
Summary for high latitude response 
1. Heat anomalies of variable sign due to opposing added & 

redistributed heat

2. Carbon anomalies of similar sign due to reinforcing, 

comparable added & redistributed carbon
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How do heat and carbon anomalies compare in climate model projections for the Southern Ocean?
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evolution of 
anthropogenic 
tracer

added tracer redistributed tracer
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FIG. 7. The normalized anomalies for the temporal change in (a) heat and (b) carbon over the upper 1000m
for the Southern Ocean for GFDL-ESM2M (808–378S), NorESM1-ME (798–378S), MPI-ESM-LR (778–418S),
HadGEM2-ES (808–408S), CanESM2M (808–418S), and IPSL-CM5A-LR (788–368S). In the tracer budget for
the domain (dashed black lines), the tracer anomaly (black line) is made up of the added tracer (red line) and
redistributed tracer (blue line). The added tracer includes contributions from the time integral of the net source
(dotted red line) and the advection of added tracer (dashed red line).
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Low heat & carbon storage relative to global mean in 1% projections

redistributed heat <0   

  Key mechanisms 
1. Heat & carbon added in similar manner & transported north

2. Heat & carbon redistributed in opposite manner due to 

opposing vertical pre-industrial gradients

3. Stronger residual circulation, upwells cold, DIC rich waters added heat > 0  

redistributed carbon > 0   
added carbon > 0  

1. 2. 

3. 

normalised T’ and DIC’  anomalies for 1% projections after 100 y 
over upper 1 km (cyan is less than global mean)

the globalmean, while there is decrease in carbon storage relative
to the global mean. In the northern high latitudes, there is a
variability in the model response: in GFDL-ESM2M, a decrease
in heat storage coincides with an increase in carbon storage rel-
ative to the global mean, while instead in CanESM2M there is an
increase in heat and carbon storage.

A transport-based framework is next set out to understand
the similarities and differences in the ocean heat and carbon
storage, which is subsequently applied to a simplified climate

model and then to the tracer budgets for these CMIP5 models
for the subpolar North Atlantic, the tropical Atlantic, and the
entire Southern Ocean.

3. A transport-based framework for added and redis-
tributed heat and carbon

The contrasts in the climate-driven changes in ocean storage
of heat and carbon are now explored in terms of the added and

FIG. 1. Modeled change over the upper 1000m for (a) upper ocean temperature anomaly T0(x, y, t) (K), (b) dissolved inorganic carbon
anomaly DIC0(x, y, t) (mol C m23), and normalized anomalies for the (c) upper ocean temperature anomaly T0(x, y, t), and (d) dissolved
inorganic carbon anomaly DIC0(x, y, t), for an annual 1% increase in CO2 projections fromGFDL-ESM2M, NorESM1-ME,MPI-ESM-LR,
HadGEM2-ES, CanESM2M, and IPSL-CM5A-LR, averaged from years 100 to 140. The first three models have strong preindustrial
Atlantic overturning, and the last two models have weak overturning. The normalization for a tracer anomaly c0 is defined by
[c0(x, y, t)2 hc0(x, y, t)i]/sc0 (t), where hc0(x, y, t)i is the global mean and sc0 (t) is the standard deviation based upon the spatial variations
relative to the global mean at time t. The normalization reveals whether more tracer (in red) is locally stored than the global mean or
whether less tracer (in blue) is locally stored than the global mean.
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Tracer response viewed as added + redistributed

Heat & carbon increase in different ways over S. Ocean
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APPENDIX

Anthropogenic andPreindustrial Temperature andCarbon
for the Atlantic Ocean

The meridional structure of the anthropogenic temperature
and carbon distributions from the Earth system model pro-
jections are broadly similar to each other on the basin scale,
illustrated here for the Atlantic basin (Figs. A1a,b). Their
distributions follow expected ventilation pathways with en-
hanced tracer values within the surface mixed layer and the
thermocline, particularly within the centers of the subtropical
gyres at typically 308Nand 308S, andwithin the high latitudes of
the North Atlantic. There are larger intermodel differences in

FIG. A1. Meridional sections for the modeled change over the Atlantic sectors along 328W for temporal changes in (a) temperature T0

(K) and (b) dissolved inorganic carbon DIC0 (mol C m23) for years 100–140 for an annual 1% increase in CO2 projections, which are
relative to the preindustrial (c) temperature To(K) and (d) dissolved inorganic carbonDICo(mol Cm23) for GFDL-ESM2M,NorESM1-
ME, MPI-ESM-LR, HadGEM2-ES, CanESM2M, and IPSL-CM5A-LR.
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pre-industrial T and DIC  anomalies along Atlantic section
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How do heat and carbon anomalies compare in climate model projections for the Southern Ocean?
EGU21-3153 Vassil Roussenov, Ric Williams, and Anna Katavouta

FIG. 7. The normalized anomalies for the temporal change in (a) heat and (b) carbon over the upper 1000m
for the Southern Ocean for GFDL-ESM2M (808–378S), NorESM1-ME (798–378S), MPI-ESM-LR (778–418S),
HadGEM2-ES (808–408S), CanESM2M (808–418S), and IPSL-CM5A-LR (788–368S). In the tracer budget for
the domain (dashed black lines), the tracer anomaly (black line) is made up of the added tracer (red line) and
redistributed tracer (blue line). The added tracer includes contributions from the time integral of the net source
(dotted red line) and the advection of added tracer (dashed red line).
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Low heat & carbon storage relative to global mean in 1% projections1. 

normalised T’ and DIC’  anomalies for 1% projections after 100 y 
over upper 1 km (cyan is less than global mean)

the globalmean, while there is decrease in carbon storage relative
to the global mean. In the northern high latitudes, there is a
variability in the model response: in GFDL-ESM2M, a decrease
in heat storage coincides with an increase in carbon storage rel-
ative to the global mean, while instead in CanESM2M there is an
increase in heat and carbon storage.

A transport-based framework is next set out to understand
the similarities and differences in the ocean heat and carbon
storage, which is subsequently applied to a simplified climate

model and then to the tracer budgets for these CMIP5 models
for the subpolar North Atlantic, the tropical Atlantic, and the
entire Southern Ocean.

3. A transport-based framework for added and redis-
tributed heat and carbon

The contrasts in the climate-driven changes in ocean storage
of heat and carbon are now explored in terms of the added and

FIG. 1. Modeled change over the upper 1000m for (a) upper ocean temperature anomaly T0(x, y, t) (K), (b) dissolved inorganic carbon
anomaly DIC0(x, y, t) (mol C m23), and normalized anomalies for the (c) upper ocean temperature anomaly T0(x, y, t), and (d) dissolved
inorganic carbon anomaly DIC0(x, y, t), for an annual 1% increase in CO2 projections fromGFDL-ESM2M, NorESM1-ME,MPI-ESM-LR,
HadGEM2-ES, CanESM2M, and IPSL-CM5A-LR, averaged from years 100 to 140. The first three models have strong preindustrial
Atlantic overturning, and the last two models have weak overturning. The normalization for a tracer anomaly c0 is defined by
[c0(x, y, t)2 hc0(x, y, t)i]/sc0 (t), where hc0(x, y, t)i is the global mean and sc0 (t) is the standard deviation based upon the spatial variations
relative to the global mean at time t. The normalization reveals whether more tracer (in red) is locally stored than the global mean or
whether less tracer (in blue) is locally stored than the global mean.
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FIG. 7. The normalized anomalies for the temporal change in (a) heat and (b) carbon over the upper 1000m
for the Southern Ocean for GFDL-ESM2M (808–378S), NorESM1-ME (798–378S), MPI-ESM-LR (778–418S),
HadGEM2-ES (808–408S), CanESM2M (808–418S), and IPSL-CM5A-LR (788–368S). In the tracer budget for
the domain (dashed black lines), the tracer anomaly (black line) is made up of the added tracer (red line) and
redistributed tracer (blue line). The added tracer includes contributions from the time integral of the net source
(dotted red line) and the advection of added tracer (dashed red line).
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Fig 1. Modeled normalised change over the upper 1000 m for (a) upper 
ocean temperature anomaly T’(x, y, t), (b) dissolved inorganic carbon 
anomaly DIC’(x, y, t), for an annual 1% increase in CO2 projections 
from GFDL-ESM2M, 

The normalization for a tracer anomaly c’ is defined by the tracer value 
minus the global mean, divided by the standard deviation. The 
normalization reveals whether more tracer (in red) is locally stored than 
the global mean or whether less tracer (in blue) is locally stored than 
the global mean. 

Also for NorESM1-ME, MPI-ESM-LR, HadGEM2-ES, CanESM2M, and 
IPSL-CM5A-LR, averaged from years 100 to 140. The first three 
models have strong preindustrial Atlantic overturning, and the last two 
models have weak overturning.



FIG. 3. The meridional overturning streamfunctionC (Sv) for the Atlantic basin and the residual overturning
for the entire Southern Ocean (domains separated by the thin line) for GFDL-ESM2M, NorESM1-ME, MPI-
ESM-LR, HadGEM2-ES, CanESM2M, and IPSL-CM5A-LR for (a) the preindustrial Co and (b) the pertur-
bation at year 100,C0. The residual overturning includes the Eulerian-mean overturning and the parameterized
eddy-driven circulation.
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The meridional overturning 
streamfunction(Sv) for the 
Atlantic basin and the residual 
overturning for the entire 
Southern Ocean (domains 
separated by the thin line) for 
GFDL-ESM2M, HadGEM2-ES, 
and  CanESM2M, for (a) the 
preindustrial \psi_o and (b) the 
perturbation at year 100, \psi’. 
The residual overturning 
includes the Eulerian-mean 
overturning and the 
parameterized eddy-driven 
circulation. 
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black lines in Fig.1), the tracer anomaly (black line) is made up 
of the added tracer (red line) and redistributed tracer (blue 
line). 
The added tracer includes contributions from the time integral 
of the net source and the advection of added tracer. 
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In the Southern Ocean, broadly similar storage for the models
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3. 
The normalized anomalies for the temporal 
change in (a) heat and (b) carbon over the 
upper 1000 m for the Southern Ocean for 
GFDL-ESM2M, HadGEM2-ES and 
CanESM2M. 
In the tracer budget for the upper 1000m of the 
domain (dashed black lines), the tracer 
anomaly (black line) is made up of the added 
tracer (red line) and redistributed tracer (blue 
line). The added tracer includes contributions 
from the time integral of the net source and the 
advection of added tracer. 



Abstract

Ref: Williams, R.G., A. Katavouta and V. M. Roussenov, 2021. Regional asymmetries in ocean heat and carbon storage due to 
dynamic redistribution in climate model projections. J. Climate, doi: 10.1175/JCLI-D-20-0519.1.

Projected changes in ocean heat and carbon storage are assessed in terms of the added and  redistributed tracer using a transport-
based framework for 6 CMIP5 Earth system models following an annual 1% rise in atmospheric CO2. 


Heat and carbon budgets for the added and redistributed tracer are used to compare the reasons for the relatively-reduced storage of 
heat and carbon within the Southern Ocean. Here the added tracer takes account of the net tracer source and the advection of the 
added tracer, while the redistributed tracer takes account of the time-varying advection of the pre-industrial tracer  distribution. 


The added heat and carbon are nearly always positive over the Southern Ocean with the net source acting to supply tracer. However, 
there is a relatively-reduced local storage of heat and carbon in the Southern Ocean due to the passive northward transport of heat and 
carbon by the overturning, which is augmented by a passive northward carbon transport for the gyre circulation. 


In contrast, the redistributed heat is usually negative and the redistributed carbon is positive over the Southern Ocean due to the 
transport effects of a strengthening residual circulation and the opposing gradients in the pre-industrial temperature and  
carbon. 


Hence, climate projections for the Southern Ocean are expected to have heat anomalies of a variable sign and carbon anomalies of a 
consistently positive  sign, since the effects of added and redistribution heat are opposing in sign, while the effects of added and 
redistributed carbon reinforce each other.  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ABSTRACT: Projected changes in ocean heat and carbon storage are assessed in terms of the added and redistributed tracer using a
transport-based framework, which is applied to an idealized climatemodel and a suite of six CMIP5Earth systemmodels following an
annual 1% rise in atmospheric CO2. Heat and carbon budgets for the added and redistributed tracer are used to explain opposing
regional patterns in the storage of ocean heat and carbon anomalies, such as in the tropics and subpolar North Atlantic, and the
relatively reduced storagewithin theSouthernOcean.Here the added tracer takes account of thenet tracer source and theadvectionof
the added tracer by the circulation, while the redistributed tracer takes account of the time-varying circulation advecting the prein-
dustrial tracerdistribution.Theaddedheat andcarbonoftenhavea similar sign toeachotherwith thenet sourceusuallyacting to supply
the tracer. In contrast, the redistributed heat and carbon consistently have an opposing sign to each other due to the opposing gradients
in the preindustrial temperature and carbon. These different signs in heat and carbon redistribution can lead to regional asymmetries in
the climate-driven changes in ocean heat and carbon storage. For a weakening in the Atlantic overturning and strengthening in the
SouthernOcean residual circulation, the high latitudes are expected to have heat anomalies of variable sign and carbon anomalies of a
consistently positive sign, since added and redistributed tracers are opposing in sign for heat and the same sign for carbon there.
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1. Introduction

The ocean provides an important role in sequestering the
extra carbon and heat supplied to the climate system from
carbon emissions and the rise in radiative forcing. This addi-
tional heat and carbon is preferentially stored in the upper
ocean, residing mainly within the mixed layer and the stratified
thermocline (Sabine et al. 2004; Zanna et al. 2019).

The relationship between the patterns of climate-driven
changes in heat and carbon storage varies according to their sur-
face sources and sinks and the controlling dynamics. The addi-
tional heat and carbon supplied to the surfacemixed layer spreads
into the rest of the ocean following ventilation pathways, involving
subduction into the thermocline or convective transfer to the deep
ocean, as part of a combination of gyre, eddy, and overturning
circulations. Accordingly, the storage of the extra heat and carbon
might be expected to mimic each other given their similar venti-
lation pathways. However, there are differences in this heat and
carbon storage due to contrasts in their surface sources and sinks:
the supply of heat is affected by air–sea transfer processes and
radiative feedbacks, while the supply of carbon is affected by air–
sea transfer processes, solubility changes, and buffering from
carbonate chemistry and is weakly modified by biological cycling.

The climate-driven changes in ocean heat and carbon storage
are also affected by how the time-varying circulation redistributes

pre-existing heat and carbon in the ocean, as well as by the addition
of heat and carbon. This redistribution effect is more prominent for
heat than carbon due to the relatively large latitudinal and depth
contrasts in temperature compared with the more limited contrasts
for dissolved inorganic carbon (Winton et al. 2013).

The resulting patterns of the climate-driven changes in heat
and carbon storage might then be expected to fall within one of
two regimes: (i) similar patterns in heat and carbon gain if the
added heat and carbon spread passively along the same ven-
tilation pathways and differing only due to differences in their
surface sources or (ii) contrasting patterns in heat and carbon
gain if the time-varying circulation drives significant redistri-
bution of pre-existing heat and carbon.

In accord with these different regimes, there are different
explanations for the climate-driven changes in ocean heat and
carbon storage. Anthropogenic heat is often viewed as spread-
ing in a passive manner, as mapped over the globe by Zanna
et al. (2019), and used to explain how heat sequestered in the
Southern Ocean (Frölicher et al. 2015) spreads northward, ad-
vected by the preindustrial circulation (Marshall et al. 2015;
Armour et al. 2016). However, anthropogenic heat is also
viewed to evolve in a dynamical manner in the North Atlantic,
taking into account the effect of a temporal change in the cir-
culation (Banks and Gregory 2006; Xie and Vallis 2012; Winton
et al. 2013; Gregory et al. 2016). Both of these passive and dy-
namic effects are taken into account in how the anthropogenic
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ABSTRACT: Projected changes in ocean heat and carbon storage are assessed in terms of the added and redistributed tracer using a
transport-based framework, which is applied to an idealized climatemodel and a suite of six CMIP5Earth systemmodels following an
annual 1% rise in atmospheric CO2. Heat and carbon budgets for the added and redistributed tracer are used to explain opposing
regional patterns in the storage of ocean heat and carbon anomalies, such as in the tropics and subpolar North Atlantic, and the
relatively reduced storagewithin theSouthernOcean.Here the added tracer takes account of thenet tracer source and theadvectionof
the added tracer by the circulation, while the redistributed tracer takes account of the time-varying circulation advecting the prein-
dustrial tracerdistribution.Theaddedheat andcarbonoftenhavea similar sign toeachotherwith thenet sourceusuallyacting to supply
the tracer. In contrast, the redistributed heat and carbon consistently have an opposing sign to each other due to the opposing gradients
in the preindustrial temperature and carbon. These different signs in heat and carbon redistribution can lead to regional asymmetries in
the climate-driven changes in ocean heat and carbon storage. For a weakening in the Atlantic overturning and strengthening in the
SouthernOcean residual circulation, the high latitudes are expected to have heat anomalies of variable sign and carbon anomalies of a
consistently positive sign, since added and redistributed tracers are opposing in sign for heat and the same sign for carbon there.

KEYWORDS: Meridional overturning circulation; Upwelling/downwelling; Anthropogenic effects/forcing; Climate
change; Climate models

1. Introduction

The ocean provides an important role in sequestering the
extra carbon and heat supplied to the climate system from
carbon emissions and the rise in radiative forcing. This addi-
tional heat and carbon is preferentially stored in the upper
ocean, residing mainly within the mixed layer and the stratified
thermocline (Sabine et al. 2004; Zanna et al. 2019).

The relationship between the patterns of climate-driven
changes in heat and carbon storage varies according to their sur-
face sources and sinks and the controlling dynamics. The addi-
tional heat and carbon supplied to the surfacemixed layer spreads
into the rest of the ocean following ventilation pathways, involving
subduction into the thermocline or convective transfer to the deep
ocean, as part of a combination of gyre, eddy, and overturning
circulations. Accordingly, the storage of the extra heat and carbon
might be expected to mimic each other given their similar venti-
lation pathways. However, there are differences in this heat and
carbon storage due to contrasts in their surface sources and sinks:
the supply of heat is affected by air–sea transfer processes and
radiative feedbacks, while the supply of carbon is affected by air–
sea transfer processes, solubility changes, and buffering from
carbonate chemistry and is weakly modified by biological cycling.

The climate-driven changes in ocean heat and carbon storage
are also affected by how the time-varying circulation redistributes

pre-existing heat and carbon in the ocean, as well as by the addition
of heat and carbon. This redistribution effect is more prominent for
heat than carbon due to the relatively large latitudinal and depth
contrasts in temperature compared with the more limited contrasts
for dissolved inorganic carbon (Winton et al. 2013).

The resulting patterns of the climate-driven changes in heat
and carbon storage might then be expected to fall within one of
two regimes: (i) similar patterns in heat and carbon gain if the
added heat and carbon spread passively along the same ven-
tilation pathways and differing only due to differences in their
surface sources or (ii) contrasting patterns in heat and carbon
gain if the time-varying circulation drives significant redistri-
bution of pre-existing heat and carbon.

In accord with these different regimes, there are different
explanations for the climate-driven changes in ocean heat and
carbon storage. Anthropogenic heat is often viewed as spread-
ing in a passive manner, as mapped over the globe by Zanna
et al. (2019), and used to explain how heat sequestered in the
Southern Ocean (Frölicher et al. 2015) spreads northward, ad-
vected by the preindustrial circulation (Marshall et al. 2015;
Armour et al. 2016). However, anthropogenic heat is also
viewed to evolve in a dynamical manner in the North Atlantic,
taking into account the effect of a temporal change in the cir-
culation (Banks and Gregory 2006; Xie and Vallis 2012; Winton
et al. 2013; Gregory et al. 2016). Both of these passive and dy-
namic effects are taken into account in how the anthropogenic
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heat is viewed in terms of added and redistributed heat com-
ponents (Xie and Vallis 2012; Gregory et al. 2016).

The ocean carbon is often separated into anthropogenic
carbon and a much larger background of natural carbon. The
anthropogenic carbon is usually diagnosed from observations
using a quasi-conserved carbon tracer (Gruber et al. 1996;
Sabine et al. 2004; Clement and Gruber 2018) or inferred from
recently injected anthropogenic tracers, such as CFCs, as-
suming an unchanging ocean circulation (Hall et al. 2002;
Waugh et al. 2006; Khatiwala et al. 2009; DeVries 2014). The
time-varying circulation alters the transport of anthropogenic
carbon (DeVries et al. 2017; Gruber et al. 2019), as well as
leading to the redistribution of the natural carbon (Bernardello
et al. 2014; Thomas et al. 2018). In addition, a carbon-cycle
feedback framework is used to separate changes in the global
ocean carbon inventory into contributions from the increase in
atmospheric CO2 or from changes in physical climate, where
the physical climate combines together the effects of warming
and circulation changes (Friedlingstein et al. 2006; Schwinger
et al. 2014; Williams et al. 2019; Arora et al. 2020).

The extent to which the patterns of climate-driven changes
in ocean heat and carbon storage resemble each other is first
illustrated for centennial projections of six CMIP5 Earth sys-
tem models following a 1% annual rise in atmospheric CO2

(section 2). The changes in ocean heat and carbon storage are
explored using the same transport-based framework, separat-
ing the tracer storage into contributions from the added tracer
and redistributed tracer (section 3). The ocean heat and carbon
responses are compared using a simplified climate model for
the Atlantic sector with and without a changing overturning
(section 4). The transport-based framework is then applied to
identify the added and redistributed heat and carbon for the
CMIP5 Earth system models (section 5) for three regions ex-
periencing different dynamic responses: the subpolar North
Atlantic, the tropical Atlantic, and the Southern Ocean. The
wider implications of the study are finally discussed (section 6).

2. Regional variations in the change in ocean heat and
carbon storage in CMIP5 projections

The changes in upper ocean heat and carbon storage are con-
sidered for projections following an annual 1% rise in atmospheric

CO2 over 140 years for six CIMP5 Earth systemmodels (Table 1).
All the models follow the same atmospheric CO2 history starting
from a preindustrial value of 286ppm, which is increased by 1%
every year and reaches 750ppm at year 100.

All of the models reveal widespread projected increases in
global ocean heat and carbon storage, varying from 1.4 3 1024

to 1.93 1024 J and from 350 to 460 PgC, respectively, which are
much larger than the historical increases from the preindustrial
to the present day of typically 4.363 1021 J (Zanna et al. 2019)
and 160 PgC (Friedlingstein et al. 2020). Over the Atlantic
sector, the increase in ocean heat and carbon occurs mainly
over the upper kilometer, coinciding with the thick thermo-
cline over the subtropical gyres, typically at 408S and 408N
(Figs. 1a,b; see also Figs. A1a,b in the appendix).

A normalized tracer anomaly is used to compare the re-
gional patterns in ocean heat and carbon storage, which is posi-
tive or negative according to whether the local tracer storage is
greater or less than the global mean. The normalized tracer,
(c0 2 hc0i)/sc0(t), is defined by the actual tracer anomaly minus
the global-mean tracer anomaly, divided by the standard devia-
tion over the global domain; here the prime indicates the local
change in tracer since the preindustrial, where c(x, y, z, t)5 co(x,
y, z, to)1 c0(x, y, z, t) (co is the preindustrial tracer at time to and c

0

is the tracer anomaly in time), and the angle brackets indicate a
volume-weighted, globalmean, hc0(t)i5 (1/V)

Ð
Vc

0(x, y, z, t)dV,
whereV is the volume, and sc0 is the standard deviation of c0 over
the global domain.

The normalized thermal anomaly reveals generally a pref-
erential heat storage in the subtropics and the tropics in the
Atlantic, but sometimes a reduction in heat storage in the
subpolar North Atlantic relative to the global mean (Fig. 1c).
The normalized carbon anomaly reveals a more consistent
response with enhanced carbon storage in the middle and high
latitudes of the North Atlantic and the subtropics of the
SouthernHemisphere, but less carbon storage in the tropics for
most models relative to the global mean (Fig. 1d).

The relationship between the normalized heat and carbon
anomalies is particularly variable over the Atlantic domain
(Figs. 1c,d), and there are smaller differences in the Pacific and
Indian basins. Over the subtropics, the enhanced storage of heat
and of carbon are often consistentwith eachother.However, over
the tropics, there is usually an increase in heat storage relative to

TABLE 1. Global metrics for six CMIP5 Earth system models forced by an annual 1% rise in atmospheric CO2 after 100 years: global-
mean increase in upper ocean temperatureT0 and carbon DIC0 relative to the preindustrial evaluated over the upper 500m, a comparison
between the ratios of depth contrasts in the preindustrial tracer and anthropogenic tracer, DTo/DT0 and DDICo/DDIC0, where the tracer
contrastsDc5 c(z1)2 c(z2) are taken as themagnitude in the tracer difference across the thermocline (between the upper 500m and from
below the depth of 2500m). The dynamic redistribution is relatively large for temperature compared to carbon, as the ratios of DTo/DT0

are greater than that of DDICo/DDIC0 from (5). The upper three models have a stronger Atlantic overturning, while the lower three
models have a weak overturning.

Earth system model T0 (K) DIC0 (mmol m23) DTo/DT0 DDICo/DDIC0 (DTo /DT0)/(DDICo/DDIC0) Reference

GFDL-ESM2M 0.77 111 13.6 21.9 27.1 Dunne et al. (2013)
NorESM1-ME 1.01 112 10.6 20.7 216.0 Tjiputra et al. (2013)
MPI-ESM-LR 1.19 119 8.9 21.5 25.9 Giorgetta et al. (2013)
HadGEM2-ES 1.27 116 7.6 21.5 25.2 Jones et al. (2011)
CanESM2M 1.35 112 7.7 21.2 26.5 Arora et al. (2011)
IPSL-CM5A-LR 1.37 125 7.8 21.7 24.5 Dufresne et al. (2013)
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