptimists

“The derivation of [the radiative transfer] equation for random 
media with discrete particles is simple…”

A. A. Kokhanovsky, Optics of Light Scattering Media
Praxis, Chichester, UK, 2001

“…extending the formulation to account for … polarization… is 
done quite easily…”

A. A. Kokhanovsky, Polarization Optics of Random Media
Praxis, Chichester, UK, 2003
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From phenomenology to microphysicsFrom phenomenology to microphysics

Microphysical RTT
Maxwell
Poynting
Heaviside 
Preisendorfer
Twerski
Waterman
Gnedin
Borovoi
Barabanenkov
Wolf
Tsang
…

Phenomenological 
radiometery and RTT
Kepler
Bouguer
Lambert
Beer
Lommel
Khvolson
Planck
Gershun
Ambartsumian
Chandrasekhar
Rozenberg
van de Hulst
Preisendorfer
…
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Johannes Kepler (1571–1630)Johannes Kepler (1571–1630)

The inverse square law:

The brightness of an illuminated 
area diminishes as r –2
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Pierre Bouguer (1698–1758)Pierre Bouguer (1698–1758)

The first photometer
Eye as a null-point detector
Bouguer extinction law (not Lambert–Beer law!)
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Pierre Bouguer (1698–1758)Pierre Bouguer (1698–1758)
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Johannes Lambert (1728–77)Johannes Lambert (1728–77)
Photometric concepts
Photometric quantities
Mathematical statements
System of photometric principles
Coined the term “albedo”
The cosine law
Much of engineering photometry as we know it today

And also:
Irrationality of π
Analysis of the axiom of parallel lines  Lobachevsky–Bolyai geometry
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Johannes Lambert (1728–77)Johannes Lambert (1728–77)

German translation: 1892
French translation: 1997
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François Arago (1786–1853)François Arago (1786–1853)

Criticized photometry for ignoring 
polarization of light

Photometric measurement must be part 
of polarimetric measurement
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Paradigm shift: specific intensityParadigm shift: specific intensity

From real surface elements to imaginary ones
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Eugen von Lommel (1837–99)Eugen von Lommel (1837–99)

Sitzber. Acad. Wissensch. München 
17, 95–124 (1887)

8 Web of Knowledge citations
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Eugen von Lommel (1837–99)Eugen von Lommel (1837–99)

Jahresbericht der Deutschen 
Mathematiker-Vereinigung (Leipzig, 

Teubner, 1900)

Also:
Lommel differential equation

Lommel function
Lommel–Weber function

Lommel polynomial
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Orest Khvolson (1852–1934)Orest Khvolson (1852–1934)

Bull. l’Acad. Impériale Sci. St. 
Pétersbourg 33, 221–256 (1889)

2 Web of Knowledge citations
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Sir Arthur Schuster (1851–1934)Sir Arthur Schuster (1851–1934)

Astrophys. J. 21, 1–22 (1905)

434 Web of Knowledge citations
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Max Planck (1858–1947)Max Planck (1858–1947)
“The state of the radiation at a given instant and at a 
given point of the medium cannot be represented… 
by a single vector (that is, a single directed 
quantity). All heat rays which at a given instant pass 
through the same point of the medium are perfectly 
independent of one another, and in order to specify 
completely the state of the radiation the intensity of 
radiation must be known in all the directions, infinite 
in number, which pass through the point in 
question.” 

M. Planck, Theorie der Wärmestrahlung, 1906
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Specific intensitySpecific intensity
The amount of radiant energy dE
which is transported across an 
element of area dS and in directions 
confined to an element of solid angle
dΩ, during a time dt is described in 
terms of the specific intensity I by

dE = I cosθ dS dΩ dt,
where θ is the angle which the 
direction considered makes with the 
outward normal to dS.
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Subrahmanyan Chandrasekhar (1910–95)Subrahmanyan Chandrasekhar (1910–95)

dE = I cosθ dS dΩ dt



21

John Henry Poynting (1852–1914)John Henry Poynting (1852–1914)
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The Poynting vector The Poynting vector 

J. A. Stratton, Electromagnetic Theory, 1941

“The Poynting vector S(r, t) defined by

S(r, t) = E(r, t)  H(r, t)

is the intensity of energy flow at a point r in the field; 
i.e., gives the energy per second crossing a unit area 
whose normal is oriented in the direction of the 
vector E(r, t)  H(r, t).”
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Max Planck (1858–1947)Max Planck (1858–1947)

“rays… 

at a given instant pass 
through the same point of 
the medium… 

in all the directions, infinite 
in number…” 
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Poynting vector vs. specific intensity  Poynting vector vs. specific intensity  

Dimension of the Poynting vector: Wm–2s–1

Dimension of the specific intensity: Wm–2s–1sr–1
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Sir Isaac Newton (1642–1727)Sir Isaac Newton (1642–1727)

Light is composed of indivisible particles or 
corpuscles, which propagate along straight 
lines in a homogeneous medium and are 
refracted by accelerating into a denser 
medium. 

“The energy of a light ray spreading out from a 
point source is not continuously distributed over 
an increasing space but consists of a finite 
number of energy quanta which are localized at 
points in space, which move without dividing, 
and which can only be produced and absorbed 
as complete units.”

A. Einstein, 1905
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Photonic confusion  Photonic confusion  
A “simple” way to introduce the RTE: 

1. Use the concept of photons: 

“Light is a shower of particles” or “a 
staccato of little discrete packets of 
energy called photons” (G. W. Petty, 
A First Course in Atmospheric 
Radiation, 2006)

Photons are “blobs of energy 
without phases” (C. F. Bohren and 
E. E. Clothiaux, Fundamentals of 
Atmospheric Radiation, 2006).
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Photonic confusion  Photonic confusion  
2.  Describe the radiation field in 
terms of the so-called “photon gas” 

3.  Postulate that the photon gas 
satisfies the Boltzmann kinetic 
equation (e.g., Pomraning, The 
Equations of Radiation 
Hydrodynamics, 1973) 
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Coherent backscattering (weak localization)Coherent backscattering (weak localization)
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Photonic confusion and QED (1927–32)  Photonic confusion and QED (1927–32)  
1. To explain the photoelectric effect one does not need photons. 
Use the Planck’s semi-classical approach: quantize the matter and 
leave the electromagnetic field classical. 

2. Real QED photons are not localized 
particles of light (Heisenberg, Jordan, Dirac): 
(i) There is no photon wave function in the 
configuration space.
(ii) A photon is a quantum of a normal mode 
of the electromagnetic field.
(iii) Each photons occupies the entire 
quantization domain.
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Photonic confusion and QEDPhotonic confusion and QED

3. Willis Lamb Jr.:
(i) “There is no such thing as a photon. Only a 
comedy of errors and historical accidents led to its 
popularity…” (“Antiphoton”, 1995).
(ii) Stay away from photons if you don’t know what 
they are.
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Overarching dilemma (1965)Overarching dilemma (1965)
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Overarching dilemma (1965)Overarching dilemma (1965)

Tiny island of 
radiative transfer

Mainland of 
physics
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Overarching dilemma (1965)Overarching dilemma (1965)

Tiny island of 
radiative transfer

Mainland of 
physics
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Relativity theoryRelativity theory
The development of the relativity theory
by Henri Poincaré and Hendrik Lorentz reasserted the
fundamental character of Maxwell’s 
electromagnetics.
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Maxwell’s theoryMaxwell’s theory

Maxwell’s equations of electromagnetism topped a poll to find the 
greatest equations of all time:

R. P. Crease, The greatest equations ever, Phys. World, Oct. 2004

The Poincaré–Planck–Lewis–et al. E = mc2 and the Hilbert–
Einstein equations of gravity were not even close! 
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First step (Anatoli Borovoi, 1966)First step (Anatoli Borovoi, 1966)
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Well-collimated radiometersWell-collimated radiometers
A well-collimated radiometer is not 
an electromagnetic flux-meter. It 
operates in the wave domain rather 
than in the energy (or Poynting-
vector) domain.
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Well-collimated radiometersWell-collimated radiometers
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Reading of a well-collimated radiometer Reading of a well-collimated radiometer 
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Radiation-budget problemRadiation-budget problem
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T-matrix vs Monte CarloT-matrix vs Monte Carlo

Muinonen et al. 2012obsn̂
α

illn̂

kR = 40

2kr = 4
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Paradigm shiftParadigm shift
1. EM energy transport is always monodirectional. There is no 

such thing as “specific intensity”. The formal solution of the 
purely mathematical transport equation does not describe 
instantaneous multidirectional EM energy flow.

2. WCRs do not measure multidirectional EM energy flow either.
3. Directional radiometry ≠ measurement of multidirectional EM 

energy transfer and its theoretical modeling. 
4. However, the particular measurement afforded by a WCR can 

sometimes be modeled by solving the transport equation.
4. Directional radiometry = measurement with a WCR and its 

theoretical modeling.
5. RT and CB are twins.
6. The majority of published RT results are safe but for the wrong 

reason.
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Preisendorfer’s bridge Preisendorfer’s bridge 
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Further information Further information 
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Single- and multiple-scattering objects Single- and multiple-scattering objects 

(d)
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Further information Further information 
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Back-up slides Back-up slides 
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Further information Further information 
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Foldy−Lax equationsFoldy−Lax equations
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Radiative transfer equationRadiative transfer equation
1. Each particle is located in the far-field zones of all other particles; 

the observation point is also located in the far-field zones of all the particles 
forming the scattering medium

2. (a)  Ergodicity:
(b) The position and state of each particle are statistically independent of each

other and of those of all other particles
(c) The spatial distribution of the particles throughout the medium is random and 

statistically uniform
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Twersky approximationTwersky approximation
3. All multi-particle sequences going through a particle two and more times are 
neglected (the Twersky approximation). This is justified when the total number of 
particles in the scattering medium is very large.
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Ladder approximationLadder approximation
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