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Aims	&	Objec,ves	

2	

• 	Establish	why	photolysis	processes	are	of	central	
importance	in	atmospheric	chemistry.	
	
• 	Describe	the	main	quanFFes	needed	for	calculaFng	
photolysis	rates	of	consFtuents.	
	
• 	Provide	a	basic	overview	of	the	features	of	the	Fast-
JX	photolysis	scheme,	used	in	UKCA.	
	
• 	Describe	some	photolysis-focused	science	that	has	
been	pursued	using	the	Fast-J	family	of	modules,	either	in	
UKCA	or	in	other	global	models.	
	



Solar	Radia,on:	The	driving	force	behind	global	
circula,on	and	large-scale	weather	

� Meridional	insolaFon	&	temperature	gradients	drive	the	zonal	mean	
atmospheric	circulaFon,	the	posiFon	of	storm	tracks,	and,	thus,	weather.	

sealevel.jpl.nasa.gov	



Solar	Radia,on:	The	driving	force	behind		
regional/local	circula,on	

� Land-sea	thermal	contrasts	drive	regional	circulaFons	such	as	monsoons,	
and	local	circulaFons	such	as	sea	breezes.	

en.wikipedia.org/wiki/Sea_breeze	



*But	simultaneously*:	Solar	radia,on	is	the	driving	
force	behind	atmospheric	chemistry	

•  The	thermodynamic	equaFon	solved	for	each	point	in	space	(model	
gridpoints)	and	Fme	(model	Fmesteps)	simulates	the	change	of	
heat,	and	eventually	of	temperature,	which	influences	the	rates	of	
many	key	chemical	reacFons.	

•  Changes	in	temperature	cause	changes	in	other	meteorological	
variables	such	as	humidity,	rainfall,	pressure,	winds,	turbulence,	
lightning,	all	of	which	strongly	influence	atmospheric	chemistry.	

	

	•		But	the	most	direct	and	crucial	way	in	which	solar	radia,on	
influences	atmospheric	chemistry	is	through	driving	photolysis	
(also	called	photodissocia,on).	
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Radia,ve	transfer	in	the	atmosphere	

www.physicalgeography.net	

�  This	absorbed	radiaFon	is	the	cause	of	photolysis.	
�  GCMs	include	a	radiaFve	transfer	module	for	climate.	
�  CTMs	include	a	radiaFve	transfer	module	for	chemistry	(photolysis	scheme).	
�  CCMs	include	two	codes	for	both	(not	very	efficient!)	
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Shortwave	(UV	&	
visible):	key		
for	photolysis,	as	
it	has	enough		
energy	to	break		
down	molecules.	

Longwave	
(solar	+	
thermal	IR):		
directly	
climate-	
relevant		
(esp.	through		
coupling	with		
vibraFonal		
modes).	

Absorp,on	of	the	Sun’s	incident	electromagne,c	energy	in	the	region		
from	0.1	to	30	μm	(100-30,000	nm)	by	various	atmospheric	gases	

NO2	also	absorbs	at	the	
visible	(peak	abs.	@~400nm)		
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joseba.mpch-mainz.mpg.de	
Brasseur	&	Solomon	(2005)	
Jose-Luis	Jimenez	(2005)	
	
	

Absorp,on	by	key	gases	that	can	undergo	photolysis	
ABSORPTION	BY	O3	

ABSORPTION	BY	NO2	Very	energeFc	
wavelengths	–		
not	found	in	the	
troposphere	(only	
slightly	in	the	UT),	
but	key	for	O2	
photolysis	in	
stratosphere	&	
mesosphere.	

Up	to	~320nm,	key	for	
ozone	(O3)	photolysis	in	the	
troposphere	&	
stratosphere.	

Up	to	~420nm,	key	for	NO2	
photolysis	in	troposphere		
&	stratosphere.	

(*Note	that	x-secFons	are		
typically	temperature		
dependent.)	

ABSORPTION	BY	O2	



Photolysis	and	stratospheric	ozone	

www.geography.hunter.cuny.edu	

�  Highly	energeFc	photons	(<240	nm)	break	down	O2.	
�  Subsequently,	atomic	oxygen	reacts	with	oxygen	molecules	to	yield	O3.	
�  These	two	reacFons	are	part	of	the	Chapman	mechanism.	
�  Photolysis	is	also	key	for	catalyFc	ozone	destrucFon	(see	later).	



Photolysis	and	the	tropospheric	ozone	budget	

(Important		
globally)	

(Important		
locally)	 VOCs	

(<	420nm)	

(<	320nm)	

Key	role	of	photolysis	in	trop.	O3	producFon	&	loss.	

Adopted	from	Paul	Young	

of	precursors	



Photolysis	and	the	hydroxyl	radical	(OH)	

O3	+	hν		

Strat.	
Trop.	

O1D	+	H2O		 OH	

Stratospheric	O3	

T	
Aerosols, 

Clouds 

NOx	 CO,	NMVOCs	

Courtesy	V.	Naik	

Surface		
reflecFons	

	
• 	OH	is	a	major	
tropospheric	oxidant	
(detergent	of	the	
troposphere).	

• 	It	removes	CO/VOCs,	is	
involved	in	tropospheric	
ozone	(O3)	producFon,	
and	in	aerosol	formaFon.	

• 	It	is	the	major	sink	of	
CH4	in	the	atmosphere:	
OH	determines	CH4	
lifeFme.	

<	320nm	

CH4,	
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How	many	molecules	are	photolysed	per	photon	absorbed	
(the	O3->O(1D)	and	NO2->NO	quantum	yields	(φ))	

Hancock	&	Tyley	(2001)	 Jose-Luis	Jimenez	(2005)	

�  The	“cut-off”	for	O3	photolysis	to	produce	O(1D)	is	~320-330nm,	and	for	
NO2	photolysis	to	produce	NO	is	~420nm.	

�  Thus,	upper	wavelength	limit	set	by	quantum	yield	rather	than	by	
absorpFon	cross	secFon.	

�  For	O2	photolysis	it	is	absorpFon	that	sets	the	upper	limit	(see	Slide	8).	
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(and	to	some	extent	in	the	
troposphere).	



Summary	of	important	photolysis	reac,ons	

•  O2	+	hν	→	O2	+	O(3P)							(λ	<	240	nm)	
IniFates	ozone	producFon	in	stratosphere	(and	slightly	in	the	upper	trop.).	
•  O3	+	hν	→	O2	+	O(1D)							(λ	<	320	nm)	
Leads	to	ozone	destrucFon	and	OH	producFon.	
•  NO2	+	hν	→	NO+O(3P)							(λ	<	420	nm)	
IniFates	ozone	producFon	in	troposphere.		
•  HNO3	+	hν	→	NO2	+	OH							(λ	<	350	nm)	
Main	loss	process	of	HNO3	(which	is	a	“NOx	reservoir”).	
•  HCHO	+	hν	→	H	+	HCO							(λ	<	340	nm)	
Contributes	to	HOx	producFon	(similar	for	CH3CHO	and	higher	aldehydes).	
•  H2O2	+	hν	→	2OH							(λ	<	350	nm)	
Can	contribute	to	OH	producFon.	
•  N2O+	hν	→	N2	+	O(1D)							(λ	<	200	nm)	
Destroys	N2O;	Subsequently,	N2O+O(1D)	produces	NOx	in	the	stratosphere.	
•  CFC11+	hν	→	CFCl2	+	Cl							(λ	<	250	nm)	
Releases	Cl	that	destroys	ozone	in	the	stratosphere	(similarly	for	other	Cl	species).	
	
	
	
	
	



The	photolysis	rate	
•  For	a	given	molecule	A	being	photolysed	(A+hν						B+C):	
	
	

d[A]/dt	=	-JA[A]	=	-∫	σA(λ)	φA(λ)	F(λ)dλ	x	[A]	
	
	→		JA	:	First	order	photolysis	rate	constant	(or	frequency)	of	A	(s-1).	

	→		σA(λ)	:	AbsorpFon	cross	secFon,	i.e.	probability	of	a	photon	to	
be	absorbed	(cm2/molec.).	

→		φA(λ)	:	Quantum	yield,	i.e.	number	of	molecules	photolysed	per	
photon	absorbed	(molec./quanta).	

	→		F(λ)	:	Solar	acFnic	flux,	i.e.	radiaFve	flux	incident	on	molecule	
from	all	direcFons	(quanta	cm-2	s-1).	

Clouds,	aerosols	and	strat.O3	are	involved	here	



Life,me	with	respect	to	photolysis	
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• 	The	rate	at	which	a	chemical	species	A	(with	concentraFon	
[A])	is	lost	from	the	atmosphere	is	characterised	by	its	e-folding	
lifeFme	τA.	
	

• 	It	is	the	Fme	required	by	a	gas	to	decrease	to	1/e	of	its	
original	concentraFon	due	to	chemical	reacFon.	LifeFmes	are	
independent	of	emission/producFon	rates.	
	
	•	For	example,	for	photolysis	reacFon:	
	
	

	•	If	concentraFon	of	a	consFtuent	is	determined	by	mulFple	
processes	(1,	2,…,	n),	the	overall	lifeFme	is:	
	

τ A =
1
JA
=

[A]
d[A] / dt

τ A =
1

1
τ A1

+
1
τ A2

+...+ 1
τ An



The	FAST-	JX	photolysis	scheme	(Wild	et	al.,	2000;	Bian	and	Prather,	

2002;	Neu	et	al.,	2007),	used	in	UKCA	

•  Calculates	photolysis	rates	in	the	presence	of	an	arbitrary	mix	of	
cloud	and	aerosol	layers	(handles	mulFple	layers	as	well).	

•  Enables	tropospheric	chemistry	simulaFons	to	include	directly	the	
physical	properFes	of	scauering	and	absorbing	parFcles	(and	
clouds)	in	the	column.		

•  The	code	is	fast	(obviously!)	and	can	be	applied	to	3D	global	CTMs	
or	CCMs	with	relaFvely	low	computaFonal	cost.			

	
	

→	It	is	a	sufficiently	accurate	and	efficient	scheme	to	apply	to	global	
models.	



Unique	features	of	Fast-JX	

•  Phase	funcFons	calculated	using	Mie	theory	(except	for	ice-clouds).	

•  OpFmizaFon	of	the	phase	funcFon	expansion	(8	terms).	

•  RadiaFve	transfer	equaFon	is	solved	using	the	finite-difference	
method.	AddiFonal	levels	are	inserted	for	thick	clouds.	

•  OpFmisaFon	of	the	integraFon	over	wavelength	(18		bins,	from	177	
to	850	nm).	

•  JPL	and	IUPAC	cross-secFons	for	various	temperatures	
reapporFoned	onto	the	scheme’s	wavelength	bins.	



Modelling	photolysis	rate	constants:	σ	&	φ	
	

JA=	∫	σA(λ)	φA(λ)	F(λ)dλ	

•  The	x-secFons	(σ)	and	quantum	yields	(φ)	for	different	
consFtuents	have	been	measured	in	the	lab	for	different	
wavelengths,	temperatures,	and	someFmes	pressures	(JPL	&	
IUPAC	reports).		

	
•  Tabulated	values	are	then	typically	used	in	atmospheric	models	

(e.g.	see	FJX_spec_Nov11.dat	for	UKCA).		

•  Real-Fme,	simulated	temperatures	at	different	points	in	space	
and	Fme	can	modify	σ	and	φ.	

Clouds,	aerosols	and	strat.O3	are	involved	here	



In	UKCA,	cross	sec,ons	and	quantum	yields	are	tabulated	
in	file	FJX_spec_Nov11.dat	(its	top	part	is	shown	below)	



Modelling	photolysis	rate	constants:	F	
	

JA=	∫	σA(λ)	φA(λ)	F(λ)dλ	

•  Typically,	acFnic	fluxes	are	simulated	online	for	every	point	in	space	
and	Fme,	accounFng	for	modelled	clouds,	surface	albedo,	gas	(e.g.	O2,	
O3,	NO2)	absorpFon,	aerosol	scauering	and	absorpFon,	and	of	course	
for	TOA	spectral	fluxes	and	the	solar	zenith	angle.	

	

•  There	are	two	terms	that	need	to	be	summed	in	order	to	calculate	the	
acFnic	flux:		

				a)	the	direct	solar	flux,	obtained	from	the	Beer-Lambert	law:		
	
				b)	the	4π	integrated	mean	specific	intensity	originaFng	from	all		
				direcFons	a|er	undergoing	mulFple	scauering	by	surrounding	parFcles.	

Clouds,	aerosols	and	strat.O3	are	involved	here	



Modelling	photolysis	rate	constants:	F	(cont.)	
	

JA=	∫	σA(λ)	φA(λ)	F(λ)dλ	
	

•  DiscriminaFon	between	the	role	of	scauering	and	absorpFon	is	given	by	
the	single	scauering	albedo	(ω),	the	raFo	of	scauering/total	exFncFon.	

•  The	scauering	phase	funcFon	(P)	gives	the	angular	distribuFon	of	light	
around	a	parFcle	following	scauering.		

•  In	the	Rayleigh	scauering	regime	(small	parFcles),	forward-	and	
backward-scauered	radiaFon	are	symmetric.	For	larger	parFcles,	the	
forward	peak	becomes	stronger.	

•  P	&	ω	of	different	aerosol/cloud	types	are	pre-calculated	for	five	
wavelengths	using	an	offline	code	that	is	based	on	Mie	theory	for	
parFcle	types	with	given	refracFve	indices	and	sizes	(see	FJX_scat.dat	for	
UKCA).	



Aerosol	&	cloud	radia,ve	effects	

A:	ReflecFon	B:	RefracFon	
C:	RefracFon	&	internal	reflecFon		
D:	DiffracFon	
	

(Their combination results in  
scattering) 

•	Black	carbon:	the	main	aerosol	absorber	in	all	solar	wavelengths	(then	re-emits	
in	thermal).	Also,	some	absorpFon	by	dust	and	a	bit	by	organic	carbon.	
	

•	Dust	&	sea-salt	absorb	substanFally	in	thermal	wavelengths	(3,000-15,000	nm).	
	

•	Clouds	absorb	radiaFon,	but	how	much	is	absorbed	depends	on	the	cloud	type.	

Absorp,on	

Scamering	(only	for	solar)	
FracFon	of	light	scauered		
(here	for	550nm).	

AccumulaFon	
mode	aerosols	
are	the	best	
scauerers	(e.g.	
sulphate	etc).	

Jacobson	(1998)	

Q
:	



Aerosol	and	cloud	op,cal	proper,es	are	tabulated	in	file	
FJX_scat.dat	(its	top	part	is	shown	below)	



Flowchart	of	standalone	version	of	the	Fast-J	scheme		
(that	presented	in	Wild	et	al.	(2000)	-	somewhat	earlier	than	the	Fast-JX	

version	used	in	UKCA)	

Voulgarakis et al. [2009a], GMD 



Photolysis	reac,ons	included	in	the	UKCA	implementa,on	
of	Fast-JX	 Telford et al. [2012], GMD 



Photolysis	reac,ons	included	in	the	UKCA	implementa,on	
of	Fast-JX	(cont.)	 Telford et al. [2012], GMD 



Example:	Stratospheric	ozone,	tropospheric	
photolysis,	and	trop.	OH	(in	GISS	CCM	with	Fast-J2)	

Voulgarakis	et	al.	(2013a),	ACP	

	
• 	Strat.	O3	recovery	è	less	solar	radiaFon	in	the	troposphere	è	
slower	photolysis	(JO(1D))	è	less	OH	

RCP6.0	scenario	



Example:	Changes		
in	“world	avoided”		
scenario	due	to		
photolysis	(in	GISS		
CCM	with	Fast-J2)	
	
-	Ozone	column	
	
-	JO(1D)	
	
-	OH	
	
-	Sulphate	aerosol	
	
	

Voulgarakis	et	al.	(2013b)	



Example:	Changes	in	surface	O3	due	to	10%	
reduc,on	in	column	O3	in	January		

(in	OsloCTM2	with	Fast-J)	

Isaksen	et	al.	(2005),	JGR	

•  Faster	photolysis	favours	both	O3	producFon	(JNO2)	and	destrucFon	
(JO(1D)).	

•  In	the	net,	the	O3	producFon	perturbaFon	wins	in	polluted	regions,	and	
the	ozone	destrucFon	wins	in	remote	regions.	

ppb	



Example:	Effect	of	clouds	on	photolysis	
(in	the	p-TOMCAT	CTM	using	Fast-JX)	

Photolysis	rates	for	a	measurement	site	(Weybourne).	
Black:	measured.		
Do<ed:	modeled	with	no	cloud	variaFons.		
Red:	modeled	with	cloud	variaFons.	
	→		Clouds	drive	the	day-to-day	variability	in	photolysis.		

Voulgarakis et al. (2009b), GMD 



Example:	Effect	of	clouds	on	photolysis	(cont.)		
(in	the	p-TOMCAT	CTM	using	Fast-JX)	

Voulgarakis et al. (2009c), ACP 

• 	DistribuFon	of	cloud	water	
content	shows	the	mulF-
layered	cloud	structure	in	the	
tropics	and	the	large	cloud	
amounts	in	the	southern	
midlaFtudes.	
	
• 	Photolysis	rates	are	increased	
above	clouds,	decreased	below	
them	and	remain	intact	where	
the	main	masses	of	clouds	are.	
	
• 	These	results	are	in	agreement	
with	Liu	et	al.	(2006),	who	used	
Fast-J.	



Example:	Effect	of	aerosols	on	photolysis	&	OH	
(in	the	GISS	CCM	with	Fast-J2)	

Voulgarakis et al. (in prep.) 

• 	Maps	show	relaFve	change	of	
J(O1D)	and	OH	at	the	surface	due	to	
the	presence	of	aerosols	in	the	
atmosphere.	
	
• 	Strong	effects,	especially	over	
regions	with	heavy	anthropogenic	
(East	&	South	Asia)	and	biomass	
burning	(Africa,	South	America)	
polluFon.	
	
• 	Possible	implicaFons	for	ozone,	
methane,	CO,	VOCs,	aerosols	over	
those	regions.	

J(O1D)	

OH	



Example:	Effect	of	aerosols	on	photolysis	&	O3	
(in	UCI	CTM	with	Fast-J2)	

•  AuenuaFon	of	solar	radiaFon	by	aerosols	leads	to	slower	photochemical	O3	
producFon	over	polluted	regions,	an	effect	that	weakens	with	height.		

Bian	et	al.	(2003),	JGR	

ppb	



Example:	Effect	of	surf.	albedo	on	photolysis	&	OH	
(in	the	p-TOMCAT	CTM	with	Fast-JX) 

• 	Removing	ArcFc	sea-
ice	changes	summer	
OH	drasFcally	
(decreases	of	up	to	
60%).	
		
• 	The	changes	are		
mainly	confined	to	
polar	laFtudes	(due		
to	short	OH	lifeFme).		

• 	Possibly	important	
implicaFons	in	a	
future,	ice-free	ArcFc.	

Voulgarakis,	et	al.	(2009d),	GRL		



Telford et al. (2012), GMD 

Evalua,on	of	UKCA	with	Fast-JX	(interac,ve)	vs	UKCA	with	
offline	(climatological)	photolysis	

• 	An	example	of	performance	of	
photolysis	rates	(JO(1D)	and	JNO2)	
against	aircra|	observaFons.	
	
• 	Including	Fast-JX	(interacFve)	
makes	the	simulaFon	much	more	
realisFc.	
	
• 	The	offline	scheme	gives	a	much	
“flauer”	evoluFon	of	photolysis	
during	the	flights,	as	real-Fme	clouds	
are	not	represented.	



Telford et al. (2012), GMD 

Effect	of	UKCA	photolysis	handling	on	OH	

• 	Black	is	modelled,	red	is	from	
observaFon-based	climatology	of	
Spivakovsky	et	al.	(2000),	and	
brackets	are	stddev	within	box.			

• 	The	use	of	the	interacFve	
photolysis	scheme	(Fast-JX)	increases	
the	total	OH	burden,	which	leads	to	
decreased	CO	concentraFons	and	
CH4	lifeFmes	(not	shown).	
	
	
• 	Found	that	the	increases	in	HOx		
(incl.	OH)	are	dominated	by	
increases	in	its	producFon	via	O(1D)+	
H2O.	



Summary	

38	

•	Photolysis	is	central	in	tropospheric	and	stratospheric	
chemistry,	iniFaFng	the	producFon	of	ozone	and	OH,	the	
destrucFon	of	ozone,	and	numerous	other	processes.	
	

•	To	model	it,	we	use	tabulated	cross	secFons/quantum	yields	
and	aerosol	opFcal	properFes,	but	online	calculated	acFnic	fluxes.	
	

•	Fast-JX	is	a	state-of-the-art,	accurate	and	efficient	photolysis	
scheme	designed	for	global	models,	currently	used	in	UKCA.	
	

•	Important	scienFfic	insight	has	been	provided	using	Fast-JX	in	
conjuncFon	with	UKCA	or	other	global	models,	when	it	comes	to	
the	influence	of	clouds,	aerosols,	ozone	column,	and	surface	
albedo	on	photolysis	and	oxidants.		
	

•	Fast-JX	will	be	a	key	tool	for	studying	a	range	of	interacFons	as	
the	UKCA	model	becomes	part	of	the	larger	UKESM1	framework.	
	


