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ABSTRACT:	

A	method	 to	 detect	 aerosol	 plumes	 or	 clouds	 from	 an	 elastic	 lidar	 signal	 is	 presented,	 as	well	 the	
determination	 of	 the	 atmospheric	 boundary	 layer	 height.	 It	 is	 based	 on	 the	 Rayleigh-fit	 concept,	
where	 the	 range-corrected	 elastic	 lidar	 signal	 is	 fitted	with	 a	 pure-Rayleigh	 range-corrected	 lidar	
signal	formed	by	radiosonde	data.	To	run	the	algorithm,	only	temporal	averaging	has	to	be	taken	into	
account,	and	only	one	input	parameter	is	needed.	An	analysis	of	the	method	is	performed	using	real	
lidar	data	from	different	lidar	system,	showing	the	results	and	its	limitations.	
Key	words:	lidar;	Rayleigh-fit;	aerosol	plume	detection.	

RESUMEN:	

Se	presenta	un	método	para	la	detección	de	plumas	de	aerosoles	o	nubes	en	una	señal	lidar	elástica,	
como	también,	la	determinación	de	la	altura	de	capa	limite	atmosférica.	El	objetivo	de	este	trabajo	es	
discriminar	plumas	de	aerosoles	o	nubes	de	rangos	Rayleigh	puros,	como	también,	la	determinación	
de	 la	 altura	 de	 la	 capa	 limite	 atmosférica.	 Este	 método	 está	 basado	 en	 el	 concepto	 denominado	
Rayleigh-fit,	donde	la	señal	elástica	corregida	en	rango	es	ajustada	con	una	señal	lidar	Rayleigh	pura	
formada	con	datos	de	radiosondeo.	Para	ejecutar	este	algoritmo,	solo	es	necesaria	de	promediación	
temporal,	y	solo	un	parámetro	de	entrada	es	necesario	para	 la	ejecución	del	método.	Se	realiza	un	
análisis	del	método	con	señales	medidas	de	diferentes	sistemas	lidar	y	se	muestran	sus	resultados	y	
limitaciones.	
Palabras	clave:	lidar;	Rayleigh-fit;	detección	de	pluma	de	aerosoles.	
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1.	Introduction	
A	 method	 to	 detect	 pure-Rayleigh	 ranges	 (and	 aerosols/clouds	 ranges)	 in	 lidar	 signals	 based	 on	 a	
Rayleigh-fit	 concept	 [1]	 [2]	 is	presented.	This	procedure	 is	used	 in	EARLINET	network	 [3]	 to	 check	 the	
quality	of	the	signal	 in	the	far	range	and	to	determine	the	reference	height	for	the	normalization	during	
the	elastic	inversion.	In	the	Rayleigh-fit	method,	a	pure-Rayleigh	range-corrected	lidar	signal	is	fitted	to	a	
range-corrected	elastic	 lidar	signal	over	several	ranges	 through	an	 interval	∆r	previously	defined.	Then,	
several	tests	are	done	in	order	to	check	if	the	range	selected	is	molecular	or	not,	and	if	not,	a	new	range	
has	to	be	chosen	to	repeat	the	procedure.	The	Rayleigh-fit	criteria	can	be	summarized	in	three	steps	as:	1)	
calculate	Rayleigh	fits	for	several	∆r,	2)	assess	the	determined	∆r	and	3)	find	the	optimum	∆r	to	be	defined	
as	pure-Rayleigh	range.	After	the	Rayleigh-fit	has	been	calculated	for	as	many	reference	height	intervals,	
quality	 tests	 are	 applied	 to	 assess	 their	 validity,	 like	 analysis	 of	 the	 residuals,	 white	 noise	 criteria	 and	
signal-to-noise	ratio	(SNR)	check	[2].	In	this	work,	the	Rayleigh-fit	is	applied	under	the	same	concept:	to	
discriminate	 pure-Rayleigh	 to	 the	 aerosols	 ranges	 in	 an	 elastic	 lidar	 signal.	 The	 difference	 lies	 in	 the	
criteria	to	define	if	the	range	analyzed	can	be	computed	as	pure-Rayleigh	or	not.	

The	 core	 of	 the	method	 is	 to	 compute	 the	 Rayleigh-fit	 through	 all	 useful	 ranges	 of	 the	 acquired	 range-
corrected	elastic	lidar	signal	versus	a	pure-Rayleigh	range-corrected	lidar	signal.	The	degree	of	similarity	
between	both	signals	 is	quantified	by	the	root-mean-square	(RMS)	error,	and	compared	with	the	values	
obtained	in	other	ranges	of	the	lidar	track.	

For	a	successful	result,	signals	must	meet	the	following	conditions:	

• The	 lidar	 signal	 acquired	 must	 have	 both	 aerosols	 and	 molecular	 ranges	 in	 the	 interval	 of	
analysis.	 This	 means	 that	 there	 should	 be	 ranges	 of	 the	 free	 troposphere	 in	 the	 lidar	 track	
recorded. 

• The	 lidar	 signal	must	 be	 correctly	 aligned,	 following	 a	 pure-Rayleigh	 profile	without	 any	 extra	
modulation. 

• Signals with high level of random noise need to be temporally averaged. The number of averaged 
profiles depends of the aerosol load of the signal and analysis has to be made previous the application 
of the algorithm. 

This	method	provides	a	solution	to:	

• Detect	free	troposphere	ranges	in	the	lidar	signal,	and	therefore	aerosol/clouds	plumes. 
• Find	reference	height	 (pure	molecular	 range)	 for	 the	normalization	of	 the	elastic	 lidar	signal	 in	

the	inversion	procedure. 
• Determine	 the	 atmospheric	 boundary	 layer	 (ABL)	 height	 as	 the	 first	 point	 of	 the	 first	 pure-

Rayleigh	range	detected.	No	entrainment	zone	is	identified. 

A	detailed	approach	of	this	method	is	described	in	next	sections.	

	

2.	Concept	of	the	method	
The	 method	 works	 with	 measured	 elastics	 range-corrected	 lidar	 signals	 (Eq.	 1)	 and	 a	 pure-Rayleigh	
range-corrected	lidar	signal	(Eq.	2)	calculated	with	radiosonde	data.	To	obtain	the	range-corrected	signals	
(𝑆"# 𝑟 	and𝑆% 𝑟 ),	background	noise	bias	has	to	be	subtracted	to	the	acquired	data.	Mathematically,	both	
signals	can	be	expressed	as:	

𝑃"# 𝑟 𝑟' = 𝑆"# 𝑟 = 𝐾*	 𝛽% 𝑟 + 𝛽. 𝑟 	𝑒0' 12 3 415 3 	637
8 + 𝛿𝑃 𝑟 𝑟'	 (1)	

𝑃% 𝑟 𝑟' = 𝑆% 𝑟 = 𝛽% 𝑟 	𝑒0' 12 3 	637
8 	 (2)	

Where:	
𝑃"# 𝑟 :	Elastic	lidar	signal	acquired.	
𝑃% 𝑟 :	Pure	Rayleigh	lidar	signal.	
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𝑟:	Range.	
𝐾*:	Instrumental	constant.	
𝛽: 𝑟 :	Backscattering	coefficient	related	to	molecules	and	aerosol.	
𝛼: 𝑟 :	Extinction	coefficient	related	to	molecules	and	aerosol.	
δP(r):	Random	noise	of	the	signal	acquired.	

The	method	 is	based	on	 the	quantification	of	 the	Sel(r)	 in	 terms	of	Sm(r),	 in	order	 to	define	 the	 likeness	
between	two	signals.	This	evaluation	is	made	by	reducing	the	RMS	error	between	both	signals,	where	the	
lowest	RMS	error	between	Sel(r)	and	Sm(r)	defines	the	pure-Rayleigh	range.	An	example	of	this	concept	can	
be	seen	in	figure	1,	where	in	a	free-aerosol	range	(rm	≳	5	km),	Sm(r)	is	affected	by	a	factor	“a”	reducing	the	
RMS	error	versus	Sel(r).	

 
Fig.	1.	Elastic	lidar	signal	(black	line)	and	pure	molecular	lidar	signal	(red	line)	fitted	over	a	molecular	range	in	order	to	minimize	the	

RMS	error. 
In	this	example,	no	clouds	or	aerosol	plumes	are	detected	beyond	the	ABL.	As	can	be	seen,	the	lidar	signal	
(black	 line)	 can	 be	 approximated	 in	 the	 free-aerosol	 range	with	 a	 fitted	 pure-Rayleigh	 range-corrected	
lidar	signal	(red	line).	This	can	be	seen	mathematically	reordering	Eq.	1	over	a	pure	molecular	range	rm,	
where	αp(rm)	=	βp(rm)	=	0:	

𝑆"# 𝑟 = 𝐾*	𝑒0' 15 3 	6372
8 𝛽% 𝑟 	𝑒0' 12 3 	637

8 + 𝛿𝑃 𝑟 𝑟'	 (3) 

Where	in	Eq.	3,	the	factor	 𝐾*	𝑒0' 15 3 	6372
8 	 is	applied	to	the	pure-Rayleigh	lidar	signal	(Eq.	2),	plus	the	

term	 related	 to	 range-corrected	 random	 noise	 (δP(r).r2).	 It	 is	 important	 to	 mention	 that	 this	 factor	 is	
constant	 over	 molecular	 ranges	 (rm),	 because	 in	 that	 region	 𝛼. 𝑟% =0	 and	 its	 integral	 𝛼. 𝑟 	𝑑𝑟32

= 	
become	 constant	 and	 equal	 to	 the	 total	 aerosol	 optical	 depth	 (AOD)	 over	 previous	 ranges	 [0-rm].	 The	
values	of	Ki	and	αp(r)	are	a-priori	unknown,	but	its	product	 𝐾*	𝑒0' 15 3 	6372

8 	can	be	estimated	by	fitting	
Sm(r)	 to	 Sel(r)	 over	molecular	 range	minimizing	 the	 RMS	 error.	 In	 next	 section,	 a	method	 to	 determine	
pure-Rayleigh	ranges	is	presented.	
	

3.	Method	to	detect	pure-Rayleigh	ranges	
In	order	 to	detect	pure-Rayleigh	ranges,	an	exploration	windows	∆r	 is	defined	 to	perform	a	Rayleigh-fit	
throughout	the	all	useful	ranges	previously	defined	([rmin-rmax]).	A	range	[rx	;	(rx	+	∆r)]	is	defined	as	pure-
Rayleigh	 if	 the	 RMS	 error	 of	 the	 Rayleigh-fit	 between	 Sm(r)	 and	 Sel(r)	 is	 minimum.	 The	 fitting	 of	 both	
signals	is	performed	by	a	simple	linear	correlation	in	the	range	where	∆r	is	placed	([r;	(r	+∆r)]):	

𝑑
𝑑𝑎

[𝑆"# 𝑟 − 𝑎	𝑆%(𝑟)]'
(34∆3)

3

= 0	 (4)	

Solving	Eq.	(4)	for	“a”:	
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𝑎 𝑟; 𝑟 + ∆𝑟 =
[𝑆"# 𝑟 	𝑆%(𝑟)](34∆3)

3

[𝑆%(𝑟)]'(34∆3)
3

	 (5)	

And	the	RMS	error	in	the	range	[r;	(r	+	∆r)]	is	calculated	with	Eq.	6:	

𝑅𝑀𝑆𝑒𝑟𝑟 𝑟; (𝑟 + ∆𝑟) =
1
∆𝑟

[𝑆"# 𝑟 − 𝑎	𝑆%(𝑟)]'
34∆3

3

	 (6) 

Equations	5	and	6	are	applied	to	each	position	[r;	(r	+	∆r)]	along	the	useful	points	of	the	lidar	signal	([rmin-
rmax]),	increasing	r	in	one	bin	till	the	end	of	the	track.	In	each	position	of	the	exploration	windows	∆r,	the	
parameters	a	and	RMSerr	are	computed,	and	RMSerr	is	saved.	Finally,	the	range	[r;	(r	+	∆r)]	which	has	the	
minimum	RMSerr	 is	defined	as	pure-Rayleigh	or	aerosol-free	range.	The	procedure	continues	repeating	
the	scan	with	 the	exploration	windows	∆r	 starting	 forward	higher	altitudes	 from	the	 last	pure-Rayleigh	
range	detected.		
To	clarify	the	method,	a	flowchart	of	the	algorithm	is	shown	in	figure	2.		

	

Figure	2.	Flowchart	of	the	algorithm	to	detect	pure-Rayleigh	ranges	in	a	range-corrected	elastic	lidar	signal.	

In	the	first	part	of	the	flowchart	(1),	the	inspection	variables	are	established:	width	of	∆r,	its	minimum	and	
maximum	ranges	[rmin	-	rmax]	and	its	starting	coordinate	ri=	rmin.	

In	the	second	part	of	the	flowchart	(2),	the	fitting	procedure	of	Sm(r)	to	Sel(r)	is	made,	and	the	RMS	error	is	
computed	 and	 saved	 in	 the	 variable	RMSerr[i].	 Then,	 ri	 is	 increased	 in	 one	 bin	 and,	 if	 (ri	 +∆r)	 <	 rmax,	
parameters	a	and	RMSerr[i]	are	computed	for	the	new	position.	This	continues	till	the	condition	(ri	+∆r)	<	
rmax	became	true,	reaching	to	the	end	of	the	lidar	signal.	

Finally,	 in	the	third	part	of	the	flowchart	(3),	an	analisys	of	the	profile	RMSerr	is	made	to	determine	the	
pure-Rayleigh	ranges.	A	range	[r;	(r	+	∆r)]	is	defined	as	a	pure-Rayleigh	where	the	RMSerr[i]	is	minimum,	
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wich	means	that	higher	similarity	with	a	pure-Rayleigh	signal	is	found	thruough	the	explored	range.	This	
range	should	be	the	lowest	molecular	range	over	the	range	[rmin-rmax],	and	no	pure-Rayleigh	ranges	should	
exist	at	lower	altitudes	in	the	range	[rmin	-	rmax].	Then,	once	detected	a	pure-Rayleigh	range	in	the	interval	
[r;	(r	+	∆r)],	rmin	is	upgraded	to	the	next	position	forward	the	last	Rayleigh-fit	detected.	
An	example	of	the	first	loop	showed	in	the	second	part	of	the	flowchart	is	shown	in	figure	3,	where	can	be	
seen	 the	Rayleigh-fit	 in	 4	 different	 sampling	 ranges:	 one	placed	 inside	 the	 atmospheric	 boundary	 layer	
(red	 line),	 and	 three	more	 over	 pure-Rayleigh	 ranges	 (black	 line).	 The	 signal	 showed	 on	 figure	 3	were	
taken	with	the	multiangle	Raman	lidar	[4]	[5]	on	12	May	2015.	

 
Figure	3.	Pure-Rayleigh	lidar	signal	(red	and	black	lines)	fitted	over	3	different	ranges	in	a	range-corrected	elastic	lidar	signal	(blue	

line).	Each	of	them	are	fitted	to	reduce	the	RMS	error,	showing	its	value	next	to	the	fit.	
 

In	the	example	showed	in	figure	3,	the	size	of	the	exploration	window	(∆r)	was	2000	m.	As	can	be	seen,	
the	range	chosen	about	1300-3300	m	has	the	lower	RMS	error	of	the	four	analyzed	zones,	therefore	will	
be	defined	as	a	pure-Rayleigh.	Here	can	be	noticed	that	the	method	finds	the	lowest	pure-Rayleigh	range	
∆r	 on	 the	 track	 [rmin	 -	rmax]	 analyzed.	The	 reason	of	 this	 is	due	 to	 the	 fact	 that	 the	 fit	 is	performed	over	
range-corrected	signals,	where	the	squared	difference	[𝑆"# 𝑟 − 𝑎	𝑆%(𝑟)]'	of	equation	6	increase	at	higher	
altitudes	 due	 to	 the	 random	 noise	 is	 also	 range-corrected	 (δP(r).r2).	 The	method	 continues	 finding	 the	
minimum	 in	 the	RMS	error	over	 the	 ranges	beyond	 the	 last	Rayleigh	 range	detected	 (in	 the	example	of	
figure	3,	forward	3300	m).	

	

4.	RMS	error	and	its	relations	with	the	aerosol	load	and	random	noise		
A	 more	 detailed	 analysis	 of	 the	 RMS	 error	 shows	 the	 role	 of	 each	 parameter	 of	 the	 lidars	 equations.	
Replacing	Sm(r)	and	Sel(r)	(Eqs.	1	and	2)	into	Eq.	6	and	reordering	conveniently	can	be	obtained	the	Eq.	7.	

𝑅𝑀𝑆𝑒𝑟𝑟 𝑟; 𝑟 + ∆𝑟 =
1
∆𝑟

[𝛽% 𝑟 	𝑇%' 𝑟 	 𝐾*	𝑇.' 𝑟 	− 𝑎 + 𝐾*	𝛽. 𝑟 	𝑇%' 𝑟 	𝑇.' 𝑟 + 𝛿𝑃 𝑟 	𝑟']
34∆3

3

	 (7) 

Where:	

𝑇% 𝑟 = 𝑒0' 12 3 	637
8 :	Molecular	transmission	from	0	to	r.	

𝑇. 𝑟 = 𝑒0' 15 3 	637
8 :	Aerosol	transmission	from	0	to	r.	

In	 last	 equation	 can	 be	 appreciated	 the	 role	 of	 the	 aerosol	 parameters	 	𝛽. 𝑟 	 and	 	𝑇.' 𝑟 	 in	 the	 error	
formula.	Equation	7	shows	the	RMS	error	 in	a	range	[r;	(r	+	∆r)]	(a	particular	step	 in	the	 loop	shown	in	
part	 2	 of	 figure	 3),	 its	 dependence	 to	 the	 aerosols	 conditions	 (βp(r)	 and	Tp(r))	 and	 the	 range-corrected	
random	noise	(δP(r)	r2).		
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As	stated	before,	the	profile	𝑅𝑀𝑆𝑒𝑟𝑟r	reach	its	lowest	value	when	∆r	is	placed	in	the	lowest	pure-Rayleigh	
range	 (rm)	 in	 the	 lidar	 track	 analyzed	 (block	 number	 (3)	 of	 the	 flowchart	 of	 the	 figure.	 3).	 Under	 this	
condition:	

• 𝑎 = 𝐾*	𝑇.'(𝑟%) à	due	to T2p(rm) = const over	pure-Rayleigh	range (αp(rm) = 0). See section 2, Eq. 3.	

• 𝛽.(𝑟%) = 0 à due	to rm is	a	pure-Rayleigh	range.	

And	the	Eq.	7	become	only	dependent	to	the	range-corrected	random	noise	(δP(r)	r2)	(Eq.	8).	

𝑅𝑀𝑆𝑒𝑟𝑟 𝑟; 𝑟 + ∆𝑟 =
1
∆𝑟
	 𝛿𝑃 𝑟 	𝑟'
(34∆3)

3

	 (8) 

The	capacity	of	the	method	to	detect	pure-Rayleigh	ranges	at	lower	altitudes	is	an	advantage,	and	the	first	
pure-Rayleigh	 height	 detected	 can	 be	 defined	 as	 the	 end	 of	 the	 ABL.	 In	 this	 sense,	 no	 detection	 of	
entrainment	 zone	 depth	 is	made,	 since	 the	method	 finds	 the	 altitude	 of	 the	 atmosphere	 that	 becomes	
aerosol-free	without	the	transition	between	ABL	and	free	troposphere.	

The	 application	 of	 this	 method	 needs	 certain	 conditions	 related	 to	 the	 range-corrected	 random	 noise	
versus	 the	 range-corrected	 lidar	 signal	 intensity	 over	 aerosols/clouds	 ranges.	 In	 signals	 with	 poor	
temporal	 average,	 the	 RMSerr	 over	 aerosol/cloud	 zones	 could	 be	 lower	 than	 pure-Rayleigh	 ranges,	
leading	to	wrong	results.	This	means	that	aerosols/cloud	range	is	more	likely	to	be	pure-Rayleigh	than	an	
aerosol/cloud	range	in	terms	of	its	RMS	error.	

An	example	of	this	scenario	can	be	seen	in	figure	4,	where	the	method	is	applied	in	signals	with	differents	
averaging	 time,	 and	 a	 cloud	 at	 4	 km	 approximately.	 In	 both	 cases,	 the	 algorithm	 is	 performed	 with	
∆r=1000	m,	and	the	Rayleigh-fit	and	the	RMS	error	profile	is	shown.	

  
(a) (b) 

Figure.	4.	355	nm	elastics	lidar	signals	(blue	line)	from	CEILAP	lidar	[6]	at	different	average	time:	(a)	10	sec	and	(b)	1	min.	In	each	
plot,	the	Rayleigh-fit	is	shown	(black	line),	using	∆r=1000	m.	The	RMS	error	profile	of	the	Rayleigh-fit	is	shown	in	red. 

	

A	wrong	 case	 can	 be	 seen	 in	 figure	 4.a	 (blue	 line,	 10	 seconds	 acquisition	 time),	where	 the	 Rayleigh-fit	
(black	line)	starts	inside	the	ABL.	This	behavior	is	due	to	the	RMSerr	profile	(red	line)	in	the	ABL	is	lower	
than	in	pure-Rayleigh	ranges	at	higher	altitudes	and	high	level	of	random	noise.	

In	 figure	 4.b,	 the	 lidar	 signal	 (blue	 line)	was	 obtained	 by	 averaging	 6	 profiles	 (1	minute	 of	 acquisition	
time),	and	the	method	works	as	expected.	Here,	the	RMSerr	profile	reaches	its	first	minimum	at	the	end	of	
ABL	 (rm~1300	m),	 and	 then,	 the	 ranges	 between	 rm	 and	 (rm+∆r)	 are	 defined	 as	 the	 first	 pure-Rayleigh	
zones.	The	method	continues	the	same	procedure:	finding	the	minimum	in	the	RMSerr	profile	(red	line),	
but	 starting	at	 the	height	 (rm+∆r)	 towards	 the	end	of	 the	 lidar	 signal.	 It’s	 important	 to	 remark	how	 the	
RMSerr	 profile	 starts	 to	 increase	 its	 values	 at	 a	 range	 ∆r	 before	 the	 cloud,	 meaning	 that	 the	 range-
corrected	lidar	signal	starts	to	break	of	the	pure-Rayleigh	profile.	This	allows	finding	the	next	minimum	in	
the	RMS	error	profile	after	the	cloud.	

Hence,	before	the	method	is	applied,	a	consideration	about	the	averaging	time	has	to	be	taken	into	account	
in	order	to	reduce	the	random	noise.	Despite	this,	it’s	important	to	remark	that	even	under	the	scenario	of	
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high	random	noise	(figure	4.a),	the	method	was	able	to	detect	the	cloud	(~4	km),	performing	the	Rayleigh-
fit	 automatically	 before	 and	 after	 the	 inhomogeneity.	 In	 the	 same	 lidar	 signal,	 the	 aerosols	 in	 the	 ABL	
weren’t	detected	due	to	its	low	intensity	compared	with	the	noise	at	higher	ranges.	In	this	sense,	there	is	
no	 automatic	 rule	 to	 define	 the	 right	 averaging	 time	 to	 perform	 the	 algorithm,	 and	 has	 to	 be	 defined	
empirically	for	each	set	of	data.	

5. False-positive	of	the	method	and	constraints	for	the	width	of	the	exploration	
windows	∆r	
A	false-positive	is	defined	when	Rayleigh	ranges	are	bypassed	and	are	not	detected	by	the	algorithm.	This	
could	happen	when	the	minimum	value	of	RMSerr	is	not	obtained	in	the	lowest	pure-Rayleigh	range,	and	
it	 is	 found	at	higher	altitudes.	This	omission	 is	produced	by	an	erroneous	 selection	of	 the	∆r	width.	An	
example	 of	 this	 scenario	 can	 be	 seen	 in	 figure	 5,	where	 an	 elastic	 range-corrected	 lidar	 signal	with	 an	
inhomogeneity	 at	~4	km	 is	 shown	 (blue	 line)	with	 the	Rayleigh-fit	 (black	 line)	 and	 the	RMS	error	 (red	
line)	profile	using	two	different	∆r.	

  
(a) (b) 

Figure.	5.	A	range-corrected	lidar	signal	at	355	nm	(blue	line)	with	the	result	of	the	automatic	Rayleigh-fit	(black	line)	and	its	error	
profile	(red	line).	(a)	Well-selected	∆r	(2000	m),	where	the	Rayleigh-fit	is	done	across	the	all	pure-Rayleigh	ranges.	(b)	Erroneous	∆r	
width	(5000	m)	where	Rayleigh	range	between	ABL	and	the	cloud	is	not	detected.	This	is	due	to	∆r	is	higher	than	the	gap	between	

ABL	and	the	cloud.	Beyond	the	cloud,	the	fit	is	performed	as	espected. 
	

In	figure	5.a,	a	∆r=2000	m	is	used,	which	is	less	than	the	gap	between	the	two	inhomogeneities	(ABL	and	
cloud),	 therefore,	 the	pure-Rayleigh	range	between	both	 inhomogeneities	can	be	detected.	 In	 figure	4.b,	
the	width	of	∆r	is	larger	than	the	gap	in	two	aerosols	zones,	and	the	lower	Rayleigh	range	is	not	detected	
by	the	algorithm.	In	this	second	case,	the	method	starts	to	define	molecular	ranges	after	the	cloud.	

The	RMSerr	profile	 (red	 line)	shows	 its	 local	minimum	values	at	 the	beginning	of	each	Rayleigh	 ranges	
detected.	In	figure	5.a,	their	local	minimums	are	at	the	end	of	ABL	and	after	the	cloud.	For	the	case	showed	
in	figure	5.b,	its	minimum	it’s	at	the	end	of	the	cloud,	due	to	a	large	value	of	∆r,	leaving	the	pure-Rayleigh	
ranges	between	ABL	and	the	cloud	undetected.	

The	value	of	∆r	is	the	only	input	of	the	method,	being	an	easy	parameter	to	define	in	situations	where	no	
aerosols	plumes/clouds	are	below	the	planetary	boundary	layer,	but	require	a	more	detalied	inspection	in	
a	inhomogeneous	atmosphere.	In	order	to	obtain	an	accurate	value	for	∆r,	two-dimensional	images	of	the	
lidar	backscatter	signals	are	useful	 for	 this	purpose.	 In	 this	kind	of	plot	 (pcolor)	 is	easy	 to	visualize	 the	
whole	 data	 set,	 and	 can	 be	 used	 to	 estimate	 (temporal	 and	 spatial)	 clear	 zones,	 from	 others	 with	
aerosol/clouds.	It	is	recommended	a	larger	value	of	∆r	than	lower	ones,	in	order	to	have	more	information	
for	 computing	 the	 RMSerr,	 but	 this	 can	 lead	 to	 error	 described	 before.	 Narrow	 values	 are	 not	
recommended	due	 to	 have	 few	points	 to	 compute,	 leading	 pure-Rayleigh	 ranges	 undetected	 due	 to	 the	
random	noise	of	the	signal.		

Figure	5.a	and	4.b	shows	good	results	 in	 the	detection	of	pure-Rayleigh	ranges	by	 the	evaluation	of	 the	
range-corrected	elastic	lidar	signal	in	terms	of	its	similarity	with	a	pure-Rayleigh	lidar	signal.	This	may	be	
also	 used	 to	 detect	 the	 ABL	 heigh,	 defined	 as	 the	 first	 point	 of	 the	 first	 pure-Rayleigh	 range	 detected.	
Different	data	processing	algorithms	have	been	developed	to	discriminate	the	atmospheric	layering	from	
clear	 air.	 The	 general	 concepts	 of	 these	 methods	 are	 based	 on	 the	 detection	 of	 large	 levels	 of	
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backscattering	 variance	 or	 gradient.	 The	 gradient	 methods	 find	 the	 height	 where	 the	 particle	
concentration	decreases,	whereas	 the	 variance	methods	 find	 the	height	where	particle	 scattering	 is	 the	
most	variable	[7].	

One	of	the	first	methods	to	localize	aerosols/clouds	layers	or	ABL	heights	is	based	analyzing	the	spikes	in	
the	 elastic	 lidar	 signal.	 In	 [8],	 the	ABL	height	 is	 determined	where	 the	 backscatter	 intensity	 exceeds	 at	
least	by	25%	of	more	the	intensity	of	the	lidar	signal	from	the	free	atmosphere.	Later	methods	compute	
the	derivative	of	the	lidar	signal	profiles	with	respect	to	altitude.	[9]	and	[10]	reported	the	measurements	
of	the	cloud	base	height	and	vertical	extent	by	analyzing	the	vertical	derivative	of	the	raw	lidar	signal.	In	
[11],	 to	 determine	 the	height	 of	 the	ABL	 the	 first-derivative	 of	 the	 range-corrected	 lidar	 signal	 and	 the	
standard	deviation	profile	 is	used,	and	 the	ABL	 limit	 is	defined	at	which	 the	standard	deviation	reach	a	
threshold	value.	Another	wide	used	method	to	detect	the	ABL	height	is	[12],	where	the	gradient	is	applied	
to	the	range-corrected	elastic	lidar	signal.	To	avoid	wrong	results,	low	spatial	resolution	is	used	(30	m	per	
bin)	and	a	sliding-average	filter	of	240	m	in	order	to	compute	the	gradient	without	numerical	problems.	
Methods	 like	[13]	and	[14],	deal	with	the	variance	in	the	 lidar	signal,	evaluating	this	parameter	through	
each	altitude.	The	ranges	who	reach	the	local	maximum	are	defined	as	the	borders	of	ABL	height,	aerosols	
or	clouds.	This	variance	method	performs	well	under	convective	regimes,	being	hard	to	use	under	stable	
layers.	 It’s	 important	 to	 remark	 that,	 because	 of	 the	 large	 degree	 of	 variability	 of	 real	 atmospheric	
situations,	 the	 shape	 of	 real	 lidar	 signals	 and	 its	 random	 noise	 makes	 it	 difficult	 to	 implement	 these	
concepts	with	an	automated	method	[7].	Also,	the	application	of	the	derivative	or	the	variance	to	a	lidar	
signal	 depends	 on	 the	 spatial	 resolution	 of	 the	 range-corrected	 signals	 [12],	 or	 in	 other	 cases,	 the	
definition	of	threshold	values	(like	in	[8],	[9]	or	[15]).	Limitations	of	derivative	and	variance	method	have	
been	 reported	 in	 [16],	where	different	metrological	 situations	 could	 lead	 to	 fail	 in	 the	detection	of	ABL	
height.	

The	gradient	method	is	the	most	used	for	ABL	height	detection,	and	much	effort	is	done	to	make	it	more	
efficient.	Also,	it’s	important	to	remark	that	its	results	differ	from	a	system	to	another,	depending	on	the	
wavelength	employed,	and	for	systems	having	a	low	SNR,	the	direct	differentiation	of	the	range-corrected	
lidar	signal	may	introduce	unrealistic	values,	requiring	spatial	and	temporal	averages	[17].		

The	method	described	in	this	work,	no	spatial	averaging	is	a-priori	needed,	avoiding	the	chance	to	mask	
some	features	of	 the	signal.	Hence,	 temporal	averaging	 is	 the	only	smoothing	process	to	perform	before	
the	application	of	the	algorithm.	

 
6.	Case	study	
In	 this	 section,	 two	 cases	 are	 analyzed	 using	 data	 sets	 from	 different	 lidars,	 both	 deployed	 at	 CEILAP	
laboratory.	These	 two	 lidars	have	different	hardware	 features,	but	 the	 implementation	of	 the	method	 is	
the	 same:	 just	 the	 definition	 of	 the	 ∆r	 based	 on	 atmosphere	 condition,	 and	 a	 minimum	 of	 temporal	
averaging.	The	ABL	height	is	compared	with	temperature	profiles	measured	by	nearest	radiosounding	at	
9:30	AM	local	time,	using	the	change	of	the	temperature	gradient	profile	to	track	the	ABL	height.	

6.a.	Case	study	1:	Vertical	lidar	from	CEILAP.	Data	set	from	16	November,	2007	
The	data	used	in	this	case	were	acquired	by	the	multiwavelength	Raman	lidar	system	located	at	CEILAP	
(34.5º	 S	 –	58.5º	W,	Villa	Martelli,	Buenos	Aires,	Argentina)	 [6].	This	 lidar	uses	 a	Continuum	Surelite	 III	
Nd:YAG	laser	as	emission	system	and	the	backscattered	light	is	collected	by	a	0.4	m	diameter	Newtonian	
telescope.	It	contains	a	polychromator	able	to	descriminate	3	elastics	and	3	Raman	wavelenths:	355,	532,	
1064	nm,	the	nitrogen	lines	for	355	and	532	nm	(387	and	607	nm),	and	water	vapor	(408	nm).		

The	pcolor	of	the	355	nm	is	showed	in	figure	6,	where	a	spotted	clouds	between	3500	and	5000	m	were	
detected	 before	 profile	 numbre	 1800.	 The	 profiles	were	 acquired	with	 a	 spatial	 resolution	 of	 6	m,	 and	
temporal	resolution	of	10	seconds.	

The	∆r	can	be	defined	by	an	inspection	of	the	pcolor	of	the	range-corrected	lidar	signal.	For	the	case	of	the	
last	figure,	∆r=2000	m	(333	bins	of	6	m	each)	was	used.	This	value	is	enough	to	perform	the	Rayleigh-fit	
between	inhomogeneities	(ABL	and	clouds)	across	all	data	set.	

In	 figure	 7,	 four	 profiles	 are	 shown	 with	 the	 Rayleigh-fit	 in	 the	 pure-Rayleigh	 ranges	 automatically	
detected,	showing	a	good	correlation	with	the	end	of	the	entrainment	zone	and	the	borders	of	the	cloud.	
This	 data	 set	 was	 acquired	 with	 a	 temporal	 resolution	 of	 10	 sec,	 but	 before	 applying	 the	 method,	 six	
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profiles	were	averaged.	This	data	set	 is	 the	same	used	 in	 figure	4,	where	 for	 lower	acquisition	time,	 the	
method	fails	to	detect	the	ABL	height.	

Also	 the	 temperature	profile	 is	 shown,	obtained	 from	 the	nearest	 radiosonde	 (~30	km	away	 from	 lidar	
site),	taken	at	9:30	AM.	Good	agreements	can	be	appreciated	between	the	first	point	were	the	Rayleigh-fit	
is	made	and	the	gradient	inversion	of	the	temperature	profile.	

 
Figure	6.	Pcolor	of	the	lidar	measurement	from	16	Novenber	of	2007	for	355	nm.	Data	set	start	at	8:41	AM	local	time	till	4:45	PM. 

 
Figure	7.	Tree	lidar	signals	from	de	data	set	of	the	pcolor	shown	in	figure	8	(profiles	number	96,	1260	and	2130).	In	each	plot	is	
shown	the	lidar	signal	acquired	(blue	line)	and	the	Rayleigh-fit	(black	line).	In	last	sub-figure,	the	temperature	profile	is	shown	to	

track	the	gradient	inversion	to	remark	the	ABL	heigh.	
 

6.b.	Case	study	2:	Multiangle	Raman	Lidar	(MRL)	from	CEILAP.	Data	set	from	24	June,	2015	
In	 this	 example,	 data	 from	 the	 multiangle	 Raman	 lidar	 of	 CEILAP	 [4]	 [5]	 is	 used.	 In	 this	 case,	 cirrus	
detection	 is	 shown,	 acquired	with	 a	 spatial	 resolution	 of	 7.5	m	 and	 temporal	 resolution	 of	 10	 sec.	 The	
pcolor	is	shown	in	figure	8.		

This	 lidar	 has	 special	 features,	 like	 a	 big	 collection	 area	 formed	 by	 6	 Newtonian	 telescopes	 of	 40	 cm	
diameter	each,	making	possible	to	acquire	lidar	data	in	low	averaging	time.	In	figure	9,	three	profiles	are	
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shown	(green	line),	with	the	results	of	the	Rayleigh-fit	applied	automatically.	A	∆r=2000	m	is	also	used	for	
this	case.	

In	 this	case,	532	nm	was	used	for	 the	analysis,	showing	good	agreement	 in	the	automatic	application	of	
the	 Rayleigh-fit	 across	 the	 pure-Rayleigh	 ranges.	 As	 a	 result	 of	 a	 large	 ∆r	 (2000	 m),	 undetected	 peak	
before	the	cirrus	can	be	observed.	Preferable	 large	values	of	∆r	are	recommended	(when	 is	possible)	 in	
order	 to	 work	 with	 a	 noisy	 signal,	 like	 used	 in	 last	 figure	 (10	 sec	 acquisition	 time),	 where	 previous	
smoothing	are	need	for	other	methods,	like	gradient	or	variance.	

In	 these	 two	 cases,	 the	 method	 was	 applied	 over	 data	 sets	 from	 different	 lidars,	 with	 very	 different	
hardware	and	different	wavelengths.	Independently	of	the	lidar	system,	the	only	input	parameter	needed	
is	 ∆r,	 defined	 by	 the	 atmospherics	 conditions	 related	 to	 the	 minimum	 gap	 between	 two	 consecutives	
inhomogeneities.	 For	 each	 case,	 the	 temporal	 average	 needs	 are	 different	 due	 to	 have	 very	 different	
reception	 system:	 in	 case	 2,	 6	 times	 higher	 reception	 area	 than	 case	 1,	made	 possible	 the	 detection	 of	
cirrus	with	only	10	sec	of	acquisition	time.	

 
Figure	8.	Pcolor	for	532	nm	of	the	multiangle	Raman	lidar,	taken	at	24	June	2015.	Data	set	start	at	7:30	PM	local	time,	an	only	40	
profiles	of	10	sec	acquisition	time	each	is	shown.	The	wavelenght	shown	is	532	nm,	for	the	profiles	taken	at	zenithal	direction. 

	

 
Figure	9.	Tree	lidar	signals	from	data	set	of	the	pcolor	shown	in	figure	8	(profiles	number	12,	18	and	30).	First	3	plots	shown	the	
532	nm	lidar	signal	acquired	at	532	nm	(green	line)	and	the	Rayleigh-fit	(black	line).	In	last	sub-figure,	the	temperature	profile	
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taken	at	9:30	AM	is	shown,	where	can	be	observed	the	gradient	inversion	to	remark	the	ABL	heigh.	
 

7.	Summary	
A	method	to	detect	molecular	ranges	 in	an	elastic	 lidar	signal	was	presented.	The	algorithm	is	based	on	
the	Rayleigh-fit	concept,	which	is	applied	across	the	pre-defined	points	of	the	lidar	signal.	The	ranges	of	
the	lidar	signal	who	compute	the	lower	RMS	error	in	the	Rayleigh-fit	are	defined	as	a	free-aerosols	ranges.	
This	method	only	need	as	an	input	the	size	of	the	exploration	windows	∆r,	which	has	to	be	lower	than	the	
gap	 between	 two	 aerosols	 ranges.	 This	 parameter	 is	 related	 to	 the	 atmospheric	 conditions,	 and	 can	 be	
obtained	by	a	visual	inspection	at	the	pcolor	of	the	lidar	data.	

Temporal	acquisition	has	 to	be	 taken	 into	account	 to	 control	 the	 random	noise	of	 the	 signal,	were	very	
noisy	 signals	 could	 leads	 to	 erroneous	 results	 under	 certain	 scenarios.	No	 spatial	 smoothing	 is	a-priori	
needed;	avoiding	wrong	averaging	artifacts	in	the	processed	lidar	signal.	

The	method	was	tested	over	real	lidar	data	sets	from	different	lidar	and	wavelengths.	The	results	obtained	
shows	good	agreement	when	the	ABL	height	is	compared	with	temperature	profiles.	
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