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Introduction

Background to: Heat and carbon coupling reveals ocean 
warming due to circulation changes (2020)

Goal: use ocean carbon storage patterns to infer how 
circulation changes affect ocean heat storage

Crucial: Anthropogenic carbon storage patterns are 
unchanged when ocean circulation changes
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Figure 1: Simulated anthropogenic tracer changes: Upper 2000 m vertically integrated tracer

anomalies in years 60-80 of the 1%CO2 ESM2M simulation, relative to the tandem control

simulation for the (a and d) free circulation and the (b and e) fixed circulation experiments. The

difference in tracer between the free and fixed circulation experiments, shown in panels c and f,

are attributed to the changing ocean currents (namely the redistributed tracers). Tracers shown

are a-c anthropogenic carbon, Cant, and d-f anthropogenic heat, H . The black line shows the

annual-mean maximum sea ice extent.

27

Heat and carbon storage

1%CO2 simulation with ESM2M:

CR = 0.93

CR = 0.98 free - fixed



Compare 1%CO2 simulation to RCP8.5 experiment (which has CFCs)
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Figure 2: Latitudinal dependence of Ocean carbon and CFCs: a, zonal-mean contribution

of DIC (green), DIC+ALK (blue) and DIC+ALK+T (red) towards the change in ocean surface

pCO2 and b) zonal mean mixed layer �DIC (green), fixed circulation �T (red), and CFC 12

change (purple) relative to the pre-industrial control. The blue line shows the sensitivity term

@pCO2/@DIC. c) zonally integrated Cant (green), CFC 12 (purple) and Hf (red) storage in the

upper 2000m relative to the pre-industrial control. Solid single lines show year 70 from the fixed

circulation 1%CO2, dashed lines show year 70 from the free circulation 1%CO2simulation,

while double lines show year 2050 of the ESM2M RCP8.5 simulation. The quantities in panels

a and b have been scaled by the global mean value for each tracer (and the blue line in panel b

has been offset upwards for clarity).
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Compare Cant and to other atmospheric gas: CFCs (Chlorofluorocarbons) 

Carbon and CFC storage



Carbon and CFC storage 
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Figure 2: Latitudinal dependence of Ocean carbon and CFCs: a, zonal-mean contribution

of DIC (green), DIC+ALK (blue) and DIC+ALK+T (red) towards the change in ocean surface

pCO2 and b) zonal mean mixed layer �DIC (green), fixed circulation �T (red), and CFC 12

change (purple) relative to the pre-industrial control. The blue line shows the sensitivity term

@pCO2/@DIC. c) zonally integrated Cant (green), CFC 12 (purple) and Hf (red) storage in the

upper 2000m relative to the pre-industrial control. Solid single lines show year 70 from the fixed

circulation 1%CO2, dashed lines show year 70 from the free circulation 1%CO2simulation,

while double lines show year 2050 of the ESM2M RCP8.5 simulation. The quantities in panels

a and b have been scaled by the global mean value for each tracer (and the blue line in panel b

has been offset upwards for clarity).
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Estimated change in surface ocean pCFC12
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Figure S3: Latitudinal pCFC changes: Zonal-mean contribution of CFC concentration (green)

and CFC+temperature (red) changes towards the change in ocean surface pCFC in year 2050 of

the ESM2M RCP8.5 simulation, relative to the pre-industrial control. pCFC is calculated using

the equations in Fine et. al. 2011.
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Change in ocean pCO2 Change in ocean pCFC-12

Ocean uptake of atmospheric gasses is driven by air-sea difference in partial pressure:

Latitude Latitude
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Atmospheric gasses are well-mixed
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Figure 2: Latitudinal dependence of Ocean carbon and CFCs: a, zonal-mean contribution

of DIC (green), DIC+ALK (blue) and DIC+ALK+T (red) towards the change in ocean surface

pCO2 and b) zonal mean mixed layer �DIC (green), fixed circulation �T (red), and CFC 12

change (purple) relative to the pre-industrial control. The blue line shows the sensitivity term

@pCO2/@DIC. c) zonally integrated Cant (green), CFC 12 (purple) and Hf (red) storage in the

upper 2000m relative to the pre-industrial control. Solid single lines show year 70 from the fixed

circulation 1%CO2, dashed lines show year 70 from the free circulation 1%CO2simulation,

while double lines show year 2050 of the ESM2M RCP8.5 simulation. The quantities in panels

a and b have been scaled by the global mean value for each tracer (and the blue line in panel b

has been offset upwards for clarity).
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partial pressure and concentration relationship:

pCO2 ≈
∂pCO2

∂DIC
∆DIC =

R× pCO2

DIC
∆DIC pCFC ≈

∂pCFC

∂CFC
∆CFC

sensitivity term

Latitude

𝝙𝝙

Carbon and CFC storage



How does the sensitivity relate to temperature?
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Surface DIC changes correlate with mean state SSTs (CR = 0.80)

From T-dependence  
in R (due to DIC)

∂pCO2
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=

R× pCO2
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Effect of spatially-varying ocean temperature can be removed:



CFC is purely passive tracer, so deep ocean storage due to only physics

Effects of biology on carbon is small:
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Figure S5: Fixed climate Cant: Year 60-80 mean upper 2000m Cant storage in the a, free cir-

culation, b, fixed circulation and c, fixed climate 1%CO2 ESM2M simulations. In the fixed

climate simulation, atmospheric CO2 is treated as a non-radiative gas. This means that the ra-

diative (or greenhouse gas) effect of CO2 is disabled, similar to the simulations discussed in ref.

20. Panel d shows the difference between the free and fixed circulation Cant, and panel e shows

the difference between the free current and fixed climate Cant. The correlation coefficients of

the fixed circulation and fixed climate Cant with the free circulation Cant as shown, are 0.98 and

0.98.
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CO2 is non-radiative gas

Internal pathways



Correlation of surface Cant and fixed circulation T-changes leads to similar storage

Anti-correlation of surface CFC and fixed circulation changes leads to dissimilar storage

Latitude 

Sc
al

ed
 v

al
ue

s,
 

re
la

tiv
e 

to
 m

ea
n Cant

CFC 12 (RCP8.5) Hf

a Change in surface ocean pCO2

pp
m DIC

DIC+Alk

DIC+Alk+T

Cant (RCP8.5)

pCO2 contributions from DICb

c

ΔDIC
�pCO2/�DIC CFC 12 (RCP8.5)

Fixed circulation ΔT

Sc
al

ed
 v

al
ue

s,
 

re
la

tiv
e 

to
 m

ea
n

Zonal mean mixed layer patterns 

Zonally integrated upper 2000m storage 

DIC+Alk+T (free circ)

ΔDIC (free circ)

Figure 2: Latitudinal dependence of Ocean carbon and CFCs: a, zonal-mean contribution

of DIC (green), DIC+ALK (blue) and DIC+ALK+T (red) towards the change in ocean surface

pCO2 and b) zonal mean mixed layer �DIC (green), fixed circulation �T (red), and CFC 12

change (purple) relative to the pre-industrial control. The blue line shows the sensitivity term

@pCO2/@DIC. c) zonally integrated Cant (green), CFC 12 (purple) and Hf (red) storage in the

upper 2000m relative to the pre-industrial control. Solid single lines show year 70 from the fixed

circulation 1%CO2, dashed lines show year 70 from the free circulation 1%CO2simulation,

while double lines show year 2050 of the ESM2M RCP8.5 simulation. The quantities in panels

a and b have been scaled by the global mean value for each tracer (and the blue line in panel b

has been offset upwards for clarity).
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Carbon and CFC storage



Similar storage patterns in observations:

Observations 

Updated from DeVries et. al. 2014



Conclusions

Ocean carbon storage is uniquely similar to fixed circulation heat storage

Since atmospheric gasses are well-mixed, ocean partial pressure of 
gasses is forced to be mostly homogeneous 

The sensitivity of the ocean tracer concentration to partial pressure 
determines surface pattern of storage - set by mean state

Changes in ocean internal pathways appear to less influential 
on column-integrated storage patterns than surface 
concentration patterns

But why?


