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Overview of 3D atmospheric radiative transfer in cloudy atmosphere for Reports on 
Progress in Physics [2].  We surveyed the 3D atmospheric radiative transfer literature over the 
past 50 years and identify three concurrent and intertwining themes: first, how to assess the 
damage (bias) caused by 3D effects in the operational 1D radiative transfer models?  Second, 
how to mitigate this damage?  Third, can we exploit 3D radiative transfer phenomena to invent 
new observation methods and technologies?  Two equally important application areas for 
atmospheric radiative transfer in general, and 3D in particular, were identified: broadband 
radiative energy budget estimation and wavelength-specific optical remote sensing signal 
modeling.  As illustrations, both satellite and ARM observations were highly used.  

Spectrally invariant approximation within atmospheric radiative transfer [11].  Because 
leaves are much larger than wavelengths of solar radiation, the optical distance between leaves 
does not vary with wavelength.  This suggests that wavelength dependence of solar radiation 
reflected from, or transmitted through, vegetation is governed by the leaf single-scattering albedo 
(SSA), the probability that a photon will scatter after interaction with a leaf.  As a result, certain 
algebraic combinations of SSA and solar radiation do not vary with wavelength.  In general, this 
wavelength-independence does not hold in the Earth’s atmosphere, because the size of cloud 
droplets and aerosol particles is comparable with the wavelength of solar radiation.  However, 
we were able to identify the atmospheric conditions under which the spectrally-invariant 
approximation can accurately describe radiative properties of cloudy atmospheres to better than 
5%.  Figure A1 illustrates an approximation of cloud absorption using the spectral invariant 
approach with just three wavelengths. 



	

Fig.	A1:	Illustrates	the	
reconstruction	of	the	
full	spectrum	Wλ=1-Aλ	
(where	Aλ	is	spectral	
cloud	absorption)	
using	the	spectral	
invariance	
approximation.	The	
slope	is	obtained	from	
only	three	
wavelengths:	0.4,	1.6,	
and	2.1	μm.		Retrieved	
values	for	all	211	
wavelengths	from	0.4	
to	2.5	μm	are	shown.	

Recently	we	have	found	a	surprising	spectral	invariant	relationship	in	ARM	shortwave	
spectrometer	observations	[7].		The	relationship	suggests	that	the	shortwave	spectrum	
near	cloud	edges	can	be	determined	by	a	linear	combination	of	zenith	radiance	spectra	of	
the	cloudy	and	clear	regions	with	wavelength-independent	coefficients.		We	confirmed	
these	findings	with	intensive	radiative	transfer	simulations	using	different	aerosol	and	
cloud	properties	and	different	underlying	surface	types.		A	clear	physical	understanding	of	
the	observed	and	simulated	spectral	invariant	behavior	of	zenith	radiance	around	cloud	
edges	is	still	missing.		The	current	study	was	the	first	step	in	this	direction.	

Spectrally independent properties of single-scattering albedo for water droplets and ice 
crystals [16]. We showed that for cloud particles at weakly absorbing wavelengths, the ratio of 
two single-scattering-albedo spectra, ω0λ(r) and ω0λ(r0), is a linear function of ω0λ(r) (Fig. A2).  
This relation does not vary with wavelength, only with particle radius.  This found relationship 
allows one to predict any ω0λ(r) from one known spectrum ω0λ(r0).  We provided a simple 
physical explanation of the discovered relationship that helps us to better understand the physics 
of atmospheric radiative transfer in cloudy atmospheres and might substantially simplify remote 
sensing algorithms. 



	

	

	

	

	

	

	

	

Fig.	A2:	The	ratio	of	ω0λ(r)/ω0λ(r0)	plotted	
against	ω0λ(r)	for	four	wavelengths,	λ=0.86,	
1.65,	2.13	and	3.75	μm.			An	example	for	ice	
crystals	is	shown.		Ice	crystal	effective	radius	
r=10,	20,	30,	and	50	μm;	r0=5	μm.	

Dust shape matters for sedimentation [19, 26].  Dust aerosol has irregular shape making its 
optical properties different from spherical aerosols.  We asked a question “Does the particle 
shape affect the dust property variation along the altitude and its evolution during transatlantic 
transport”?  Because particles of more irregular shape experience more drag, they may during 
transport stay longer at higher altitudes compared to spherical-like particles, as shown in Fig. 
A3.  We found the first observational evidence that the dust shape does play an important role in 
settling and consequently inducing shape-dependent stratification during transatlantic transport 
using CALIPSO data on vertical distribution of Saharan dust particulate depolarization.  
(Depolarization ratio is dominantly determined by particle irregularity, and its value for a 
spherical particle is close to zero.)  Since the Amazon gets a lot of transatlantic dust, these results 
are very relevant to the ASR GoAmazon campaign. 

	

	

	

	

	

	

	

Fig.	A3:	Schematic	illustration	of	shape-
induced	sedimentation.	Spherical	particles	
are	blue	while	irregular	shape	(aspherical)	
particles	are	orange.			



Pioneering work on cloud property retrievals [3, 20] has attracted favorable notice well within 
and outside the ARM community.  NASA AERONET has adopted our methods and operates 
sunphotometers in “cloud mode”, promising the first worldwide observation of cloud optical 
depth from the ground (Fig. A4, left panel).   In addition to cloud optical depth, we have 
developed a droplet size retrieval algorithm and tested it with LES-generated cloud fields (Fig. 
A4, right panel) as well as with the ARM Oklahoma site retrievals for a variety of situations.  
	

	

	
Fig.	A4:		(left)	Potential	cloud	mode	site	locations	in	AERONET.	(right	a	and	b)	LES-generated	cloud	optical	
depth	field	used	to	calculate	zenith	radiances	that	are	then	in	turn	used	to	test	the	retrieval	method.		Taking	a	
transect	along	the	thick	black-dashed	line	gives	the	distribution	of	effective	radii	in	the	x-	and	vertical	
directions	in	(b).		
	
During the past five years, our team has achieved many milestones proposed in the 
previous ARM-supported project, and has established a web of collaborations across the ASR 
Science Team.  Since the dissolution of the old radiation Working Group (IRF WG) in 2009, we 
have worked to keep the radiation flame alive in ASR by joining in the activities of the new 
Cloud and Cloud-Aerosol-Precipitation Interaction Working Groups.  We have brought ARM 
spectrometers to Goddard for calibration, and have engaged AERONET personnel to help in 
calibrating ARM Cimels working in cloud mode (which we invented).  We have continued to 
interact with Christine Chiu on the shortwave spectrometer and cloud droplet size retrievals. 
During AM’s Spring 2013 sabbatical we have engaged the University of Washington faculty, 
notably Tom Ackerman, Qiang Fu, and Rob Wood, in ASR and ARM radiation problems.  
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