
Dear	Editor	of	Geoscientific	Model	Development,	

	

We	 thank	 the	 reviewers	 for	 their	 support	 and	 their	 comments.	We	have	modified	 the	manuscript	

according	 to	 these	 comments	and	queries	and	we	 think	 that	 these	 changes	have	 largely	 improved	

our	manuscript.	Accordingly,	the	main	points	that	were	modified	refer	to:		

(1) The	reference	versions	of	the	ocean	surface	albedo	scheme	as	well	as	the	reference	version	

of	the	two	atmosphere	models	are	now	clearly	displayed	in	the	revised	manuscript	in	

agreement	with	http://www.geosci-model-dev.net/8/3487/2015/gmd-8-3487-2015.html			

(2) Updated	 or	 revised	 figures	 that	 now	 includes	 CMIP5	 results	 to	 clearly	 show	 the	 large	

differences	in	simulated	ocean	surface	albedo	

(3) Improved	 text	 including	 new	 references	 related	 to	 previously	 developed	 ocean	 surface	

albedo	scheme	

	

Please	 find	 a	 detailed	 response	 to	 each	 questions/comments	 point	 by	 point	 below	 in	 blue	 (text	

fragments	are	in	blue	italics).	

	

Anonymous	Referee	#1		

Received	and	published:	21	July	2017		

The	authors	present	an	 interactive	ocean	 surface	albedo	 scheme	 that	 is	based	on	pulling	 together	

results	 from	previously	 published	 studies.	Nevertheless,	 for	 the	 two	 atmospheric	models	 (AGCMs)	

that	 is	applied	to	 it	 represents	a	substantial	 improvement.	The	presentation	has	a	clear	 layout	and	

comprises	the	development	of	the	scheme	itself,	its	implementation	in	the	AGCMs,	evaluation	of	the	

analytical	 results,	 evaluation	 against	 observations	 (both	 remotely	 sensed	 and	 ground-based),	 and	

finally	 an	evaluation	of	 its	 performance	 in	 the	AGCMs	against	 the	previously	used	 schemes.	While	

there	are	still	obvious	shortcomings	of	the	new	scheme,	which	the	authors	discuss,	it	still	represents	

a	very	clear	improvement.		

In	my	view,	the	ms.	is	excellent	with	regards	to	all	four	review	criteria	for	GMD.	I	will	suggest	a	few	

points	for	improving	the	ms.	below;	these	consitute	a	minor	review	in	my	opinion.		

	

We	thank	the	reviewer	for	his/her	support.	

	

1)	General	remarks		

I	am	wondering	whether	it	could	be	interesting	to	compare	the	OSA	parametrization	developed	here	

to	other	state-of-the	art	AGCMs,	given	that	the	previously	used	schemes	in	LMDZ	and	ARPEGE	were	

somewhat	outdated.	Since	the	authors	work	within	the	CRESCENDO	framework,	they	might	want	to	



consider	some	of	the	other	AGCMs	used	in	CRESCENDO	for	that	purpose.		

	

We	appreciate	 this	 suggestion	and	we	 choose	 to	 include	 in	 Figure	7	 the	 results	 from	other	CMIP5	

models.	 Figure	 7	 confirms	 that	 there	 are	 large	 differences	 (and	 thus	 uncertainties)	 in	 simulated	

ocean	surface	albedo	across	CMIP5	models,	including	ARPEGE-Climat	and	LMDZ	(used	in	the	CNRM-

CM	and	IPSL-CM	climate	models,	respectively).	

We	 also	 revise	 Figure	 4	 to	 include	 the	 Payne	 (1972)	 ocean	 albedo	 formulation	 which	 is	 used	 in	

several	state-of-the-art	Earth	system	models.		

	

Section	 6.	 The	 comparison	 with	 the	 ground-based	 data	 (Fig.	 6)	 shows	 a	 large	 discrepancy	 in	 the	

albedo	PDF	around	the	value	of	0.06.	While	the	authors	discuss	the	general	problems	of	comparing	a	

model	grid-cell	average	with	observed	point	values	in	the	last	paragraph	of	section	6,	I	would	think	

that	 this	 feature	 deserves	 more	 explanation.	 Perhaps	 the	 modelled	 peak	 in	 the	 PDF	 is	 flatter	 in	

higher-resolution	model	runs?		

	

Figure	6	was	provided	to	support	our	explanations	on	model-data	discrepancy	at	COVE	station.	Using	

a	high	resolution	of	ARPEGE-Climat	(T359	that	offers	a	horizontal	resolution	of	about	50	km),	we	find	

that	model	 resolution	 does	 not	 impact	 the	 distribution	 of	 direct	 and	 diffuse	 shortwave	 radiations	

(Figure	 R1).	 Although	 the	 horizontal	 resolution	 can	 change	 the	 climate	 dynamics	 and	 hence	 some	

drivers	of	the	OSA	such	as	wind	speed	and	cloudiness,	the	numerical	representation	of	the	radiative	

scheme	 remains	 unchanged	 in	 the	 current	 version	 of	 the	 high-resolution	 model.	 This	 is	 why	 the	

distribution	of	direct	and	diffuse	shortwave	radiations	is	similar	to	that	of	the	model	version	used	in	

the	 submitted	 manuscript.	 As	 a	 consequence,	 we	 decide	 to	 not	 include	 this	 comparison	 in	 the	

revised	manuscript.	

	



	
Figure	 R1:	 Probability	 density	 function	 of	 daily-mean	 ocean	 surface	 albedo	 at	 COVE	 station	

(36.905°N,	75.713°W)	derived	from	daily-mean	time	series	over	years	2001	to	2013.	Ocean	surface	

albedo	derived	 from	ground-based	observations	and	as	 reconstructed	with	ARPEGE-Climat	nudged	

toward	Era-Interim	are	indicated	in	red	and	dark	blue,	respectively.	Ocean	surface	albedo	simulated	

by	 ARPEGE-Climat	 (in	 blue)	 and	 LMDZ	 (in	 green)	 using	 old	 or	 the	 new	 interactive	 scheme	 are	

indicated	 with	 dashed	 or	 solid	 lines,	 respectively.	 ARPEGE-Climat-HR	 (T359;	 50km	 horizontal	

resolution)	is	given	with	a	magenta	solid	line.	

	

2)	Specific	remarks		

l.102	This	paragraph	needs	updating	to	reflect	the	current	structure	of	the	ms.		

	

The	text	has	been	revised	accordingly	(please	refer	to	the	track-change	version	of	the	manuscript).	

	

l.346	"i.e."	I	think	"e.g."	fits	better	here.		

	

Taken	into	account	in	the	revised	manuscript	

	

Figure	4:	the	legend	in	the	panels	needs	updating	with	regards	to	the	referenced	papers.		
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Taken	into	account	in	the	revised	manuscript	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



Anonymous	Referee	#2		

Received	and	published:	25	August	2017		

General	 Comments:	 The	manuscript	 presents	 a	 new	 scheme	 for	 computing	 ocean	 surface	 albedo	

(OSA),	and	evaluates	the	scheme	in	two	numerical	models.	While	the	existing	suite	of	OSA	schemes	

consider	variations	only	due	to	solar	zenith	angle,	the	new	scheme	considers	the	various	processes	

that	contribute	to	the	overall	albedo.	These	processes	include	reflection	by	the	ocean	surface	free	of	

whitecaps,	reflection	by	the	ocean	surface	covered	with	whitecaps,	and	the	reflection	of	solar	energy	

that	 first	 passes	 downward	 through	 the	 air-sea	 interface	 is	 scattered	 within	 the	 ocean	 and	 then	

passes	back	through	the	air-sea	interface	to	the	atmosphere.	Additionally,	the	study	considers	direct	

and	diffuse	irradiance	separately	as	they	can	have	very	different	OSA	values	due	to	their	difference	in	

angular	 distributions	 (via	 dependence	 of	 OSA	 on	 solar	 zenith	 angle).	 Spectral	 variations	 are	 also	

considered.	In	summary,	the	new	parameterization	incorporates	the	relevant	physics.	In	that	sense,	

there	is	scientific	merit	to	the	improved	parameterization.		

	

We	thank	the	reviewer	for	his/her	support.	

	

To	 judge	a	broader	scientific	merit,	 the	change	 in	 the	skill	of	 climate	simulations	 that	use	 the	new	

OSA	parameterization	must	be	evaluated.	This	is	not	performed	in	the	study.	Rather,	the	manuscript	

indicates	it	will	be	performed	in	a	subsequent	study.	The	new	scheme	is	justified	by	showing	it	gives	

OSA	values	that	are	much	closer	to	observations	than	the	old	scheme.	This	is	well	and	good,	but	isn’t	

it	the	skill	of	climate	parameters	with	societal	influence	(such	as	air	temp,	rainfall,	storm	frequency,	

etc.)	 that	 are	 the	 greatest	 importance?	While	 the	 improved	 scheme	 gives	 OSA	 values	 that	 better	

match	observations,	the	scientific	merit	of	the	scheme	can	only	truly	be	judged	once	it	is	shown	the	

improved	 scheme	 elevates	 the	 skill	 of	 models	 in	 simulating	 parameters	 beyond	 OSA.	 Ideally,	 this	

study	 would	 be	 published	 in	 conjunction	 with	 a	 study	 giving	 a	 broader	 evaluation	 of	 the	 new	

scheme’s	impact	on	climate	simulations.		

	

We	truly	believe	 that	 the	description	of	a	new	 interactive	ocean	albedo	scheme	and	 its	evaluation	

against	 available	 modern	 observations	 should	 remain	 the	 scope	 of	 the	 manuscript.	 Further	

investigations	 relate	 to	 the	 impact	 of	 the	OSA	 scheme	 on	 the	 atmospheric	 fields	 or	 climate	 fields	

would	require	a	set	of	dedicated	experiments	because	each	parameterization	of	 the	ocean	surface	

albedo	would	 imply	 a	 different	 adjustment	 of	 the	 atmospheric	model	 in	 particular	 in	 terms	 of	 its	

global	radiative	balance.	As	mention	in	Hourdin	et	al.	(2017)	or	Schmidt	et	al.	(2017),	the	calibration	

or	 tuning	 of	 atmospheric	model	 is	 highly	 complex	 and	 non-linear.	 Any	 change	 in	 the	 atmospheric	

parameterization	such	as	the	ocean	surface	albedo	would	ultimately	impact	the	radiative	imbalance	



of	 the	model.	Therefore,	comparing	 the	 impact	of	various	ocean	albedo	 is	not	straightforward	and	

requires	a	set	of	dedicated	simulations	and	analysis	to	clearly	attribute	a	changes	in	climate	fields	to	

a	given	parameterization	of	OSA	and	not	to	a	model	drift	as	shown	in	(Gupta	et	al.,	2013).		We	expect	

that	 forthcoming	 reference	 publications	 ARPEGE-Climat	 and	 LMDZ	 in	 the	 context	 of	 CMIP6	 will	

document	the	impact	of	the	ocean	albedo	scheme	and	that	of	other	improved	atmospheric	physical	

parameterizations	on	the	simulated	climate.	

	

Along	these	same	lines,	it’s	not	clear	what,	exactly,	motivates	the	study.	Climate	model	upgrades	are	

typically	 motivated	 by	 the	 need	 to	 improve	 some	 aspect	 of	 climate	 model	 simulations,	 such	 as	

reducing	a	regional	temperature	bias	(for	example	the	warm	bias	in	the	eastern	tropical	Pacific).	The	

Introduction	 indicates	that	OSA	interacts	with	bio-	physical	processes,	OSA	receives	 little	attention,	

and	OSA	parameterizations	don’t	include	all	the	underlying	physics.	While	not	clearly	stated,	it	seems	

like	 the	 study	 is	motivated	 by	 the	 fact	 that	 existing	 OSA	 albedo	 parameterizations	 are	 dated	 and	

there	 is	 now	 sufficient	 computer	power	 for	 including	more	 computationally	 intense	OSA	 schemes.	

The	lack	of	connection	to	overall	climate	model	skill	detracts	from	the	overall	scientific	quality.		

	

The	development	of	numerical	models	for	weather	prediction	and	climate	simulation	is	traditionally	

driven	by	both	the	need	to	reduce	known	model	biases	and	shortcomings	and	the	incorporation	of	

better	 physics	 as	 our	 understanding	 improves.	 A	 model	 with	 small	 biases	 (because	 of	 a	

parametrization	 very	 well	 fitted	 to	 the	 observations)	 could	 still	 miss	 an	 important	 feedback	

mechanisms	under	 climate	 change	because	of	 important	missing	physics.	 It	 is	 important	 that	both	

these	bottom-up	and	 top-down	motivations	be	 recognized	as	being	 important.	 In	 the	case	of	OSA,	

the	rationale	for	including	better	physics,	keeping	in	mind	the	large	spread	of	OSA	in	CMIP5	models	

discussed	above,	is	rather	clear.	

	

The	science	is	presented	in	a	clear	and	organized	manner	that	allows	for	reproducibility.	In	the	broad	

sense,	the	presentation	quality	is	high.	The	paper	is	well	organized	and	generally	clear.	However,	the	

manuscript	could	be	improved	with	additional	attention	to	detail.	The	manuscript	discusses	a	broad	

range	 of	 topics	 from	 details	 of	 ocean	 optics	 to	 atmospheric	 model	 specifics	 and	 results.	 Given	

inconsistencies	and	inaccuracies,	primarily	in	the	OSA	parameterization	development	sections	of	the	

paper,	it	appears	author	expertise	is	in	climate	modeling	and	not	ocean	optics.	In	addition,	there	are	

some	key	references	neglected	in	the	work	(indicated	below).		

	

We	 thank	 the	 reviewer	 for	 this	 recommendation;	 these	 references	 are	 now	 included	 and	

acknowledged	in	the	revised	manuscript.	



	

Despite	 the	 criticisms	 above,	 OSA	 schemes	 in	 the	 existing	 suite	 of	 climate	 models	 do	 not	 reflect	

state-of-the-art	 knowledge	 of	 OSA	 physics	 (as	 the	 manuscript	 correctly	 indicates).	 A	 thorough	

evaluation	of	the	sensitivity	of	climate	models	to	OSA	is	not	known	to	exist.	It	could	be	argued	there	

is	 scientific	merit	 to	 improving	 the	representation	of	 the	underlying	physics	 represented	 in	climate	

models	(this	is	not	clearly	done	in	the	manuscript;	one	could	also	argue	that	hindcast	skill	is	the	only	

thing	 that	 matters).	 By	 presenting	 an	 improved	 OSA	 scheme,	 the	 authors	 are	 opening	 a	 door	 to	

further	investigations	of	the	sensitivity	of	climate	model	results	to	OSA.		

	

Specific	Comments	(#’s	1,	2	and	3	are	fairly	significant):		

1) Upper	ocean	models	still	largely	utilize	OSA	values	presented	by	Payne	(1972;	Albedo	at	the	

Sea	Surface,	JAS).	Given	the	paucity	of	albedo	observations,	the	authors	are	encouraged	to	

evaluate	 their	 improved	 scheme	 in	 the	 context	 of	 the	 Payne	 (1972)	 values	 as	 well	 as	 the	

COVE	station	values	considered	in	the	manuscript.		

	

We	 thank	 the	 reviewer	 for	 this	 suggestion.	We	 revise	 Figure	 4	 accordingly	 including	 Payne	 (1972)	

formulation	which	 is	 used	 in	 several	 state-of-the-art	 Earth	 system	models.	However,	 Payne	 (1972)	

formulation	for	ocean	surface	albedo	does	not	differ	much	from	that	of	Taylor	et	al.	(1996),	we	chose	

to	 only	 discuss	 this	 alternative	 parameterization	 in	 section	 3.	 (Please	 refer	 to	 the	 track-change	

version	of	the	manuscript).	

	

2) The	OSA	scheme	being	presented	is	referred	to	as	an	“interactive”	OSA.	It’s	not	clear	exactly	

what	“interactive”	means	or	why	that	term	is	necessary.		

	

We	 use	 this	wording	 to	 contrast	with	 previous	 schemes	 that	 use	 ad	 hoc	 formulations	 to	 simulate	

ocean	surface	albedo.	These	ad	hoc	formulations	such	as	Payne	(1972),	Taylor	et	al.	(1996)	or	Larsen	

et	al.	(1977)	only	derive	the	ocean	surface	albedo	from	zenith	solar	angle	(an	exogenous	quantity	to	

the	model)	whereas	a	number	of	others	physical	quantities	(simulated	by	the	model)	can	 influence	

its	global	scale	distribution.	

In	our	scheme,	the	ocean	surface	albedo	responds	to	(i.e.	interact)	with	atmospheric	radiation	(direct	

and	 diffuse)	 thanks	 to	 the	 spectral	 dependence	 (across	 a	 range	 of	wavelengths	 between	 200	 and	

4000	nm).	It	also	depends	on	the	ocean	surface	characteristics	dictated	by	surface	winds,	chlorophyll	

content	and	whitecaps.	It	provides	a	much	more	physical	basis	to	resolve	the	radiative	transfer	at	the	

interface	between	the	atmosphere	and	the	upper	ocean,	and	enable	coupling	between	earth	system	

model	components	like	surface	ocean	wave	or	marine	biogeochemistry.		



	

3)	 There	 is	 a	 two-part	 series	 of	 papers	 published	 by	 Ohlmann	 and	 Siegel	 (2000;	 JPO)	 that	

parameterize	 OSA	 in	 terms	 of	 solar	 zenith	 angle,	 cloud	 forcing	 (i.e.	 direct	 vs	 diffuse	 light),	 and	

chlorophyll	 concentration.	 That	 scheme	 captures	 similar	 physics	 to	 the	 one	 presented	 in	 this	

manuscript	with	 the	 exception	 of	whitecaps	 and	 appears	 computationally	more	 efficient	 than	 the	

scheme	presented.	Could	it	be	adapted	for	use	in	climate	models.	If	so,	how	does	it	compare?	If	not,	

why?		

	
We	 thank	 the	 reviewer	 for	bringing	up	 relevant	 literature.	Work	published	by	Ohlmann	and	Siegel	

(2000)	 is	 definitely	 in	 the	 scope	of	 our	 paper.	We	 therefore	 acknowledge	 this	work	 in	 the	 revised	

manuscript	and	clearly	state	that	our	code	compares	well	in	terms	of	complexity	to	HYDROLIGHT.	

Regarding	the	other	question,	we	think	that	comparing	various	albedo	schemes	is	not	the	scope	of	

this	work.	Li	et	al.	(2006)	have	used	the	Canadian	atmosphere	model	as	a	framework	to	test	various	

ocean	albedo	scheme	but	do	not	test	Ohlmann	and	Siegel	(2000)	[maintained	now	as	HYDROLIGHT].	

Besides,	 implementing	and	 testing	a	new	code	 in	 two	different	models	would	 require	a	 significant	

amount	 of	 time	 and	 also	 availability	 of	 the	 source	 code.	 Unfortunately,	 this	 is	 not	 the	 case	 for	

HYDROLIGHT	 which	 is	 under	 commercial	 license	 (see	 page	 10	 of	 http://www.comm-

tec.com/Prods/mfgs/Sequoia/brochures/hydrolight.pdf).		

	

4)	Abstract	indicates	“precise	OSA	calculation	without	penalizing	the	model	elapsed	time”.	However	

conclusion	 states	 a	 2%	 increase	 in	 elapsed	 model	 run	 time.	 While	 2%	 is	 small,	 it	 is	 technically	 a	

penalty	to	run	time.		

	

We	 apologize	 for	 this	 mistake.	 The	 accurate	 numbers	 is	 0.2%	 which	 better	 corresponds	 to	 our	

statement.	We	have	corrected	the	manuscript	accordingly.	

	

5)	Line	57.	 Incorrect	statement.	Photosynthesis	 is	not	necessarily	directly	 related	to	 the	amount	of	

solar	radiation.		

	

We	apologize	for	this	incorrect	statement.	We	have	reworded	the	sentence	as	follows:	

“OSA	also	influences	a	number	of	biogeochemical	processes	such	as	the	photosynthesis	or	photolysis,	

which	respond	to	incoming	solar	radiation	within	the	upper-lit	layer	of	the	ocean.”	

	

6)	Line	130.	Should	be	“direct	and	diffuse”.		

	



Taken	into	account.	

	

7)	Line	167.	The	clear	water	absorption	coefficient	for	lambda	<	400	nm	is	set	to	zero	“due	to	lack	of	

available	 data”.	 Smith	 and	 Baker	 (1981;	 Applied	 Optics)	 present	 data	 that	 are	 available	 but	 not	

considered.		

	

We	thank	the	reviewer	for	his/her	suggestion.	However,	this	subsection	relates	to	the	reflectance	of	

whitecaps	and	not	the	optical	properties	of	clear	water	between	200	and	400	nm.	To	our	knowledge,	

there	is	no	recent	update	of	the	whitecap	reflectance	as	published	by	Whitlock	et	al.	(1982).	

We	would	like	to	stress	that	the	table	provided	in	the	supplementary	material	shows	all	coefficients	

used	in	our	scheme	including	values	between	200	and	4000	nm,	that	may	include	Smith	and	Baker	

(1981)	 estimates.	 Therefore,	 unless	 stated	 otherwise	 (as	 in	 line	 167	 of	 the	 submitted	manuscript)	

used	coefficients	are	applicable	from	200	to	4000	nm.		

	

8)	Below	water	albedo	(Line	229)	 is	not	a	technically	correct	quantity	given	“surface”	(OSA)	albedo	

includes	 a	 contribution	 form	 this	 term.	 What	 is	 referred	 to	 as	 below	 water	 albedo	 is	 technically	

irradiance	reflected	back	to	the	atmosphere	by	the	ocean	 interior	that	contributes	to	OSA.	Further	

(line	232)	the	manuscript	states	it	has	multiple	reflections,	but	technically	only	a	single	reflection	is	

necessary.		

	

We	thank	the	reviewer	for	his/her	suggestion.	We	have	change	the	wording	 in	the	manuscript	and	

the	 figures	 accordingly.	We	 hope	 the	 new	wording	 is	more	 accurate	 in	 the	 revised	 version	 of	 the	

manuscript.	

	

9)	Line	234.	It	is	stated	that	DOM	“can	influence	radiative	properties	in	the	ocean”	but	the	authors	go	

on	 to	 neglect	 it	 in	 their	 parameterization.	 Neglecting	 DOM	 because	 chlorophyll	 has	 the	 largest	

impact	 is	 not	 justification.	 The	 authors	 should	 be	 clear	 as	 to	 why	 DOM	 is	 neglected	 (the	

corresponding	signal	in	OSA	is	relatively	small,	parameterizations	based	on	DOM	don’t	exist).		

	

We	appreciate	reviewer	comment.	We	amend	the	text	as	follows:	

“Previous	 studies	 show	 that	 DOM	 can	 influence	 radiative	 properties	 of	 the	 open	 ocean	 (e.g.,	

Behrenfeld	 and	 Falkowski,	 1997;	 Dutkiewicz	 et	 al.,	 2015;	 Kim	 et	 al.,	 2015).	 However,	 we	 chose	 to	

solely	 account	 for	 the	 influence	 of	 the	 marine	 biological	 pigment	 which	 is	 characterized	 by	 its	

chlorophyll	 content	because	 the	 influence	of	DOM	on	ocean	surface	albedo	 is	expected	 to	be	 small	

compared	to	that	of	surface	chlorophyll.”	



	

10)	 A	 nomenclature	 is	 defined/utilized	 where	 a	 indicates	 the	 various	 OSA	 components.	 For	 the	

“surface”	component	the	superscript	s	is	used,	for	the	“below	water”	component	the	superscript	w	is	

used.	But	then	for	the	“whitecap”	component,	the	wc	is	given	as	a	subscript.	Making	wc	a	superscript	

would	improve	consistency	with	other	terms.		

	

We	thank	the	reviewer	for	his/her	suggestion.	We	move	wc	as	a	subscript	accordingly.	

	

11)	 Line	 505	 indicates	 “old	 OSA	 schemes	 are	 unable	 to	 capture	 seasonal	 variations	 as	 observed”.	

Technically	neither	 the	new	nor	 the	old	 schemes	capture	 the	observed	 seasonal	 cycle	exactly.	 The	

point	is	that	the	new	scheme	does	a	better	job	of	capturing	the	seasonal	cycle	than	the	old	scheme.	

The	manuscript	should	clarify	this.		

	

We	 thank	 the	 reviewer	 for	 his/her	 useful	 comment.	We	 have	 amended	 the	 text	 accordingly	 and	

include	 further	 discussed	 related	 to	 the	 revised	 Figure	 7	 (which	 now	 include	 CMIP5	 results).	 The	

revised	text	is	given	below:	

“At	seasonal	scale,	OSA	estimated	from	averaged	radiative	fluxes	agrees	with	the	above-mentioned	

findings	for	ground-based	observations	and	models.	Figure	7	clearly	shows	that	old	OSA	schemes	do	

not	capture	seasonal	variations	of	observed	OSA.	Correlation	between	observation-derived	OSA	and	

that	 simulated	 by	 both	 models	 is	 0.32	 for	 ARPEGE-Climat	 and	 0.28	 for	 LMDZ,	 which	 is	 very	 low,	

indicating	an	unrealistic	 representation	of	OSA.	Comparison	with	CMIP5	atmosphere	models	 shows	

that	OSA	as	 simulated	by	ARPEGE-Climat	or	 LMDZ	are	 in	 the	 range	of	CMIP5	models	 (0.04—0.17),	

confirming	the	large	uncertainties	related	to	simulated	OSA	in	state-of-the-art	climate	model.	While	

several	 CMIP5	 models	 replicate	 seasonal	 variation	 in	 OSA,	 most	 of	 them	 exhibit	 large	 biases	 in	

simulated	OSA	 compared	 to	 the	 observation-based	 estimate.	Only	 ACCESS1-3,	 BNU-ESM,	HadCM3,	

MIROC-ESM	 and	 MIROC-ESM-CHEM	 display	 a	 mean	 seasonal	 cycle	 of	 OSA	 comparable	 to	 the	

observation-based	 estimate	 at	 COVE	 station.	 For	 ARPEGE-Climat,	 this	 erroneous	 representation	 of	

OSA	 at	 seasonal	 scale	 leads,	 at	 least	 for	 this	 location,	 to	 a	 systematic	 bias	 in	 the	 surface	 energy	

budget	of	+3	W	m-2	in	winter	and	-1.5	W	m-2	in	summer.	It	is	thus	likely	that	large	deviation	in	OSA	as	

simulated	by	CMIP5	lead	to	substantial	errors	in	energy	flow	at	the	air-sea	interface.	

Figure	 7	 shows	 significant	 improvements	 in	 the	 simulated	 OSA	 in	 both	 models	 using	 the	 new	

interactive	 scheme.	 In	 both	 models,	 the	 simulated	 seasonal	 cycle	 of	 OSA	 replicates	 the	 minimum	

observed	during	 the	 summer.	Although	using	 the	new	 interactive	OSA	scheme,	both	models	do	not	

capture	large	values	of	OSA	of	0.10	occurring	during	the	winter.	 	That	said,	model-data	comparison	

shows	that	correlation	with	observations	has	been	 improved.	 Indeed,	correlation	between	observed	



and	simulated	daily	values	over	a	mean	yearly	cycle	has	increased	from	0.23	to	0.84	in	LMDZ	to	0.32	

to	0.86	in	ARPEGE-Climat.”	

	

12)	Line	610	indicates	a	“better	coupling	between	atmosphere	and	ocean	components”.	Technically	

the	 study	 only	 demonstrates	 that	 the	 new	OSA	 scheme	 enables	 an	 improved	 air-sea	 exchange	 of	

solar	radiation.		

	

We	appreciate	the	reviewer’s	comment.	The	text	has	been	revised	accordingly.	

	

13)	The	Larsen	et	al.	(1972)	reference	in	Figure	4	is	missing	from	the	reference	list.	It’s	possible	that	

the	Figure	4	label	should	be	Larsen	and	Barkstrom	(1977).		

	

Taken	into	account	in	the	revised	manuscript	
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Abstract 11 

 12 

Ocean surface represents roughly 70% of the Earth surface, playing a large role in the 13 

partitioning of the energy flow within the climate system. The ocean surface albedo (OSA) is 14 

an important parameter in this partitioning because it governs the amount of energy 15 

penetrating into the ocean or reflected towards space.  The old OSA schemes in the ARPEGE-16 

Climat and LMDZ models only resolve the latitudinal dependence in an ad hoc way without 17 

an accurate representation of the solar zenith angle dependence. Here, we propose a new 18 

interactive OSA scheme suited for Earth system models, which enable coupling between earth 19 

system model components like surface ocean wave or marine biogeochemistry. This scheme 20 

resolves spectrally the various contributions of the surface for direct and diffuse solar 21 

radiation. The implementation of this scheme in two Earth system models leads to substantial 22 

improvements in simulated OSA. At the local scale, models using the interactive OSA scheme 23 

better replicate the day-to-day distribution of OSA derived from ground-based observations in 24 

contrast to old schemes. At global scale, the improved representation of OSA for diffuse 25 

radiation reduces model biases by up to 80% over the tropical oceans, reducing annual-mean 26 

model-data error in surface upwelling shortwave radiation by up to 7 W m-2 over this domain. 27 

The spatial correlation coefficient between modelled and observed OSA at monthly resolution 28 

has been increased from 0.1 to 0.8. Despite its complexity, this interactive OSA scheme is 29 

Supprimé: two atmospheric models30 

Supprimé: which gather contributions for relevant OSA processes 31 
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computationally efficient to enable precise OSA calculation without penalizing the model 33 

elapsed time. 34 

 35 

 36 

1- Introduction 37 

The surface radiation budget has long been recognized as fundamental to our understanding of 38 

the climate system (IPCC, 2001; 2007; 2013). The flow of radiative energy through the Earth 39 

System and the radiative interactions between the atmosphere and the ocean remain one of the 40 

major sources of uncertainties in climate predictions (Allen et al., 2009; Frölicher, 2016; 41 

Gillett et al., 2013; Myhre et al., 2015; Otto et al., 2013).  42 

 43 

In the atmosphere, the spatiotemporal variations in incoming solar radiation and its 44 

atmospheric absorption drive the hydrological cycle as well as the flow of air masses. In the 45 

oceans, the fraction of solar radiation entering in subsurface is controlled by the oceanic 46 

surface albedo (OSA). The corresponding amount of heat stored into the ocean constitutes an 47 

important term in the ocean energy surface balance and affects in turn the whole climate 48 

system. On short (daily to seasonal) time scales, solar radiation absorbed into the upper-ocean 49 

layers affects the stability of the ocean mixed layer, the sea surface temperature and may, in 50 

turn, influence the geographic structure of large-scale atmospheric convection (Gupta et al., 51 

1999). Over longer time scales, the fraction of energy entering into the ocean contributes to 52 

increase the ocean heat content, which is key term to diagnose the climate sensitivity from 53 

observations (Otto et al., 2013).  54 

 55 

OSA interacts with a multitude of biophysical processes occurring in the first meters of the 56 

ocean. In particular, it governs the amount of solar radiation entering in the upper-most layer 57 

of the ocean that interacts with marine biological light-sensitive pigment like chlorophyll, and 58 

other materials in suspension (e.g., Morel and Antoine, 1994; Murtugudde et al., 2002). OSA 59 

also influences a number of biogeochemical processes such as the photosynthesis or 60 

photolysis, which respond to incoming solar radiation within the upper-lit layer of the ocean. 61 

Conversely, penetrating ultraviolet solar radiation can also produce detrimental impacts on the 62 

marine biota (e.g., Li et al., 2014; Smyth, 2011). Consequently, OSA influences marine 63 

primary productivity directly, and hence ocean ecosystems and ocean carbon uptake (e.g., 64 

Behrenfeld and Falkowski, 1997; Nelson and Smith, 1991; Siegel et al., 2002).  65 

 66 
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 70 

Despite its importance, OSA is a parameter that often receives insufficient attention from both 71 

observational and modelling points of view. Most of the available data are indirectly retrieved 72 

from satellite observations of the top-of-atmosphere radiative budget (Wielicki et al., 1996), 73 

with relatively few direct observations of surface radiative fluxes. Nonetheless, the OSA 74 

processes are relatively well understood so that OSA can be parameterized at the global scale.   75 

 76 

Both empirical and theoretical approaches indicate that the solar zenith angle (SZA) is the 77 

single most prominent driving parameter for OSA. However a wide range of other parameters 78 

such as the partitioning of incoming solar radiation between its direct and diffuse components, 79 

the sea surface state (often approximated through the surface wind), the concentration of 80 

suspended matter and plankton light-sensitive pigment in the surface ocean, and the extent 81 

and physical properties of whitecaps also affect OSA. All of these contributions vary 82 

spectrally and OSA thus depends on the spectral distribution of the incoming solar radiation at 83 

the surface (Jin, 2004; Jin et al., 2002). 84 

 85 

Over the last decades, several schemes have been proposed to model OSA (e.g., Cox and 86 

Munk, 1954; Hansen et al., 1983; Kent et al., 1996; Larsen and Barkstrom, 1977; 87 

Preisendorfer and Mobley, 1986; Ohlman, Siegel and Mobley, 2000). Some schemes depend 88 

only on the solar zenith angle while others additionally depend on quantities like wind speed 89 

or cloud optical depth, inducing substantial differences in OSA patterns and variability. Li et 90 

al. (2006) investigated the impact of various OSA schemes in the Canadian atmosphere 91 

climate model, AGCM4. The authors show that the difference in clear-sky upwelling 92 

shortwave radiation between schemes can reach 20 W m-2 at the top-of-the-atmosphere and 93 

more than 20 W m-2 at the surface. 94 

  95 

Most of the schemes assessed in Li et al. (2006) do not resolve spectral variations in OSA 96 

thus excluding the possibility to represent subtle processes and couplings in Earth system 97 

models as suggested by complex ocean radiative transfer (e.g., Ohlman, Siegel and Mobley, 98 

2000; Ohlman and Siegel, 2000). Indeed, changes in whitecaps and ocean color, whether due 99 

to climate variability or climate change, can modify the OSA, with potential impacts on 100 

photochemistry in the atmosphere and biological activity in the upper-most layer of the ocean 101 

(Hense et al., 2017). 102 

 103 
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In this study, we propose a new interactive OSA scheme well-adapted for the current 104 

generation of Earth system models which may benefit from and benefit to the coupling 105 

between earth system model components like surface ocean wave or marine biogeochemistry. 106 

This study provides details of its implementation into two atmospheric models and discusses 107 

its performance on daily to seasonal time scales.  108 

 109 

The outline is as follows. In Section 2, we introduce the formulation of the interactive OSA 110 

scheme which is derived from old schemes published in literature over the last decades. In 111 

Section 3, we analyze the importance of the various components of this scheme using a stand-112 

alone version of the OSA scheme. Section 4 describes the experimental design and the two 113 

state-of-the-art atmospheric models that are used in Sections 5, 6 and 7 to evaluate the 114 

interactive OSA scheme against available observations. Section 8 concludes the present study. 115 

 116 

2- Interactive Ocean Surface Albedo parameterization 117 

Albedo is a measure of the reflectivity of a surface and is defined as the fraction of the 118 

incident solar radiation that is reflected by the surface. It depends not only on the properties of 119 

the surface but also on the properties of the solar radiation incident on that surface. 120 

Technically-speaking albedo can be computed from the knowledge of the spectral and 121 

directional distribution of the incident solar radiation L(l,q,j) and the bidirectional 122 

reflectance distribution function (BRDF), r(l,qi,ji,qr,jr) which links the  reflected radiation in 123 

a direction (qr,jr) to that of incident radiation in a direction (qi,ji). Here, l represents the 124 

wavelength, and (q,j) the zenith and azimuthal angles.  125 

While the atmospheric incident radiation, L(l,q,j), can be solved using a radiative transfer 126 

model and the BRDF can be modelled from the knowledge of the surface ocean properties, 127 

the complexity and the computational cost of such models are prohibitive for climate 128 

applications. Thus, estimation of OSA in climate models has to rely on several simplifying 129 

assumptions. In particular, incident solar radiation is usually characterized by a downward 130 

direct flux (for which SZA is known) and a diffuse downward flux (for which a typical 131 

angular distribution can be assumed).  132 

In the present work, most of the analytic formulations employed are derived from the 133 

azimuthally averaged radiative transfer equation (Chandrasekhar, 1960), enabling a 134 

straightforward estimation of the OSA for direct and diffuse radiation. This implies that zenith 135 

solar angle is the only directional parameter involved in the parametrization. 136 

Supprimé: based on137 
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 142 

The suite of processes involved in our scheme is displayed in Figure 1. The incident solar 143 

radiation (either direct and diffuse) is first influenced by the presence of foam (composing the 144 

whitecaps), which exhibits different reflective properties from sea-water. Then, the reflective 145 

properties of the uncapped fraction of the sea surface are determined separately for direct and 146 

diffuse incident radiation. Finally, the subsurface —or ocean interior— reflectance of sea 147 

water is computed for both direct and diffuse incident radiation. 148 

 149 

Hereafter, we describe the various components of OSA according to the nature of the incident 150 

solar radiation (direct or diffuse) and the processes involved in its reflection.  151 

 152 

2-1 Treatment of whitecaps  153 

The first contribution to the new interactive OSA scheme is the whitecap cover. Indeed, the 154 

whitecap albedo, 𝛼"# 𝜆 , could significantly increase the OSA at high wind speeds (e.g., 155 

Frouin et al., 2001; 1996; Gordon and Wang, 1994; Stramska, 2003).   156 

The presence of whitecaps originates from turbulence induced by the breaking of waves, 157 

which generates foam at the sea surface (Deane and Stokes, 2002; Melville and Matusov, 158 

2002). In the absence of an ocean wave model such as WAM (e.g., Aouf et al., 2006; Ardhuin 159 

et al., 2010) which would provide a more accurate whitecap coverage (𝑊𝐶) based on wave 160 

significant height (Bell et al., 2013; Woolf, 2005), we used the formulation of 𝑊𝐶 published 161 

in Salisbury et al. (2014). Their expression is based on recent space-borne observations with a 162 

37 GHz channel radar. It parametrizes WC as a function of the 10-meter wind speed,	𝑤, in 163 

unit of m s-1: 164 

𝑊𝐶 𝑤 = 3.97	1001	𝑤2.34 165 

As mentioned in Salisbury et al. (2014), this approximation of  𝑊𝐶 is valid for 𝑤 ranging 166 

between 2 and 20 m s-1, which corresponds well to the range of 𝑤 values simulated by the 167 

current generation of Earth system models. The formulation employed here does not account 168 

for temperature dependence of wave-breaking in agreement with other parameterizations for 169 

𝑊𝐶 (Stramska, 2003) because its effect is weaker than that of surface winds on the whitecaps 170 

coverage. 171 

In order to solve the spectral dependence of the whitecap albedo, we use the relationship 172 

proposed by Whitlock et al. (1982). Yet, we rely on previous work indicating that the 173 

whitecap albedo of ordinary foam, 𝛼"# 𝜆 , tends to be twice lower than that of fresh and 174 
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dense foam (Koepke, 1984). We consequently apply a ½ coefficient to the formulation 179 

proposed by (Whitlock et al., 1982) for 𝛼"# 𝜆  from 400 to 2400 nm, as follows: 180 

𝛼"#(𝜆)181 

=
1
2×

1
100 (60.063 − 5.127 ln 𝑟"#(𝜆) + 2.779(ln 𝑟"#(𝜆))1 − 0.713(ln 𝑟"#(𝜆))@182 

+ 0.044(ln 𝑟"#(𝜆))B) 183 

where 𝑟"#  is the absorption coefficient of clear water in m-1. We use 𝑟"# 𝜆  as published in 184 

Whitlock et al. (1982) from 400 to 2400 nm. Outside the 400 to 2400 nm range, we chose to 185 

set 𝑟"# 𝜆  to zero due to the lack of available data in the literature. Tabulated values of 186 

𝛼"# 𝜆  computed using this assumption are provided in Table S1. 187 

In the present scheme, we assume that whitecaps reflect equally direct and diffuse incoming 188 

solar radiation. We also assume that our formulation, which is based on observations, is not 189 

affected by the small contribution from the subsurface reflectance.  190 

 191 

 192 

2-2 Treatment of the uncapped surface 193 

2-2-1 Fresnel surface albedo for direct radiation 194 

We describe the contribution of Fresnel reflection at the ocean surface, which is a major 195 

component of the OSA. Fresnel reflection is assumed to depend at a given wavelength, 𝜆, on 196 

the solar zenith angle, 𝜃 and the refractive index of sea water (𝑛), and the two-dimensional 197 

distribution of the ocean surface slopes, 𝑓. As mentioned earlier we neglect the dependence 198 

on the azimuthal angle of the incident radiation.  199 

We follow Jin et al. (2001) and express the direct surface albedo (𝛼FGHI ) as follows:  200 

 201 

𝛼FGHI 𝜆, 𝜃, 𝑤 = 𝑟K 𝑛(l), 𝜇 −
𝑟K 𝑛(𝜆), 𝜇
𝑟K 𝑛M, 𝜇

𝑓 𝜇, 𝜎  202 

 203 

where 𝜇 = cos 𝜃 , n is the spectral refractive index of sea water, 𝑟K is the Fresnel reflectance 204 

for a flat surface and 𝑓 is a function that accounts for the distribution of multiple reflective 205 

facets at the ocean surface. Tabulated values for 𝑛(𝜆) are indicated in Table S1. 𝑛M = 1.34 206 

corresponds to the refractive index of sea water averaged from 300n to 700 nm (i.e., visible 207 

spectrum) for which the f function is estimated.  208 

 209 
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The interaction of incident shortwave radiation with the multiple reflective facets at the ocean 212 

surface of various angle and direction is difficult to model. It is nonetheless possible to 213 

represent statistically the distribution of slope of ocean reflective facets with a probabilistic 214 

function. The probabilistic function provided by Cox and Munk (1954) assumes a Gaussian 215 

distribution of mean slope facet as follows: 216 

𝑝 𝑡𝑎𝑛𝜗 =
1
𝜋𝜎1 exp(

−𝑡𝑎𝑛1𝜗
𝜎1 ) 217 

where 𝜗 is the facet angle, i.e., the angle between the normal to the facet and the normal to the 218 

horizontal ocean surface and 𝜎 the width the distribution of the facet angle. The parameter 𝜎, 219 

also called the surface roughness, is modulated by the influence of surface (i.e. 10-meter) 220 

wind speed (𝑤) as 𝜎1 = 0.003 + 0.00512	𝑤. The formulation by Cox and Munk (1954) 221 

assume that (1) shading influence of ocean facets is neglected and (2) ocean surfaces never 222 

behave as a theoretical Fresnel surface (requiring 𝜎 = 0). These approximations can impact 223 

𝛼FGHI  calculation at high SZA and/or in absence of winds. Besides, this formulation (based on 224 

wind speed only) ignores the effect of the wind direction on the wind sea and the effect of 225 

swell which both affect the distribution of slopes. This latter set of assumptions can also be 226 

revised in the foreseeable future when climate models will include an interactive ocean wave 227 

model. 228 

In order to account for various impacts of multiple ocean surface facets to 𝛼FGHI  including both 229 

multiple scattering (increasing surface reflection) and shading effect (reducing reflection), Jin 230 

et al. (2011) have proposed to express 𝑓 as a polynomial function. This function intends to 231 

parameterize the mean contribution of multiple reflective facets at the ocean surface to 𝛼FGHI  232 

using only the parameters 𝜇 and 𝜎. This polynomial function is expressed as: 233 

𝑓 𝜇, 𝜎234 

= (0.0152 − 1.7873𝜇 + 6.8972𝜇1 − 8.5778𝜇@ + 4.071𝜎 − 7.6446𝜇𝜎)×exp(0.1643235 

− 7.8409𝜇 − 3.5639𝜇1 − 2.3588𝜎 + 10.054𝜇𝜎) 236 

Coefficients of 𝑓 have been fitted using several accurate calculations of 𝛼FGHI  using a radiative 237 

transfer model (Jin et al., 2006; 2005). 238 

 239 

2-2-2 Fresnel surface albedo for diffuse radiation 240 

The amount and distribution of incident diffuse radiation strongly depend on the amount and 241 

characteristics of cloud and aerosols. It is therefore difficult to derive an analytical 242 

formulation for 𝛼FGKI  from a BRDF that would be applicable to all atmospheric conditions. We 243 



 8 

therefore choose to use the simple expression for  the diffuse surface albedo (𝛼FGKI ) under 244 

cloudy sky proposed in Jin et al. (2011) which is: 245 

𝛼FGKI 𝜆, 𝑤 = −0.1479 + 0.1502	𝑛 𝜆 − 0.0176	𝑛(𝜆)𝜎 246 

with s and n defined as previously. 247 

 248 

2-3 Contribution of the ocean interior reflectance to surface albedo 249 

In this section, we describe the contribution of the ocean interior reflectance to the ocean 250 

surface albedo, 𝛼". It is caused by solar radiation penetrating the ocean but eventually 251 

returning to the atmosphere after one or multiple reflections within the sea water volume. 252 

Below the ocean surface, solar radiation interacts not only with sea water but also with 253 

material in suspension in the water like the marine biological pigment or detrital organic 254 

materials (DOM). Previous studies show that DOM can influence radiative properties of the 255 

open ocean (e.g., Behrenfeld and Falkowski, 1997; Dutkiewicz et al., 2015; Kim et al., 2015). 256 

However, we chose to solely account for the influence of the marine biological pigment which 257 

is characterized by its chlorophyll content because the influence of DOM on ocean surface 258 

albedo is expected to be small compared to the surface chlorophyll. Furthermore the 259 

abundance of chlorophyll in sea water is monitored from space since decades (e.g., 260 

Behrenfeld et al., 2001; Siegel et al., 2002; Yoder et al., 1993) by so-called ocean color 261 

measurements. Such observations can provide a climatology to use in the climate model in 262 

absence of ocean biogeochemical module. 263 

     264 

Over the uncapped ocean surface, the fraction of direct radiation penetrating into the upper-265 

most layer of the ocean   1 − 𝛼FGHI  interacts with the sea-water, which has a reflectance 𝑅M. 266 

Upwelling radiation can be reflected downward at the air-sea interface with a reflectance 𝑟\. 267 

Therefore, the contribution of multiple reflections of the penetrating radiation to the ocean 268 

albedo takes the form of the following Taylor series: 269 

𝛼" 𝜆, 𝜃, 𝐶ℎ𝑙 = (1 − 𝛼FGHI ) 1 − 𝑟\ 𝑅M(1 + 𝑟\𝑅M + (𝑟\𝑅M)1 + (𝑟\𝑅M)@ + ⋯) 270 

which can be arranged as follows: 271 

𝛼" 𝜆, 𝜃, 𝐶ℎ𝑙 =
1 − 𝑟\ 𝑅M
1 − 𝑟\𝑅M

(1 − 𝛼FGHI ) 272 

We employ the formulation of 𝑟\ and 𝑅M proposed by Morel and Gentili (1991). 273 

These authors express 𝑟\ as function of surface roughness s, that is: 𝑟\ = 0.4817 −274 

0.0149𝜎 − 0.2070𝜎1 275 
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𝑅M represents an apparent optical property of sea water, which can be written as follows: 284 

𝑅M(𝜆, 𝜂, 𝜇, 𝐶ℎ𝑙) = 𝛽 𝜂, 𝜇
0.5𝑏\ 𝜆 + 	𝑏cd(𝜆, 𝐶ℎ𝑙)
𝑎\ 𝜆 + 𝑎cd(𝜆, 𝐶ℎ𝑙)

 285 

where 𝑎\(𝜆) and 𝑏\(𝜆) are the absorption and backscattering coefficients of sea water (in m-286 
1); 𝑎cd(𝜆, 𝐶ℎ𝑙) and 𝑏cd(𝜆, 𝐶ℎ𝑙) are absorption and backscattering coefficients of biological 287 

pigments (i.e., the chlorophyll). 288 

𝛽 𝜂, 𝜇  is function of sea water and biological pigment backscattering and can be written as: 289 

𝛽 𝜂, 𝜇 = 0.6270 − 0.2227𝜂 − 0.0513𝜂1 + (0.2465𝜂 − 0.3119)𝜇  290 

where 𝜇 = cos 𝜃  and 𝜂 = M.3ce(f)
M.3ce(g)hcij(g,klm)

. 291 

Backscattering of biological pigment, 𝑏cd, is computed using the formulation proposed in 292 

Morel and Maritorena (2001) which uses chlorophyll concentration, 𝐶ℎ𝑙 , as a surrogate of 293 

biological pigment concentration as follows: 294 

𝑏cd 𝜆 = 0.416[𝐶ℎ𝑙]M.pqq(0.002 +
1
100 0.50 − 0.25 ln 𝐶ℎ𝑙

𝜆
550

M.3 rs #tu 0M.@

) 295 

with l expressed here in nm and [Chl] in mg m-3. This formulation is valid for 𝐶ℎ𝑙  ranging 296 

between 0.02 and 2 mg m-3. 297 

The absorption of biological pigment, 𝑎cd(𝜆, 𝐶ℎ𝑙), is also computed using Morel and 298 

Maritorena (2001) formalism: 299 

𝑎cd 𝜆 = 0.06	𝑎vtu 𝜆 [𝐶ℎ𝑙]M.q3 + 0.2(0.00635 + 0.06[𝐶ℎ𝑙]M.q3)𝑒M.M2B∗(BBM0f) 300 

where 	𝑎vtu 𝜆  is the absorption of chlorophyll in m-1 and l and [Chl] as previously defined.  301 

 302 

Previous estimates of 𝑎vtu 𝜆 , 𝑎\ 𝜆  and 	𝑏\ 𝜆  used in by Morel and Maritorena (2001) 303 

cover values for wavelengths ranging between 300 to 700 nm. Therefore, we have combined 304 

and interpolated several sets of tables of coefficients in order to solve consistently 𝛼", 𝛼FGHI  305 

and 𝛼FGKI  across the same range of wavelengths (i.e., from 200 to 4000 nm). 𝑎\ 𝜆  has been 306 

derived from tables provided by Smith (1982) and Irvine and Pollack (1968), which spans 200 307 

to 800 nm and 800 to 4000 nm, respectively. 𝑎vtu 𝜆  has been derived from values published 308 

in Frigaard et al. (1996) which differ from those in Morel and Maritorena (2001) (Figure 2). 309 

𝑏\ 𝜆  is estimated from sea water backscattering coefficients published in (Morel and 310 

Maritorena, 2001) that have been interpolated from 300 to 700 nm to 200 to 4000 nm with 311 

polynomial splines. Tabulated values for 𝑎vtu 𝜆 , 𝑎\ 𝜆  and 	𝑏\ 𝜆  are given in Table S1. 312 

 313 
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 314 

The difference in the contribution of the ocean interior reflectance to the ocean surface albedo 315 

for direct and diffuse essentially stems from the incident direction of incoming radiation. In 316 

the case of ocean interior reflectance for direct incoming radiation, 𝛼FGH" , 𝜇 = cos 𝜃  whereas 317 

in the case of ocean interior reflectance for diffuse, 𝛼FGK" , 𝜇 = 0.676. This value is considered 318 

as an effective angle of incoming radiation of 47.47° according to Morel and Gentili (1991). 319 

Hence 𝛼FGK" l, 𝐶ℎ𝑙 = 	𝛼FGH" l, arccos 0.676 , 𝐶ℎ𝑙 . 320 

 321 

2-5 Computation of OSA 322 

With the various components of OSA being now parameterized, the OSA for direct and 323 

diffuse radiation are estimated as follows: 324 

𝑂𝑆𝐴FGH 𝜆, 𝜃, 𝑤, 𝐶ℎ𝑙 = 	 (𝛼FGHI (𝜆, 𝜃, 𝑤) + 𝛼FGH" (𝜆, 𝜃, 𝐶ℎ𝑙)) 1 −𝑊𝐶 𝑤 +𝑊𝐶(𝑤)𝛼"# 𝜆  325 

𝑂𝑆𝐴FGK 𝜆, 𝜃, 𝑤, 𝐶ℎ𝑙 = 	 (𝛼FGKI (𝜆, 𝑤) + 𝛼FGK" (𝜆, 𝐶ℎ𝑙)) 1 −𝑊𝐶 𝑤 +𝑊𝐶(𝑤)𝛼"# 𝜆  326 

 327 

Since detailed atmospheric radiative transfer (e.g., Clough et al., 2005; Mlawer et al., 1997) 328 

are now part of current generation of Earth system models, most of radiative codes resolve 329 

radiation from near-ultraviolet (~200 nm) to near-infrared (~4000 nm) wavelengths. Here, we 330 

design our scheme to compute both the spectral and broadband OSA. To this effect, the 331 

scheme computes the OSA from 𝜆2 = 200 to 𝜆1 = 4000 nm with a resolution of 10 nm. The 332 

contribution of each wavelength interval 𝑑𝜆  to OSA is weighted by its amount of solar 333 

energy under the standard solar spectra ASTM E-490 AM0 (Shanmugam and Ahn, 2007), 334 

𝐸 𝜆  assumption as follows. 335 

𝑂𝑆𝐴 𝜃,𝑤, 𝐶ℎ𝑙 = 𝐸(𝜆)𝑂𝑆𝐴 𝜆, 𝜃, 𝑤, 𝐶ℎ𝑙

f��BMMM

f��1MM

𝑑𝜆	 𝐸(𝜆)

f��BMMM

f��1MM

𝑑𝜆	 336 

 337 

Tabulated values for 𝐸 𝜆  are given in Table S1. 338 

Finally for the total incoming radiation, the OSA can be written as: 339 

𝑂𝑆𝐴 𝜃,𝑤, 𝐶ℎ𝑙 = (𝐹FGH𝑂𝑆𝐴FGH 𝜃, 𝑤, 𝐶ℎ𝑙 +	𝐹FGK𝑂𝑆𝐴FGK 𝜃, 𝑤, 𝐶ℎ𝑙 )/(𝐹FGH + 𝐹FGK) 340 

where 𝐹FGH and 𝐹FGK are the downward surface fluxes of direct and diffuse radiation, 341 

respectively. 𝑂𝑆𝐴 𝜃,𝑤, 𝐶ℎ𝑙  is then computed for each model ocean grid cell at each model 342 

time-step. it should be noted that the SZA used in LMDZ is the average of the SZA during the 343 

daytime fraction of the time step. 344 
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 351 

3 Contribution of various OSA components 352 

In this section, we analyze the geographical structure of OSA which is decomposed as 353 

follows: 354 

𝐴FGH 𝜃, 𝑤, 𝐶ℎ𝑙 = 𝐸(𝜆)(𝛼FGHI (𝜆, 𝜃, 𝑤) + 𝛼FGH" (𝜆, 𝜃, 𝐶ℎ𝑙))

f��BMMM

f��1MM

𝑑𝜆	 𝐸(𝜆)

f��BMMM

f��1MM

𝑑𝜆	 355 

𝐴FGK 𝜃, 𝑤, 𝐶ℎ𝑙 = 𝐸(𝜆)(𝛼FGKI (𝜆, 𝜃, 𝑤) + 𝛼FGK" (𝜆, 𝐶ℎ𝑙))

f��BMMM

f��1MM

𝑑𝜆	 𝐸(𝜆)

f��BMMM

f��1MM

𝑑𝜆	 356 

𝐴"# = 𝐸(𝜆)𝛼"# 𝜆

f��BMMM

f��1MM

𝑑𝜆	 𝐸(𝜆)

f��BMMM

f��1MM

𝑑𝜆 = 0.174 357 

 358 

where 𝐴FGH and 𝐴FGK are the broadband ocean surface albedos for direct and diffuse radiation 359 

in the absence of whitecaps albedo; and 𝐴\v is the broadband albedo of whitecaps. 360 

𝐴FGH, 𝐴FGK and 𝐴\v have been estimated from offline calculations using Era-Interim forcing 361 

fields from 2000 to 2009 at monthly frequency (Dee et al., 2011) and chlorophyll climatology 362 

from SeaWiFS (Siegel et al., 2002). Compared to 𝐴FGH and 𝐴FGK, 𝐴\v is constant in space; 363 

therefore its geographical structure arises from whitecaps coverage (WC). 364 

 365 

Figure 3a show that 𝐴FGH displays a strong meridional gradient with high values over high 366 

latitude oceans and low values over the tropical oceans. It confirms that the solar zenith angle 367 

is the prominent drivers of 𝐴FGH. This albedo exhibits nonetheless geographical structure over 368 

the tropical oceans which are linked to the easterlies wind regimes which suggest that surface 369 

winds variability may imprint a small but noticeable influence on the ocean surface albedo for 370 

direct radiation. 371 

 372 

Compared to 𝐴FGH, 𝐴FGK does not exhibit such a large meridional gradient (Figures 3b). 𝐴FGK 373 

shows values close to 0.06. It displays nonetheless values > 0.06 over the subtropical gyres 374 

and values < 6% over the North Atlantic and the Southern Ocean in response to the 10 m 375 

wind speeds. Those patterns are related to surface winds pattern but also to the geographical 376 

structure of oligotrophic gyres with low chlorophyll values which reinforce the contribution 377 

of the ocean interior reflectance to surface albedo for the diffuse incoming radiation.    378 
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 383 

Figures 3c provides further insight on the regional influence of WC which display a 384 

broadband albedo of 0.174. Offline calculation of WC shows that whitecaps influence albedo 385 

for direct and diffuse radiation where westerly winds blow regularly, that is e.g., in the 386 

Southern Ocean, the North Atlantic and the North Pacific. A weaker but noticeable influence 387 

is also found over the tropical oceans. 388 

While 𝐴\v is larger than 𝐴FGH and 𝐴FGK, the convolution of broadband albedo of the whitecaps 389 

and their coverage results in maximal contribution of 0.003 to the broadband albedos for 390 

direct and diffuse radiation. Yet, its strong albedo makes the whitecaps an important player at 391 

interannual and climate timescales. Indeed, this component of OSA for direct and diffuse 392 

radiation is subject to respond to the interannual variability of 10 m wind speed and also to 393 

climate change. Indeed, the contraction of Southern Ocean westerly winds (e.g., Boening et 394 

al., 2008) might induce subtle regional fluctuations in OSA that can feedback on the climate 395 

response.  396 

 397 

 398 

4 Materials and methods 399 

4-1 Observations 400 

To assess model reliability to simulate realistic OSA, we compare fields to available 401 

observations. For those observations, we estimate the time-averaged OSA from the ratio 402 

between the time-averaged upwelling and downwelling shortwave radiative fluxes provided 403 

in those datasets.  404 

 405 

At local scale, we use the CERES Ocean Validation Experiment (COVE, (Rutledge et al., 406 

2006)) ground-based measurements. This instrument ocean platform located at Chesapeake 407 

bay provides continuous measurements of several radiative fluxes since 2001. In this study, 408 

we use measurements of upwelling and downwelling global (i.e., direct and diffuse) 409 

shortwave radiation averaged across several instruments 410 

(https://cove.larc.nasa.gov/instruments.html). 411 

 412 

At global scale, we perform model evaluation with retrievals from the CERES satellite 413 

radiation measurements (Wielicki et al., 1996). CERES data provides estimates of global 414 

shortwave radiation at top of the atmosphere and at the surface. In the present study, we focus 415 
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on surface estimates since our analyses aims at assessing the representation of ocean surface 417 

albedo.  418 

 419 

 420 

4-2 Models 421 

4-2-1 LMDZ v5A 422 

LMDZ is an atmospheric general circulation model developed at the Laboratoire de 423 

Météorologie Dynamique. The version of this atmosphere model, so-called LMDZ v5A, is 424 

described in detail in Hourdin et al. (2013) ; it is part of the main IPSL climate model used for 425 

CMIP5 and described in Dufresne et al. (2013) (IPSL-CM5A). The atmospheric resolution is 426 

96x95 on the horizontal and 39 layers on the vertical. The old OSA scheme in this version of 427 

LMDZ is based on the formulation of Larsen and Barkstrom (1977). It is parameterized in 428 

terms of 𝜇	as follows:   429 

𝛼FGHI 𝜃 =
0.058
𝜇 + 0.30 430 

Consequently, OSA varies between 0.0446 for a sun at zenith and 0.193 for a sun at the 431 

horizon. Direct and diffuse radiation are not distinguished and only a broadband albedo is 432 

used in the visible spectrum (𝛼FGKI = 𝛼FGHI ). 433 

In LMDZ, the partitioning between direct and diffuse light is derived from the presence of 434 

cloud in the atmosphere model grid-cell. 435 

 436 

We assess simulated OSA using an atmosphere-only simulation with prescribed radiative 437 

forcing (greenhouse gases, aerosols, land-cover change) and fixed sea-surface temperature as 438 

recommended by CMIP5 (Taylor et al., 2011). LMDZ has been integrated from 1979 up to 439 

2012 under this protocol. 440 

Similarly to the observations, simulated OSA at a given frequency is derived from ratio 441 

between the time-averaged upwelling and downwelling shortwave radiative fluxes at that 442 

frequency. 443 

 444 

4-2-2 ARPEGE-Climat v6.1 445 

ARPEGE-Climat v6.1 derives from ARPEGE-Integrated Forecasting System (IFS), the 446 

operational numerical weather forecast models of Météo-France and the European Centre for 447 

Medium-Range Weather Forecasts (ECMWF). Compared to version used in (Voldoire et al., 448 

2013), several improvements in atmospheric physics have been implemented. They consist in 449 

Mis en forme: Police :Gras



 14 

a new vertical diffusion scheme which solves a prognostic turbulent kinetic energy equation 450 

following Cuxart et al. (2000), an updated prognostic microphysics representing the specific 451 

masses of cloud liquid and ice water, rain and snow, as detailed in Lopez (2002), and a new 452 

convection scheme known as the Prognostic Condensates Microphysics Transport PCMT 453 

(Guérémy, 2011; Piriou et al., 2007). ARPEGE-Climat v6.1 is implicitly coupled to the 454 

surface model called SURFEX (Masson et al., 2013), which considers a diversity of surface 455 

formulations for the evolution of four types of surface: land, town, inland water and ocean. 456 

The old OSA formulation implemented in SURFEX follows Taylor et al. (1996). This scheme 457 

enables the computation of  𝛼FGHI  as a function of 𝜇: 458 

𝛼FGHI 𝜃 =
0.037

1.1𝜇2.B + 0.15 459 

Since this schema does not enable computation of 𝛼FGKI , 𝛼FGKI  is set to a constant value of 460 

0.066. 461 

Like LMDZ, the partitioning of direct and diffuse radiation depends on the cloud cover in the 462 

atmospheric model grid-cell. 463 

 464 

Simulations performed with ARPEGE-Climat also consists in an AMIP simulations as 465 

LMDZ, except for sea-surface temperature which relies on data recommended by CMIP6 466 

(Eyring et al., 2016a). This simulation also spans from 1979 up to 2012. 467 

Analyses are complemented using another simulation of ARPEGE-Climat in which the 468 

resolved dynamics is nudged towards that of Era-Interim. Nudging consists in restoring the 469 

model wind divergence and vorticity and the surface pressure towards those from Era-Interim. 470 

The restoring timescale is 12 hours for the wind divergence and surface pressure and 6 hours 471 

for the wind vorticity. This simulation is employed hereafter as a kind of reference of what 472 

could be expected by the OSA parameterization if the wind spatio-temporal properties were 473 

“realistic”. In this case, only the direct-to-diffuse incident radiation partitioning remains tied 474 

to ARPEGE-Climat. This simulation replicates the chronology of the observed day-to-day 475 

variability of 10m wind speed and hence is expected to be closer to the ground-based 476 

observations.   477 

For those models simulations, simulated OSA at a given frequency is diagnosed from ratio 478 

between the time-averaged upwelling and downwelling shortwave radiative fluxes at that 479 

frequency. 480 

 481 

 482 
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5 Comparison of analytical calculation 483 

In order to better understand changes in simulated OSA, we compare first analytical solution 484 

of old and new interactive OSA schemes used in the two atmospheric models for both direct 485 

and diffuse radiation (Figure 4). We also compare old and new interactive OSA schemes to 486 

Payne (1972) OSA scheme that is currently used in numbers of atmospheric and ocean 487 

models such as NEMO (Madec, 2008).  488 

Figure 4a shows that old OSA schemes for direct radiation differ in term of response to solar 489 

zenith angle. Indeed, for a given solar zenith angle, the scheme used in LMDZ (Larsen and 490 

Barkstrom, 1977) leads to a greater OSA than that used in ARPEGE-Climat (Taylor et al., 491 

1996). The shape of the response to variations in solar zenith angle suggests that the scheme 492 

used in ARPEGE-Climat leads to a slightly stronger meridional gradient in OSA than that 493 

used in LMDZ. Interestingly, the new scheme produces OSA values bracketed by those of old 494 

algorithms, except for small solar zenith angle. Under this condition, the effect of winds is to 495 

increase OSA up to 0.072. It also displays a greater response to variations in solar zenith 496 

angle which differs substantially from those given by the old schemes. 497 

Compared to Payne (1972) OSA scheme old and new schemes used in the two atmosphere 498 

models exhibit a weaker meridional gradient in OSA (Figure 4a). However, the meridional 499 

gradient as estimated by Payne (1972) is similar to that produced by Taylor et al. (1996) 500 

because their formulations solely differ by a coefficient; that is 0.037 for Taylor et al. (1996), 501 

0.05 for Payne (1972). 502 

 503 

Differences in OSA for diffuse radiation presented in Figure 4b are noticeable. They clearly 504 

illustrate modelling assumptions in the old schemes. Indeed, old schemes have been built on 505 

ad hoc formulations. Neither Taylor et al. (1996) nor Larsen and Barkstrom (1977) have 506 

provided a differentiated OSA for direct and diffuse radiation. This is why OSA for diffuse 507 

radiation is set to 0.06 (corresponding to the angular average of the OSA for direct radiation) 508 

in  ARPEGE-Climat, whereas that of LMDZ is equal to the OSA for direct radiation from 509 

Larsen and Barkstrom (1977). 510 

Figure 4b shows that the new interactive scheme displays feature similar to the diffuse OSA 511 

used in ARPEGE-Climat or that estimated from Payne (1972). This scheme produces 512 

nonetheless slightly larger values which can fluctuate in response to other drivers. The old 513 

OSA for diffuse radiation employed in LMDZ responds to variations in solar zenith angle 514 

while it should not. Errors related to this erroneous representation of OSA for diffuse 515 

radiation is also modulated by the partitioning between direct and diffuse radiation estimated 516 
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by the atmospheric model. 519 

 520 

6 Evaluation at COVE station (36.905°N, 75.713°W) 521 

In this section, we employ COVE daily data to assess the simulated OSA by both atmospheric 522 

models at local scale. OSA is computed here as the ratio of averaged radiation fluxes at daily 523 

resolution for both ground-based observations and models. Such an evaluation is fundamental 524 

because it relies on direct ground-truth observations over the ocean surface and hence 525 

provides a more accurate assessment of the OSA scheme as compared to the global-scale 526 

satellite-derived estimates developed in the following sections.   527 

 528 

Figure 5 shows how well model using old and new interactive OSA scheme behaves at daily 529 

frequency compared to the ground-based observations at COVE station from 2001 to 2009. 530 

Figure 5 and Figure S1a clearly shows that both old OSA schemes of ARPEGE-Climat or 531 

LMDZ fail at replicating day-to-day OSA variations at the COVE station. Comparatively, 532 

Figure 5 and Figure S1b emphasizes how much the new interactive scheme improves OSA as 533 

simulated by both atmopsheric models. Indeed, the simulated OSA are now consistent with 534 

observation at COVE station, with temporal correlation greater than 0.3. However, the models 535 

fail at replicating the large OSA values occurring during the winter in ground-based 536 

observations. 537 

 538 

Those findings are reinforced when we compare the probability density function (pdf) 539 

estimated from daily-mean OSA as simulated by models against that derived from ground-540 

based observations (Figure 6). This analysis provides further insight on how old and new 541 

interactive OSA schemes behave at COVE station. Figure 6 confirms that old schemes fail at 542 

capturing the day-to-day variations in OSA. Indeed, day-to-day variations in OSA estimated 543 

from old schemes arise from day-to-day variations in SZA and to a lesser extent to variations 544 

in direct-to-diffuse ratio of incident radiation which are related to the cloud cover. As shown 545 

in Figure 4, old OSA schemes crudely represent diffuse albedo. Therefore, errors in direct-to-546 

diffuse ratio of incident radiation imprint errors in the simulated OSA. Consequently, day-to-547 

day variations are better reproduced when the albedo for diffuse radiation is realistically 548 

simulated (Figure 6). In particular, the new interactive scheme captures the minimum OSA 549 

values occurring during the summer which are lower than 0.06. 550 

 551 

 552 



 17 

At seasonal scale, OSA estimated from averaged radiative fluxes agrees with the above-553 

mentioned findings for ground-based observations and models. Figure 7 clearly shows that 554 

old OSA schemes do not capture seasonal variations of observed OSA. Correlation between 555 

observation-derived OSA and that simulated by both models is 0.32 for ARPEGE-Climat and 556 

0.28 for LMDZ, which is very low, indicating an unrealistic representation of OSA. 557 

Comparison with CMIP5 atmosphere models shows that OSA as simulated by ARPEGE-558 

Climat or LMDZ are in the range of CMIP5 models (0.04—0.17), confirming the large 559 

uncertainties related to simulated OSA in state-of-the-art climate model. While several 560 

CMIP5 models replicate seasonal variation in OSA, most of them exhibit large biases in 561 

simulated OSA compared to the observation-based estimate. Only ACCESS1-3, BNU-ESM, 562 

HadCM3, MIROC-ESM and MIROC-ESM-CHEM display a mean seasonal cycle of OSA 563 

comparable to the observation-based estimate at COVE station. For ARPEGE-Climat, this 564 

erroneous representation of OSA at seasonal scale leads, at least for this location, to a 565 

systematic bias in the surface energy budget of +3 W m-2 in winter and -1.5 W m-2 in summer. 566 

It is thus likely that large deviation in OSA as simulated by CMIP5 lead to substantial errors 567 

in energy flow at the air-sea interface. 568 

Figure 7 shows significant improvements in the simulated OSA in both models using the new 569 

interactive scheme. In both models, the simulated seasonal cycle of OSA replicates the 570 

minimum observed during the summer. Although using the new interactive OSA scheme, 571 

both models do not capture large values of OSA of 0.10 occurring during the winter.  That 572 

said, model-data comparison shows that correlation with observations has been improved. 573 

Indeed, correlation between observed and simulated daily values over a mean yearly cycle has 574 

increased from 0.23 to 0.84 in LMDZ to 0.32 to 0.86 in ARPEGE-Climat.  575 

 576 

Although improved, Figures 5, 6 and 7 show that new interactive OSA scheme seems to 577 

suffer from a systematic bias in winter and miss OSA values greater than 0.10. This is 578 

supported by the fact that this systematic bias is displayed for all model estimates 579 

independently from the atmospheric physics and dynamics (i.e., LMDZ, ARPEGE-Climat and 580 

nudged OSA). That being said, some other possible reasons can explain such deviations 581 

between models and ground-based data. First, current atmosphere models suffer from 582 

systematic errors in the ratio of direct-to-diffuse radiation which can be related to bias in 583 

cloud cover or aerosol optical thickness (as shown in Figure S2). A larger-than-observed 584 

atmospheric optical depth in winter may favor diffuse path with the respect to the direct path, 585 

resulting in a lower-than-observed OSA Second, coarse resolution atmospheric models are not 586 
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able to replicate the mesoscale meteorological and oceanic conditions at this very location. 592 

Differences in surface wind between the models and field conditions can increase the 593 

contribution of whitecaps albedo with the respect to that of the Fresnel reflectance. Third, 594 

local ocean conditions and the presence of ocean waves resulting from remoted wind 595 

influence (i.e., swell) are not simulated by the atmospheric models. This would lead to an 596 

underestimate of the contributions of both whitecaps and Fresnel reflectance. 597 

 598 

7 Global-scale evaluation 599 

7-1 Climatological mean 600 

This section  is dedicated to evaluate OSA at global-scale using global satellite product that 601 

are routinely used in Earth system models evaluation (Eyring et al., 2016b; Gleckler et al., 602 

2008). We thus use OSA retrieved from CERES surface product to assess the simulated OSA 603 

by ARPEGE-Climat and LMDZ. 604 

Figure 8 presents geographical pattern of OSA as simulated by ARPEGE-Climat and LMDZ 605 

using Taylor et al. (1996) and Larsen and Barkstrom (1977) schemes, respectively. These old 606 

OSA schemes were used during CMIP5 and thus give an idea of errors in the models’ 607 

radiative budgets. 608 

Globally, the simulated OSA overestimates the CERES-derived estimate (~0.058) by about 609 

0.007. Yet, the most striking feature is the substantial differences in the meridional structure. 610 

CERES-derived OSA shows maximum values over the high-latitudes oceans and minimum 611 

values over the tropical oceans. None of the models using old schemes are able to capture this 612 

meridional structure. Deviations are particularly high for LMDZ, which hardly replicates 613 

maximum OSA over high-latitude oceans and minimum OSA over tropical oceans. Both 614 

models exhibit poor spatial correlation with -0.03 for LMDZ and 0.40 for ARPEGE-Climat. 615 

Model-data errors in OSA mirror model bias in surface upwelling shortwave radiation, which 616 

amounts to ~7 W m-2 over the tropical oceans compared to CERES.   617 

The new interactive scheme improves favorably the comparison with observations (Figure 8). 618 

Indeed global mean OSA is equal to 0.062 for LMDZ and 0.057 for ARPEGE-Climat, which 619 

better matches the value derived from CERES data. As such, the model bias in surface 620 

upwelling shortwave radiation has been reduced by ~1 W m-2 in average over the ocean and 621 

by up to ~5 W m-2 over the tropical oceans.  622 

Both models capture the meridional structure of the OSA with spatial correlations of about 623 

0.82 for LMDZ and 0.86 for ARPEGE-Climat. Nonetheless, the simulated OSA displays 624 

some biases. In LMDZ and ARPEGE-Climat, the modeled OSA over the North Atlantic is 625 
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slightly overestimated and shifted to the South. Major differences between simulated OSA are 626 

noticeable over the tropical oceans, where models differ in terms of zonal structure. LMDZ 627 

displays OSA of ~0.06 over Eastern boundary upwelling systems, which is slightly too high 628 

compared to CERES. Differences in the OSA geographical structure between ARPEGE-629 

Climat and LMDZ arise from differences in 10-meter wind speed (Figure S3) and direct-to-630 

diffuse incident radiation as diagnosed from the simulated cloud cover (Figure S4). Large-631 

scale deviations between models and observations seem to be related to differences in 10-632 

meter wind fields (Figure S3). Model-data deviations in OSA at the regional scale rather 633 

mirror biases in total cloud cover (Figure S4). This is especially clear over low-latitude oceans 634 

where LMDZ overestimate OSA over the eastern boundary upwelling systems where LMDZ 635 

overestimates the cloud cover (Figure S4). This result is expected since over the low-latitude 636 

oceans the contribution of diffuse OSA is stronger than that of direct OSA (Figures 3 and 4).  637 

 638 

7-2 Seasonal variability  639 

Figure 9 compares the simulated and CERES-derived OSA on the seasonal scale. This time 640 

scale matters for modelling accurately the Earth’s climate because the flow of incoming 641 

radiation fluctuates up to one order of magnitude between winter and summer at high 642 

latitudes.  643 

Figure 9abc shows that both models using old OSA schemes hardly reproduce the seasonal 644 

cycle of OSA derived from CERES. This is particularly the case for LMDZ, which produced 645 

an unrealistic seasonal cycle for OSA. LMDZ fails at simulating maximum OSA during the 646 

winter of both hemispheres. Instead, extreme values of simulated OSA occur at 50°N and 647 

50°S during the summer. Simulated OSA in ARPEGE-Climat does not present these features 648 

but is biased high at all seasons. 649 

With the new interactive scheme, the seasonal OSA is improved in both models (Figure 9de). 650 

The simulated OSA matches that derived from CERES at seasonal scale, with high values 651 

during the winter and low values between 30°S and 30°N. Improvement is especially 652 

noticeable for LMDZ which captures the observed seasonal cycle of OSA. 653 

However, a few errors remain in the simulated OSA. In LMDZ, OSA is slightly too high 654 

compared to CERES (~0.002) in boreal and austral summer. Nonetheless, simulated OSA 655 

reproduces realistic OSA values in the tropics (~5.2%). In ARPEGE-Climat, instead, the 656 

simulated OSA seems slightly too low compared to CERES (~-0.002). This leads ARPEGE-657 

Climat to overestimate the fraction of low-OSA ocean. Interestingly this bias solely concerns 658 

the tropical oceans. Indeed, simulated OSA over high-latitude oceans displays realistic 659 
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features at the seasonal scale. The fact that errors in ARPEGE-Climat and LMDZ are of 660 

different signs tends to suggest that the new interactive scheme is not intrinsically biased. It 661 

rather points to biases in driving fields such as the surface wind speeds or the ratio between 662 

direct and diffuse shortwave radiation simulated by either ARPEGE-Climat or LMDZ (Figure 663 

S2). 664 

 665 

 666 

8- Conclusions 667 

In this paper, we have detailed a new interactive scheme for ocean surface albedo suited for 668 

Earth system models. This scheme computes the ocean surface albedo accounting for the 669 

spectral dependence (across a range of wavelengths between 200 and 4000 nm), the 670 

characteristics of incident solar radiation (direct of diffuse), the effects of surface winds, 671 

chlorophyll content and whitecaps in addition to the canonical solar zenith angle dependence. 672 

This scheme enables an improved air-sea exchange of solar radiation. It thus provides a much 673 

more physical basis to resolve the radiative transfer at the interface between the atmosphere 674 

and the upper ocean and offer a suite of processes that are included in complex stand-alone 675 

ocean radiative transfer software such as HYDROLIGHT (Ohlman, Siegel and Mobley, 676 

2000). This work can be extended to include a coupling to an ocean wave model that would 677 

provide a more realistic distribution of ocean surface state. 678 

 679 

Although direct and diffuse albedos were included in the old ocean albedo schemes of the two 680 

atmospheric models used here, our results demonstrate that their assumptions employed for 681 

diffuse albedo (i.e., fixed values or equal to the direct albedo) are not realistic. The new 682 

interactive scheme improves its representation which leads to substantially reduce model-data 683 

error in ocean surface albedo over the low-latitude oceans. 684 

 685 

Comparison to available dataset shows, for at least two state-of-the-art climate models, a 686 

noticeable improvement in terms of simulated ocean surface albedo compared to their old 687 

ocean surface albedo schemes. At the global scale, geographical pattern of simulated ocean 688 

surface albedo has been improved in both models. The simulated seasonal cycle also shows a 689 

noticeable improvement, especially in LMDZ, with a better correlation to CERES data (up to 690 

0.8). At the local scale, simulated ocean surface albedo also fits ocean surface albedo derived 691 

from ground-based radiative measurements at daily resolution with an improved correlation 692 

up to 0.8. 693 

Supprimé:  694 
Supprimé: a better coupling between the atmospheric and oceanic 695 
components of the model696 

Supprimé: . 697 

Supprimé:  698 
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 699 

Compared to old schemes, the new interactive scheme is more complex and induces a small 700 

increase in model elapsed time of about 0.2%. Although noticeable, this increase does not 701 

preclude centennial-long simulation or high resolution model simulations. 702 

 703 

Improved ocean surface albedo might lead to difference in the simulated climate or marine 704 

biogeochemistry dynamics which will be assessed in future work. Indeed, a difference of 705 

about 1% of simulated ocean surface albedo for a global mean irradiance of ~180 W m-2 can 706 

induce a deviation in energy flow of the Earth system comparable to the impact of land-cover 707 

changes over land (Myhre et al., 2013).  708 

 709 

 710 

Code availability: 711 

The interactive ocean surface albedo code detailed in the paper is a part of the SURFEX 712 

(V8.0) ocean scheme and is available as open source via http://www.cnrm-game-713 

meteo.fr/surfex/. SURFEX (V8.0) is updated at a relatively low frequency (every 3 to 6 714 

months) and the developments presented in this paper are available starting from SURFEX 715 

(V8.0). If more frequent updates are needed, or if what is required is not in Open-SURFEX 716 

(DrHOOK, FA/LFI formats, GAUSSIAN grid), you are invited to follow the procedure to get 717 

a SVN account and to access real-time modifications of the code (see the instructions at the 718 

previous link. Besides, all the tabulated values use for this algorithm are available in the 719 

supplementary materials. 720 
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 1019 

Figure 1: Pathways of solar radiation over oceans as described in the new interactive scheme. 1020 

Whitecaps, surface Fresnel or ocean interior influence of the reflection or the refraction of 1021 

both direct and diffuse radiation. 1022 
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 1029 
Figure 2: Comparison of chlorophyll absorbance (m-1) as a function of wavelength (nm, in 1030 

log-scale) from Morel and Maritorena (2001) in blue to that of Frigaard et al. (1996) in red, 1031 

which is used in the new interactive OSA scheme.  1032 
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 1046 
Figure 3: Maps of ocean surface albedo for (a) direct and (b) diffuse radiation in the absence 1047 

of whitecaps, and map of whitecaps surface coverage (c). Estimates are derived from offline 1048 

calculation using EraInterim forcings fields (Dee et al., 2011) from years 2000 to 2012 and 1049 

SeaWiFS chlorophyll climatology (Siegel et al., 2002) over year 1998-2007. Whitecap albedo 1050 

is constant in space and is equate to 0.174. 1051 
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 1054 

Figure 4: Analytical solution for (a) direct and (b) diffuse ocean surface albedo as used in 1055 

Taylor et al. (1996) and Larsen and Barkstrom (1977), and computed solution for the new 1056 

interactive ocean surface albedo scheme, as a function of solar zenith angle.  Analytical 1057 

solution for direct and diffuse ocean surface albedo as derived from Payne (1972) formulation 1058 

are also represented in both panels, because this parameterization is currently used in numbers 1059 

of state-of-the-art atmospheric and ocean models. Hatching depicts potential variations related 1060 

to changes in 10-meter wind speed and surface chlorophyll.  1061 
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 1065 
Figure 5: Ocean surface albedo at COVE station (36.905°N, 75.713°W) from 2005 to 2009.  1066 

Panel (a) compares daily-mean time series of ocean surface albedo as derived from ground-1067 

based observations (in red) and as reconstructed with ARPEGE-Climat nudged toward 1068 

EraInterim (dark blue). Panel (b) displays, for the sake of clarity, time series of daily-mean 1069 

Ocean surface albedo smoothed using a 5-day moving average for both observations and 1070 

model results. All daily-mean time-series from 2001 to 2015 are displayed in Figure S1. 1071 

Ocean surface albedo simulated by ARPEGE-Climat (in blue) and LMDZ (in green) using old 1072 

or the new interactive scheme are indicated with dashed or solid lines, respectively. 1073 
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 1076 
Figure 6: Probability density function of daily-mean ocean surface albedo at COVE station 1077 

(36.905°N, 75.713°W) derived from daily-mean time series over years 2001 to 2013. Ocean 1078 

surface albedo derived from ground-based observations and as reconstructed with ARPEGE-1079 

Climat nudged toward EraInterim are indicated in red and dark blue, respectively. Ocean 1080 

surface albedo simulated by ARPEGE-Climat (in blue) and LMDZ (in green) using old or the 1081 

new interactive scheme are indicated with dashed or solid lines, respectively. 1082 
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 1085 

Figure 7: Mean seasonal cycle of ocean surface albedo at COVE station (36.905°N, 1086 

75.713°W) derived from daily-mean time series over years 2001 to 2013. Ocean surface 1087 

albedo derived from ground-based observations and as reconstructed with ARPEGE-Climat 1088 

nudged toward EraInterim are indicated in red and dark blue, respectively. Ocean surface 1089 

albedo simulated by ARPEGE-Climat (in blue) and LMDZ (in green) using old or the new 1090 

interactive scheme are indicated with dashed or solid lines, respectively. For comparison, the 1091 

mean seasonal cycle of ocean surface albedo at COVE as simulated by available CMIP5 1092 

models is represented by thin grey lines. 1093 
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 1096 
Figure 8: Decadal-mean climatology ocean surface albedo as (a) estimated from CERES 1097 

satellite observations (Wielicki et al., 1996) and as simulated by LMDZ (b,d) and ARPEGE-1098 

Climat (c,e). In panels (b) and (c), LMDZ  and ARPEGE-Climat use old ocean albedo 1099 

schemes, that is Taylor et al. (1996) and Larsen and Barkstrom (1977), respectively. In panels 1100 

(d) and (e), LMDZ and ARPEGE-Climat use employ the new interactive ocean surface albedo 1101 

scheme. Decadal-mean climatology is derived from radiative fluxes averaged over years 2001 1102 

to 2014 for CERES estimates and 2000 to 2012 for both climates models. 1103 
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 39 

Figure 9: Hovmöller diagram representing the zonally-averaged ocean surface albedo as a 1106 

function of month. The various panels display the ocean surface albedo as (a) estimated from 1107 

CERES satellite observations (Wielicki et al., 1996) and as simulated by (b) LMDZ and (c) 1108 

ARPEGE-Climat using old ocean albedo schemes, that is Taylor et al. (1996) and Larsen and 1109 

Barkstrom (1977), respectively. Panels (d) and (e) show OSA as simulated by the new 1110 

interactive ocean surface albedo scheme for LMDZ and ARPEGE-Climat, respectively. 1111 

Monthly-mean are derived from radiative fluxes averaged over years 2001 to 2014 for 1112 

CERES estimates and from years 2000 to 2012 for both climates models.  1113 
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