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Temporal	mismatch	

OA	projec;ons	
(annual-decadal)		

Organism	sensi;vi;es		
(<	hourly)		≠	

Bopp	et	al.,	Biogeosciences	(2013)	

The	context:	what	is	the	temporal	variability	of	ocean	
acidifica.on?	

•  Seasonal	OA	variability	can	be	similar	magnitude	
to	expected	mean	changes	this	century	

•  How	this	variability	responds	to	climate	change	
is	crucial	to	projec.ng	marine	impacts	



•  9	CMIP5	ESMs	with	ocean	biogeochemistry	
	
•  Surface	ocean	carbonate	chemistry	computed	

from	monthly	T,	CT,	AT,	S,	P,	Si	–	mocsy	package	

•  Output	fields	regridded	to	a	1°	x	1°	regular	grid	

•  Focus	on	biologically	important	[H+],	pH,	Ωarag		
					

Kwiatkowski	&	Orr,	NCC	(2018)	

ESM	projec.ons	of	changing	carbonate	chemistry	
seasonality	
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Methods:	compu.ng	seasonal	amplitude	changes	

•  Projected	seasonal	amplitude	
evaluated	for	RCP8.5	(2006-2100)	
rela.ve	to	historical	(1990-1999)	

•  Seasonal	amplitude	anomalies	
determined	by	subtrac.ng	cubic	
spline	fit	from	.me	series	in	each	
grid	cell	
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Global	seasonal	amplitude	anomalies	in	RCP8.5	

é Amplifica;on	
ê AUenua;on	

[H+]	seasonality	é	81±16%	
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Global	seasonal	amplitude	anomalies	in	RCP8.5	

é Amplifica;on	
ê AUenua;on	

[H+]	seasonality	é	81±16%	 pH	seasonality	ê	16±7%	



[H+]	seasonality	é	81±16%	

Kwiatkowski	&	Orr,	NCC	(2018)	

Ωarag	seasonality	ê	9±8%	pH	seasonality	ê	16±7%	

Global	seasonal	amplitude	anomalies	in	RCP8.5	

é Amplifica;on	
ê AUenua;on	



•  [H+]	é		greater	in	high	lats	(147%	in	the	Arc.c)	

•  pH	ê	typically	greater	in	low	and	mid-lats	

•  Ωarag	ê	>40%	in	the	temperate-to-polar	regions	

-	But	there	is	é	of	up	to	30%	in	the	subtropics	

21st	century	change	in	seasonality	(%)	

Spa.ally	contras.ng	amplitude	changes	



Counterintui.ve,	but	a	result	of	the	log	
scale	of	pH		

[H+]	increase	(117±3%)	>	d[H+]	increase	(81±16%)	

Kwiatkowski	&	Orr,	NCC	(2018)	

Seasonal	[H+]	amplifica.on	but	pH	acenua.on?	

[H+]	=	Annual	mean	[H+]		
d	[H+]	=	Seasonality	of	[H+]		

21st	century	change	in	seasonality	(%)	



1.  Idealised	simula;ons	(ul;mate	geochemical	and	climate	drivers):	

	1pctCO2:	 	 	CO2	increases	from	280	ppm	by	1%/yr	un.l	4xCO2	 	 	 	 	 		
	 	 	 	(total	effect)	

	esmFixClim1:	 	CO2	of	1pctCO2	but	radia.ve	module	sees	constant	CO2	of	280	ppm	 	 	
		 	 	 	(geochemical	effect)	

	esmFdbk1:	 	CO2	constant	at	280	ppm	but	radia.ve	module	sees	CO2	of	1pctCO2		 	 	
	 	 	 	(radia;ve/climate	effect)	

	
2.  First	order	Taylor	series	deconvolu;ons	(proximate	AT/CT/T/S	drivers):	

Kwiatkowski	&	Orr,	NCC	(2018)	

Determining	the	drivers	of	seasonality	change	
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Idealised	simula.ons:	geochemical	effect	generally	
dominates	

•  Changes	in	the	1pctCO2	very	similar	to	of	RCP8.5		

•  Indicates	CO2	is	the	dominant	driver	of	seasonality	
changes	in	RCP8.5	and	not	CH4,	O3,	aerosols	etc	

•  Validates	the	use	of	esmFixClim1	and	esmFdbk1	simula.ons	
to	par..on	radia.ve	and	geochemical	influences	



Geochemical	effect	dominates,	except	for	Ωarag	where	radia.ve	effect	
dominates	in	the	subtropics	where	buffer	capacity	is	greatest	

Idealised	simula.ons:	geochemical	effect	generally	
dominates	

Kwiatkowski	&	Orr,	NCC	(2018)	



•  GFDL-ESM2M	model	(representa.ve	of	mul.-model	mean)	
•  Reproduces	changes	in	seasonal	amplitude	of	[H+]	and	Ωarag	to	within	<<1	%			

	

[H+]	and	Ωarag	
(independently)		

Par;al	differen;als/	
sensi;vity	terms	es;mated	

numerically	

ΔT,	ΔCT,	ΔAT	and	ΔS	
represent	the	change	in	

variables	synchronous	with	
Δy	

Taylor	series	deconvolu.ons:	proximate	drivers	of	
seasonality	change	



Deconvolu.ons:	proximate	drivers	of	[H+]	seasonality	
change	

	[H+]		

Kwiatkowski	&	Orr,	NCC	(2018)	

[H+]		

Amplifica.on	(high	lats)-	residual	of	
opposing	increases	in	(∂H+/∂CT)ΔCT	and	(∂H+/
∂AT)	ΔAT	that	dominates	

Amplifica.on	(low	lats)-	AT	and	CT	terms		
compensate	and	increases	in	(∂H+/∂T)	ΔT	
dominate	



Ωarag		

Acenua.on-decline	in	CT	term	((Ωarag/CT)	ΔCT)	
outweighs	increase	in	AT	term	((Ωarag/AT)	ΔAT).		

Amplifica.on-	licle	change	in	AT	term,	CT	term	
increases	due	to	a	larger	change	in	ΔCT	

Deconvolu.ons:	proximate	drivers	of	Ωarag	seasonality	
change	

Ωarag	

Kwiatkowski	&	Orr,	NCC	(2018)	



CO2	vents:	analogues	of	the	
future	ocean	

Similar	diurnal	changes	to	chemistry	variability?	

Diurnal	chemistry	variability	(Ischia,	Mediterranean	sea)	

pH	 ΔpH	 [H+]	
nmol/kg	

Δ[H+]	
nmol/kg	

Ωarag	 ΔΩarag	

Control	 8.38	 0.09	 4.17	 0.86	 6.00	 0.84	

Vent	 8.08	 0.10	 8.32	 1.95	 3.67	 0.67	

Diurnal	Amp/AC	 é11%	 é122%	 ê20%	

Kwiatkowski	&	Orr,	NCC	(2018)	

Kerrison	et	al.,	2011		

Ø  CO2	vent	sites	show	similar	changes	in	diurnal	
chemistry	as	CMIP5	seasonal	projec;ons	



•  CMIP5:	seasonal	[H+]	amplifica;on,	pH	aUenua;on,	and	Ωarag		amplifica;on	and	
aUenua;on	-	geochemical	and	clima;c	drivers	

•  Amplified	[H+]	seasonality	impacts	è	exposure	to	acidosis	

	-	Low	la;tudes,	earlier/later	exposure	in	summer/winter	

	-	High	la;tudes,	earlier/later	exposure	when	photosynthesis	low/high	

•  Generally	aUenuated	Ωarag	seasonality	impacts	è	exposure	to	low	Ωarag		

	-	exacerbated/dampened	impacts	in	summer	highs	/winter	lows		

	-	opposite	in	the	subtropics	(amplifica.on	projected)	

•  Diurnal	variability	to	be	similarly	affected	as	seasonal	variability?	

Conclusions	



Thanks,	any	ques.ons?	

Lester.kwiatkowski@lsce.ipsl.fr	



Addi.onal	slides	



[H+]	 Ωarag	pH	

Zonal	mean	changes	in	seasonal	cycles	
1990s	(black)	
2090s	(colours)	



Model	evalua.on	against	an	
observa.onal	climatology	
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Taylor	diagrams	for	seasonal	varia;ons	in	H+	and	Ωarag.	Colours	designate	individual	models,	shapes	
designate	the	space-.me	components.	The	total	seasonal	component	(x),	computed	from	monthly	maps	
of	temporal	devia.ons	(monthly	means	minus	annual	mean),	is	separated	into	2	orthogonal	
components:	zonal	mean	(triangles)	and	zonal	anomaly	(pluses).	Observa.onal	reference	=	Takahashi	et	
al.	(2014).	 Kwiatkowski	&	Orr,	NCC	(2018)	



Model	evalua.on	against	an	
observa.onal	climatology	0
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The	total	temporal	variance	of	H+	and	Ωarag	seasonal	cycles	divided	into	zonal	means	
(green)	and	zonal	anomalies	(yellow)	

•  Models	overes.mate	the	zonal-mean	component	of	H+	temporal	variance	

•  Models	encompass	observed	variance	for	Ωarag	
Kwiatkowski	&	Orr,	NCC	(2018)	



Separa.on	of	CT	and	AT	terms	
into	sensi.vi.es	and	amplitude	
changes	for	[H+]	and	Ωarag	in	the	
RCP8.5	simula.on	of	the	GFDL-
ESM2M	model.		
	
The	zonal	mean	sensi.vi.es	of	a,	
[H+]and	b,	Ωarag	to	CT	and	AT	
shown	as	means	for	2006-2015	
and	2091-2100	along	with	
corresponding	zonal	mean	ΔCT		
and	ΔAT		taken	between	monthly	
maximum	and	minimum	for	c,		
[H+]	and	d,	Ωarag	.	

Deconvolu.ons:	proximate	drivers	of	seasonality	
change	



ESM	projec.ons	of	changing	carbonate	chemistry	
seasonality	

•  Calcifying	species	can	experience	depressed	calcifica;on,	growth	and	survival	
rates	at	lower	calcium	carbonate	satura.on	state	(Ω)	(e.g.	Kroeker	et	al.,	2010;	
Albright	et	al.,	2016;	Kwiatkowski	et	al.,	2016a,	2016b).		

•  Teleost	fish	and	marine	invertebrates,	ion	exchange	is	reduced	by	extracellular	
acidosis	or	high	external	[H+],	depressing	protein	synthesis	and	metabolic	rates	
(e.g.	Langenbuch	et	al.,	2006;	Pörtner,	2008).		

•  Physiological	and	behavioural	func;oning	is	also	sensi.ve	to	pCO2,	with	high	
external	concentra.ons	impairing	olfactory	discrimina.on	(e.g.	Munday	et	al.,	
2009)	and	predator-prey	responses	(e.g.	Watson	et	al.,	2014;	Watson	et	al.,	
2017).		



ESM	projec.ons	of	changing	carbonate	chemistry	
seasonality	

Chemistry	seasonal	cycles	result	of	different	physical	
and	biological	processes.		
	
pH	seasonality	largely	driven	by	T	in	low	lats	and	
photosynthesis/respira.on	in	high	lats		
	
Ω	seasonality	largely	driven	by	the	variability	of	
alkalinity	and	DIC	with	less	influence	of	T	
	
Seasonal	variability	can	be	a	similar	order	of	magnitude	
to	changes	expected	over	the	21st	century	
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