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GLOBAL CARBON CYCLE

The reinvigoration of the Southern
Ocean carbon sink
Peter Landschützer,1* Nicolas Gruber,1,2 F. Alexander Haumann,1,2

Christian Rödenbeck,3 Dorothee C. E. Bakker,4 Steven van Heuven,5† Mario Hoppema,5

Nicolas Metzl,6 Colm Sweeney,7,8 Taro Takahashi,9

Bronte Tilbrook,10 Rik Wanninkhof 11

Several studies have suggested that the carbon sink in the Southern Ocean—the ocean’s
strongest region for the uptake of anthropogenic CO2—has weakened in recent decades.
We demonstrated, on the basis of multidecadal analyses of surface ocean CO2

observations, that this weakening trend stopped around 2002, and by 2012 the Southern
Ocean had regained its expected strength based on the growth of atmospheric CO2. All
three Southern Ocean sectors have contributed to this reinvigoration of the carbon sink,
yet differences in the processes between sectors exist, related to a tendency toward a
zonally more asymmetric atmospheric circulation. The large decadal variations in the
Southern Ocean carbon sink suggest a rather dynamic ocean carbon cycle that varies more
in time than previously recognized.

S
imulationswith ocean biogeochemicalmod-
els have suggested a stagnation or even a
reduction of the Southern Ocean carbon
sink from the 1980s to the early 2000s (1–3),
a result that has been supported by inver-

sion studies (1) based on atmospheric CO2 data.
Such a stagnation has wide-reaching implications
for climate, because the Southern Ocean south of
35°S accounts for about 40% of the global oce-
anic uptake of anthropogenic CO2 (4–6), thereby
removing a disproportionally large share of an-
thropogenic CO2 from the atmosphere. The trend
toward a saturation of the Southern Ocean car-
bon sink has been attributed mainly to the in-
tensification and poleward shift of the westerly
winds associated with a trend toward amore pos-
itive state of the Southern Annular Mode (1, 2).
The resulting enhanced upwelling of deep waters
with high concentrations of dissolved inorganic
carbon (DIC) drove an anomalously strong flux of
natural CO2 out of the surface ocean, counter-
acting the increase in the oceanic uptake of an-
thropogenic CO2 (2).

Several studies based on observations of the
surface partial pressure of CO2 (pCO2) (7–9) cor-
roborated these model-based trends in the South-
ern Ocean carbon sink, but all of them used the
observations without any interpolation. Given the
sparsity and spatial heterogeneity of these surface
ocean observations (8), the conclusions drawn in
these studies regarding the trends turn out to be
rather sensitive to the chosen method of trend
calculation (9) and the beginning and end year of
analysis (10). Nevertheless, these studies tended to
support a weakening sink trend up to the mid-
2000s. One of these studies (9) also pointed out
that the trendmay have reversed in recent years,
a finding corroborated by the analysis of pCO2

observations along a single meridional transect
south of Tasmania (11).

To address the sparse data coverage, we used a
neural network technique (12) to interpolate the
pCO2 observations in time and space. We then
evaluated the results using (i) a complementary
pCO2 observation–based product based on the in-
terpolation by a data-driven mixed-layer scheme
(13) and (ii) an atmospheric CO2 inverse estimate
(14). Both surface ocean–based methods were ex-
tended for this study to produce multidecadal dis-
tributions of the surface ocean pCO2 field (15–17).
The air-sea CO2 flux variations were then com-
puted with the use of a standard bulk param-
eterization (supplementary text 1.4). Although
each of these estimates faces limits due to the
available information, their combination allows
us to gain confidence in the inferred features.
The two surface ocean data–based air-sea CO2

flux products confirm that the Southern Ocean
carbon sink (south of 35°S) weakened through
much of the 1990s, in agreement with themodel-
based studies and the atmospheric inversions
(1, 2), but they reveal that it has strengthened
substantially since about 2002, increasing by
more than ~0.6 Pg of C year–1 (Fig. 1) to a vig-
orous uptake of ~1.2 Pg of C year–1 in 2011. This
increase has returned the Southern Ocean sink
to levels expected from the increase in atmo-
spheric CO2 (5), computed from an ocean bio-
geochemistrymodel forcedwith just the increase
in atmospheric CO2 (18). The increase in the
Southern Ocean carbon uptake since 2002 is re-
sponsible for roughly half of the global trend in
the ocean carbon sink over this period (15), high-
lighting the importance of the Southern Ocean
in moderating the growth of atmospheric CO2.
Both surface ocean observation–basedmethods

rely on the to-date largest sea surface pCO2 ob-
servation database [Surface Ocean CO2 Atlas
(SOCAT) version 2] (19), which contains more
than 2.6 million observations in the Southern
Ocean south of 35°S. The neural network tech-
nique (12, 15) interpolates these observations
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Fig. 1. Evolution of the Southern Ocean carbon sink anomaly south of 35°S. The lines show the inte-
grated air-sea CO2 flux derived from two complementary surface ocean pCO2 interpolation methods [a
two-step neural network technique (15) and a mixed-layer scheme (17)] as well as the integrated flux
from an atmospheric inversion based on measurements of atmospheric CO2 (14). These estimates are
compared with the expected uptake based on the growth of atmospheric CO2 alone, based on a
simulation with the ocean component of the Community Climate System Model (CCSM3) (18). All data
are plotted as anomalies by subtracting the 1980s mean flux from each method. Negative values
indicate anomalous uptake by the ocean.
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Several studies have suggested that the carbon sink in the Southern Ocean—the ocean’s
strongest region for the uptake of anthropogenic CO2—has weakened in recent decades.
We demonstrated, on the basis of multidecadal analyses of surface ocean CO2

observations, that this weakening trend stopped around 2002, and by 2012 the Southern
Ocean had regained its expected strength based on the growth of atmospheric CO2. All
three Southern Ocean sectors have contributed to this reinvigoration of the carbon sink,
yet differences in the processes between sectors exist, related to a tendency toward a
zonally more asymmetric atmospheric circulation. The large decadal variations in the
Southern Ocean carbon sink suggest a rather dynamic ocean carbon cycle that varies more
in time than previously recognized.

S
imulationswith ocean biogeochemicalmod-
els have suggested a stagnation or even a
reduction of the Southern Ocean carbon
sink from the 1980s to the early 2000s (1–3),
a result that has been supported by inver-

sion studies (1) based on atmospheric CO2 data.
Such a stagnation has wide-reaching implications
for climate, because the Southern Ocean south of
35°S accounts for about 40% of the global oce-
anic uptake of anthropogenic CO2 (4–6), thereby
removing a disproportionally large share of an-
thropogenic CO2 from the atmosphere. The trend
toward a saturation of the Southern Ocean car-
bon sink has been attributed mainly to the in-
tensification and poleward shift of the westerly
winds associated with a trend toward amore pos-
itive state of the Southern Annular Mode (1, 2).
The resulting enhanced upwelling of deep waters
with high concentrations of dissolved inorganic
carbon (DIC) drove an anomalously strong flux of
natural CO2 out of the surface ocean, counter-
acting the increase in the oceanic uptake of an-
thropogenic CO2 (2).

Several studies based on observations of the
surface partial pressure of CO2 (pCO2) (7–9) cor-
roborated these model-based trends in the South-
ern Ocean carbon sink, but all of them used the
observations without any interpolation. Given the
sparsity and spatial heterogeneity of these surface
ocean observations (8), the conclusions drawn in
these studies regarding the trends turn out to be
rather sensitive to the chosen method of trend
calculation (9) and the beginning and end year of
analysis (10). Nevertheless, these studies tended to
support a weakening sink trend up to the mid-
2000s. One of these studies (9) also pointed out
that the trendmay have reversed in recent years,
a finding corroborated by the analysis of pCO2

observations along a single meridional transect
south of Tasmania (11).

To address the sparse data coverage, we used a
neural network technique (12) to interpolate the
pCO2 observations in time and space. We then
evaluated the results using (i) a complementary
pCO2 observation–based product based on the in-
terpolation by a data-driven mixed-layer scheme
(13) and (ii) an atmospheric CO2 inverse estimate
(14). Both surface ocean–based methods were ex-
tended for this study to produce multidecadal dis-
tributions of the surface ocean pCO2 field (15–17).
The air-sea CO2 flux variations were then com-
puted with the use of a standard bulk param-
eterization (supplementary text 1.4). Although
each of these estimates faces limits due to the
available information, their combination allows
us to gain confidence in the inferred features.
The two surface ocean data–based air-sea CO2

flux products confirm that the Southern Ocean
carbon sink (south of 35°S) weakened through
much of the 1990s, in agreement with themodel-
based studies and the atmospheric inversions
(1, 2), but they reveal that it has strengthened
substantially since about 2002, increasing by
more than ~0.6 Pg of C year–1 (Fig. 1) to a vig-
orous uptake of ~1.2 Pg of C year–1 in 2011. This
increase has returned the Southern Ocean sink
to levels expected from the increase in atmo-
spheric CO2 (5), computed from an ocean bio-
geochemistrymodel forcedwith just the increase
in atmospheric CO2 (18). The increase in the
Southern Ocean carbon uptake since 2002 is re-
sponsible for roughly half of the global trend in
the ocean carbon sink over this period (15), high-
lighting the importance of the Southern Ocean
in moderating the growth of atmospheric CO2.
Both surface ocean observation–basedmethods

rely on the to-date largest sea surface pCO2 ob-
servation database [Surface Ocean CO2 Atlas
(SOCAT) version 2] (19), which contains more
than 2.6 million observations in the Southern
Ocean south of 35°S. The neural network tech-
nique (12, 15) interpolates these observations
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Fig. 1. Evolution of the Southern Ocean carbon sink anomaly south of 35°S. The lines show the inte-
grated air-sea CO2 flux derived from two complementary surface ocean pCO2 interpolation methods [a
two-step neural network technique (15) and a mixed-layer scheme (17)] as well as the integrated flux
from an atmospheric inversion based on measurements of atmospheric CO2 (14). These estimates are
compared with the expected uptake based on the growth of atmospheric CO2 alone, based on a
simulation with the ocean component of the Community Climate System Model (CCSM3) (18). All data
are plotted as anomalies by subtracting the 1980s mean flux from each method. Negative values
indicate anomalous uptake by the ocean.
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Is	the	ocean	sink	actually	
growing	as	expected?	

	



LARGE	ENSEMBLE	MODELING	TO	
ASSESS	DETECTION	TIMESCALES	



NCAR	Community	Earth	System	Model	Large	
Ensemble	(CESM	LENS)	

Kay	et	al.	2014	BAMS	

Large	Ensemble	=	Iden2cal	climate	model	run	10s	2mes	
with	slight	perturba2ons	to	ini2al	condi2ons	
	
LENS:	RCP8.5;	perturba2on	date	1	Jan	1920	



CO2	flux	trend,	NCAR	LENS,	1995-2005	
Total	Trend	=	Forced	Trend	+	Internal	Trend	
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McKinley	et	al.	2017,	ARMS	



CO2	flux	trend,	NCAR	LENS,	1985-2015	
Total	Trend	=	Forced	Trend	+	Internal	Trend	
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McKinley	et	al.	2017,	ARMS	



DO	35	YEARS	OF	SURFACE	DATA	
REFLECT	MODELLED	FORCED	TRENDS?		

Forced	trend	in	CO2	flux,	1985-2015			
(mol/m2/yr2)	



Surface	pCO2	observa,ons	
									…..	since	CO2	flux	propor,onal	to	ΔpCO2	

SOCATv5	pCO2	
database	
1957-2017	

Bakker	et	al.	2016	ESSD	
Pfeil	et	al.,	Sabine	et	al.	2013	ESSD	

260		
uatm	

440		
uatm	



Non-zero	ΔpCO2
	trend	indicates	CO2	flux	change	

pCO2
atm 

pCO2
s.ocean  

time 

dΔpCO2/dt > 0 

DECLINING SINK 

dΔpCO2/dt  < 0  

GROWING SINK 

ΔpCO2 





N.	Pacific	Subpolar	Seasonally	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	

DECLINING 
SINK 

GROWING 
SINK 

dΔpCO2/dt 
(µatm/yr)	

White:	
dΔpCO2/dt=0		
Gray:	no	data	

	



N.	Pacific	Subtrop.	Seasonally	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	

DECLINING 
SINK 

GROWING 
SINK 

dΔpCO2/dt 
(µatm/yr)	



N.	Pac.	Subtrop.	Permanently	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	

DECLINING 
SINK 

GROWING 
SINK 

dpCO2/dt 
(µatm/yr)	



N.	Atlan,c	Subpolar	Seasonally	Strat.	
Observed	ΔpCO2	trends	

35	yrs	

1	yr	 dpCO2/dt 
(µatm/yr)	

DECLINING 
SINK 

GROWING 
SINK 



N.	Atlan,c	Subtrop.	Seasonally	Strat.	
Observed	ΔpCO2	trends	

35	yrs	

1	yr	 dpCO2/dt 
(µatm/yr)	

DECLINING 
SINK 

GROWING 
SINK 



N.	Atl.	Subtrop.	Permanently	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	 dpCO2/dt 
(µatm/yr)	

DECLINING 
SINK 

GROWING 
SINK 



S.	Ocean	Subpolar	Seasonally	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	

DECLINING 
SINK 

GROWING 
SINK 

dpCO2/dt 
(µatm/yr)	



S.	Ocean	Subtrop.	Seasonally	Strat.		
Observed	ΔpCO2	trends	

35	yrs	

1	yr	

DECLINING 
SINK 

GROWING 
SINK 

dpCO2/dt 
(µatm/yr)	



Take	home	messages	

•  Internal	variability	complicates	detec2on	of	expected	
growth	in	the	ocean	carbon	sink		

•  35	years	of	data	reveal	
–  N.	Pacific:	Gradient	of	strong	to	weak	sink	growth	from	
subpolar	to	subtropical,	consistent	with	forced	trend		

–  N.	Atlan2c:	Strongest	sink	increase	in	subpolar,	weak	in	
subtropical,	low	frequency	variability	clear	in	STSS	

–  S.	Ocean:	Low	freq.	variability,	stronger	sink	growth	in	STSS	
•  Data	are	consistent	with	emergence	in	some	places,	but		
more	decades	required	to	confirm	detec2on	



THANK	YOU	





TO	WHAT	DEGREE	DOES	BIOLOGY	
DRIVE	CARBON	CYCLE	VARIABILITY?		



Does	pCO2	correlate	to	satellite	chlorophyll?	
•  Co-located	(1x1)	Chlorophyll,	pCO2,	

SST,	MLD	
•  Monthly	1998-2014	
•  CorrelaVons	at	seasonal,	monthly	

anomaly,	and	interannual	2mescales	
•  Spa2al	scale:	1x1	degree	resolu2on	

and		global	biomes	

Source	

Chlorophyll	 SeaWiFS/	MODIS	
(Measures)	

pCO2	 SOCATv3	

SST	 SOCATv3	

MLD	 ECCO2	(state	est.)	

Fay	and	McKinley,	2017	GBC	



Takahashi	et	al.	2002,	DSRII	

pCO2	cycle	at	
Bermuda,	
N.	Atlan,c	
subtropics	

pCO2-T	(closed)	
pCO2-nonT	(open)	
	



Takahashi	et	al.	2002,	DSRII	

pCO2-T	(closed)	
pCO2-nonT	(open)	
	

Chlorophyll	

pCO2	cycle	at	
Bermuda,	
N.	Atlan,c	
subtropics	



Takahashi	et	al.	2002,	DSRII	

pCO2-T	(closed)	
pCO2-nonT	(open)	
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Physics	must	be	primary	control	if	pCO2-T	drives	pCO2,	
despite	a	typically	nega,ve	pCO2	correla,on	to	Chl	
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Biological	pump	poten,ally	driving	carbon	cycle	if		
(1)	nega,ve	pCO2-Chl	correla,on	(2)	pCO2-nonT	dominant	
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MLD	analysis	iden,fies	nutrient	vs.	light	limita,on		
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Typical	Subtropical:		
Produc2ve	winter,	pCO2-T	dominant	

Typical	Subpolar:	
Produc2ve	summer	,	pCO2-nonT	dominant	
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Seasonal	Chlorophyll	to	pCO2	correla2on	



Seasonal	Chlorophyll	to	MLD	
correla2on	

Fay	and	McKinley,	GBC	in	review	
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Increasing	rate	of	anthropogenic	CO2	uptake	from	
interior	data,	assuming	constant	circula,on	and	biology	
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Time	of	Emergence		
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if	data	since	1990	
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