
Physics	of	planetary	
atmospheres	

Lecture	2:	
Introduction	to	

Radiative	Energy	Transport	
Part	I	



Equation	of	Radiative	Transport	
•  Radiation	propagation	has	direction.	Thus,	we	need	to	

follow	a	ray.		
•  Photons	in	a	ray	carry	energy	(intensity)	and	interact	

with	matter.	As	the	result	intensity	can	decrease	
(extinction)	or	increase	(emissivity).	

•  For	small	geometrical	step	along	the	ray	we	can	write	the	
change	of		intensity	as:	
	
	

•  Decrease	of	intensity	is	proportional	to	intensity.	
•  Stimulated	emission	is	also	proportional	to	intensity	and	

as	such	is	treated	as	“negative”	extinction.	
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Extinction	
•  Two	processes	can	remove	energy	from	a	beam:	
absorption	and	scattering.	

•  Absorption	destroys	the	photon.	Photon	is	
converted	to	internal	energy	(excitation)	of	the	
absorber	(atom,	molecule,	dust	particle)	that	is	
then	released	in	inelastic	collision	or	cascade	
emission.	

•  Scattering	does	not	destroy	a	photon	but	
redirects	it.	Absorption	followed	by	re-emission	
involving	the	same	two	energy	levels	can	be	
treated	as	scattering	or	absorption.	



Extinction	coefficient	

•  Extinction	scales	with	the	amount	(density)	of	
material	along	the	ray.	

•  It	is	logical	to	separate	this	part,	not	
connected	to	radiation.	

•  It	can	be	done	in	several	ways:	
	
where							is	mass	extinction,				is	mass	density	
							is	absorption	cross-section	and	n	is	
absorber	number	density.	
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Optical	path	(or	depth)	

•  Various	definitions	of	extinction	connect	in	
the	previous	slide	define	new	quantity	–	
optical	path:	

•  The	first	thing	we	can	do	is	re-writing	the	RT	
equation:	
	
	
where:																											is	the	source	function.	
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Optical	path	

•  τ-x	relation	measures	transparency	of	matter	
(surface	for	τ>>1).	

•  For	incoming	radiation	it	shows	how	deep	
radiation	will	penetrated	before	it	is	fully	
absorbed.	

•  For	emission	of	matter	it	shows	the	depth	of	
layer	from	which	the	emission	originates.	



Slang	and	traditions	
•  Optical	path	is	measured	along	the	ray.	
•  In	1D	medium	(all	changes	can	be	described	as	
function	of	a	single	variable)	we	can	use	optical	
depth.	

•  In	this	case,	optical	
path	along	the	ray	
is:	

•  and	RT	equation	changes	to	(note	sign	change):		

τ	

θ	

⌧/ cos ✓ = ⌧/µ
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Examples:	emission	



Example:	absorption	



Emissivity	

•  Emissivity	is	the	process	of	kinetic	energy	
conversion	to	radiation.	

•  It	can	go	as	collisional	excitation	(inelastic	
collision)	followed	by	radiative	de-excitation	

•  Or	it	can	be	scattering	from	other	rays.	
	



Solving	RT	
•  No	emissivity	(source	function	is	zero)	
	

•  Surface	intensity	(streaming	out,	μ>0)	
exponentially	grows	up	the	stream	with	e-
folding	length	τ/μ=1.	

•  The	formal	solution	of	RT	equation	is:	
	
	
	

•  Home	work:	derive	the	formal	solution.	

I = I0 · e⌧/µ
<latexit sha1_base64="gUHb/KC91g9wlf7mUE0CScKdrJY=">AAACAHicbZC7SgNBFIbPxluMt6ighc1gEKziro02QtDGdAmYC2RjnJ2dxCGzF2bOCmFJ46vYWChi62PY2fgsTi6FJv4w8PGfczhzfi+WQqNtf1mZhcWl5ZXsam5tfWNzK7+9U9dRohivsUhGqulRzaUIeQ0FSt6MFaeBJ3nD61+N6o0HrrSIwhscxLwd0F4ouoJRNFYnv1++KHdsl/kREn6bukiTEzdIhp18wS7aY5F5cKZQKO1Vv+8AoNLJf7p+xJKAh8gk1brl2DG2U6pQMMmHOTfRPKasT3u8ZTCkAdftdHzAkBwZxyfdSJkXIhm7vydSGmg9CDzTGVC817O1kflfrZVg97ydijBOkIdssqibSIIRGaVBfKE4QzkwQJkS5q+E3VNFGZrMciYEZ/bkeaifFh3DVZPGJUyUhQM4hGNw4AxKcA0VqAGDITzBC7xaj9az9Wa9T1oz1nRmF/7I+vgBViOXxA==</latexit><latexit sha1_base64="YMbkBb6Y1HFgdTZhjDojZ688mXI=">AAACAHicbZC7SgNBFIZn4y3GW1TQwmYwCFZx10YbIcTGdAmYC2TjMjs7SQZnd5aZs0JY0vgqNhYGsbX2CexsfBYnl0ITfxj4+M85nDm/Hwuuwba/rMzS8srqWnY9t7G5tb2T391raJkoyupUCqlaPtFM8IjVgYNgrVgxEvqCNf3763G9+cCU5jK6hUHMOiHpRbzLKQFjefnDylXFs10aSMDsLnWBJGdumAy9fMEu2hPhRXBmUCgd1L75qPxR9fKfbiBpErIIqCBatx07hk5KFHAq2DDnJprFhN6THmsbjEjIdCedHDDEJ8YJcFcq8yLAE/f3REpCrQehbzpDAn09Xxub/9XaCXQvOymP4gRYRKeLuonAIPE4DRxwxSiIgQFCFTd/xbRPFKFgMsuZEJz5kxehcV50DNdMGmU0VRYdoWN0ihx0gUroBlVRHVE0RE/oBY2sR+vZerXepq0Zazazj/7Iev8Bp2SZgA==</latexit><latexit sha1_base64="YMbkBb6Y1HFgdTZhjDojZ688mXI=">AAACAHicbZC7SgNBFIZn4y3GW1TQwmYwCFZx10YbIcTGdAmYC2TjMjs7SQZnd5aZs0JY0vgqNhYGsbX2CexsfBYnl0ITfxj4+M85nDm/Hwuuwba/rMzS8srqWnY9t7G5tb2T391raJkoyupUCqlaPtFM8IjVgYNgrVgxEvqCNf3763G9+cCU5jK6hUHMOiHpRbzLKQFjefnDylXFs10aSMDsLnWBJGdumAy9fMEu2hPhRXBmUCgd1L75qPxR9fKfbiBpErIIqCBatx07hk5KFHAq2DDnJprFhN6THmsbjEjIdCedHDDEJ8YJcFcq8yLAE/f3REpCrQehbzpDAn09Xxub/9XaCXQvOymP4gRYRKeLuonAIPE4DRxwxSiIgQFCFTd/xbRPFKFgMsuZEJz5kxehcV50DNdMGmU0VRYdoWN0ihx0gUroBlVRHVE0RE/oBY2sR+vZerXepq0Zazazj/7Iev8Bp2SZgA==</latexit><latexit sha1_base64="/4gjRwZLSzg4P2OYNocZdMVPbP8=">AAACAHicbZC7TsMwFIYdrqXcAgwMLBYVElNJWGBBqmChW5HoRWpC5DhOa9W5yD5BqqIsvAoLAwix8hhsvA1umwFafsnSp/+co+Pz+6ngCizr21haXlldW69sVDe3tnd2zb39jkoySVmbJiKRPZ8oJnjM2sBBsF4qGYl8wbr+6GZS7z4yqXgS38M4ZW5EBjEPOSWgLc88bF41PcuhQQKYPeQOkOzMibLCM2tW3ZoKL4JdQg2VannmlxMkNItYDFQQpfq2lYKbEwmcClZUnUyxlNARGbC+xphETLn59IACn2gnwGEi9YsBT93fEzmJlBpHvu6MCAzVfG1i/lfrZxBeujmP0wxYTGeLwkxgSPAkDRxwySiIsQZCJdd/xXRIJKGgM6vqEOz5kxehc163Nd9ZtcZ1GUcFHaFjdIpsdIEa6Ba1UBtRVKBn9IrejCfjxXg3PmatS0Y5c4D+yPj8Acd8ld8=</latexit>

I1 = I0 · e�(⌧1�⌧0)/µ +
1

µ

Z ⌧1

⌧0

S(t) · e�(t�⌧0)/µdt
<latexit sha1_base64="w7ERW8d1vW8QF/Hu6QRt3X0CksU="></latexit><latexit sha1_base64="v4zut456lI117UzIT91GEcpAqhk="></latexit><latexit sha1_base64="v4zut456lI117UzIT91GEcpAqhk="></latexit><latexit sha1_base64="NAHC+A6As41tYbV7ga+70KNfKkA="></latexit>



Absorption	and	Scattering	

•  Looking	closer	at	extinction	we	can	separate	the	
cross-section	into	the	true	absorption	and	
scattering	part:	
	

•  We	define	the	relative	contribution	of	
scattering	as:	
	
	

•  For	light	reflected	from	a	surface	this	is	albedo.	

�e = �a + �s
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Splitting	the	source	function	

•  Using	the	definition	of							we	can	separate	the	
source	function	into	thermal	emission	and	
scattering	parts:	
	
	
where	J/4π	is	the	mean	intensity	in	a	given	
point	and	B	is	the	Planck	function.	

•  The	corresponding	RT	equation	will	be:	
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Transmission	function	(1)	
•  Scattering	makes	RT	impossible	to	solve	
directly.	

•  Assuming	no	scattering	and	constant	Planck	
function	we	can	solve	it	for	a	planetary	
atmosphere.	

•  Let	I2	and	I1	be	intensities	at	the	bottom	and	
the	top	of	the	atmospheres.	Then	integrating	
over	μ	of	rewritten	RT	equation:	

µI2 · e�(⌧2�⌧1)/µ � µI1 = �B

Z ⌧2

⌧1

e�(t�⌧1)/µdt
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Transmission	function	(2)	

	… for	the	up	and	down	directions	gives:	
	
	
where	arrows	indicate	the	direction	of	we	used	
the	definition	of	flux:	
	
	
Transmission	function	is	defined	as: 

F"1 = F"2T + ⇡B(1� T )

F#2 = F#1T + ⇡B(1� T )
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Transmission	function	(3)	

•  If	T	is	0	the	atmosphere	is	totally	opaque.	The	
only	light	coming	out	is	generated	from	the	
thermal	energy.	

•  If	T	is	1	the	atmosphere	is	totally	transparent.	
What	comes	in	streams	out	and	no	thermal	
emission	is	added.	

•  This	is	true	in	both	directions.	
•  Of	course,	we	ignored	scattering	and	change	
of	temperature	along	the	way.		



A	note	about	units	
•  Intensity	is	the	amount	of	energy	per	unit	
spectral	bin	that	comes	from	a	unit	solid	angle	
and	crosses	unit	area	per	unit	time	along	a	given	
ray.	

•  Thus	units	are	erg	cm-2	st-1	s-1	Å-1	or	erg	cm-2	st-1	
s-1	Hz-1.	

•  Emissivity	has	the	same	units	as	intensity.	
•  Flux	is	the	total	energy	(from	all	directions)	that	
crosses	unit	area,	so	no	solid	angle.	

•  Absorption	is	in	cm-1	and	is	independent	of	
spectral	bin	units.	

•  Optical	path	is	unitless.	



Special	case:	instantaneous	transition	
to	large	optical	depth		

•  Surfaces	of	solid	objects.	
•  Geometrical	albedo	Ag	is	the	comparison	of	the	
fraction	of	light	reflected	on	one	direction	(to	the	
observer)	as	compared	with	flat	surface	of	the	
same	shape	that	scatters	light	isotropically	
(Lambert	disk).	

•  Reflected	light	from	a	planet	is	also	affected	by	
the	geometry	(phases).	The	corresponding	
Spherical	albedo	As	is	related	to	the	Ag	through	
phase	function:	As	=	Ag	x	Pg.	



More	about	albedo	

•  Geometric	and	spherical	albedo	are	
wavelength	dependent.	

•  Mean	or	Bond	albedo	is	a	true	measure	of	
total	fraction	of	reflected	energy.	It	is	
computed	as:		

AB =

R
I?�Asd�R
I?�d�
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What	will	be	needed	to	solve	RT?	

•  To	solve	the	RT	equation	we	need	model	
atmosphere:	T,	P,	partial	number	density	of	all	
absorbers,	something	that	we	can	measure	in	the	
solar	system	but	not	elsewhere.	

•  Let’s	assume	we	have	a	guess	for	vertical	T-P	
structure	and	chemical	composition.	

•  Then	for	each	layer	we	need	to	compute	the	
number	of	particles	contributing	to	absorption	
and	scattering	across	the	whole	wavelength	
range.	



Solving	RT	

•  Once	we	have	opacities	we	need	a	robust	method	for	
solving	RT	(accounting	for	scattering).	

•  Assuming	energy	balance	(what	comes	in	from	the	
host	star	is	radiated	out,	albeit	at	different	
wavelengths)	we	can	adjust	temperature	structure.	

•  New	temperature	will	require	solving	the	equation	of	
hydrostatic	equilibrium	to	get	P.	This	is	done	iteratively	
as	T	affects	partial	pressures	that	affect	mean	density.	

•  This	only	works	if	we	ignore	atmospheric	dynamics	J	
•  Then	the	convergence	is	achieved	if	the	total	radiative	
flux	through	any	layer	is	zero!		



Home	work	

•  2.8.3.	Greenhouse	effect	
•  2.8.6.	Transit	radius	and	optical	depth	


