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ABSTRACT

The surface warming response to carbon emissions is affected by how the ocean sequesters excess heat and

carbon supplied to the climate system. This ocean uptake involves the ventilation mechanism, where heat and

carbon are taken up by the mixed layer and transferred to the thermocline and deep ocean. The effect of ocean

ventilation on the surface warming response to carbon emissions is explored using simplified conceptual models

of the atmosphere and ocean with and without explicit representation of the meridional overturning. Sensitivity

experiments are conducted to investigate the effects of (i) mixed layer thickness, (ii) rate of ventilation of the

ocean interior, (iii) strength of the meridional overturning, and (iv) extent of subduction in the Southern Ocean.

Our diagnostics focus on a climate metric, the transient climate response to carbon emissions (TCRE), defined

by the ratio of surfacewarming to the cumulative carbon emissions, whichmay be expressed in terms of separate

thermal and carbon contributions. The variability in the thermal contribution due to changes in ocean ventilation

dominates the variability in the TCRE on time scales from years to centuries, while that of the carbon contri-

bution dominates on time scales from centuries to millennia. These ventilated controls are primarily from

changes in themixed layer thickness on decadal time scales, and in the rate of ventilated transfer from themixed

layer to the thermocline and deep ocean on centennial and millennial time scales, which is itself affected by the

strength of the meridional overturning and extent of subduction in the Southern Ocean.

1. Introduction

Climate model projections reveal that the global-

mean surface warming increases nearly linearly with

cumulative carbon emissions (Allen et al. 2009; Gillett

et al. 2013; Matthews et al. 2009; Zickfeld et al. 2009).

This proportionality between the global-mean increase

in surface air temperature and the cumulative carbon

emissions has been used to define a climate metric in

Earth systemmodels, referred to as the transient climate

response to cumulative carbon emissions (TCRE).

The ocean plays a central role in determining this con-

nection between surface warming and carbon emissions

through ocean uptake of heat and carbon (Solomon et al.

2009). The ocean uptake of atmospheric CO2 acts to de-

crease radiative forcing and so provides a cooling effect,

while the proportion of radiative forcing driving ocean

heat uptake declines in time and so provides a warming

effect (Goodwin et al. 2015; Williams et al. 2016, 2017a).
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The dependence of surface warming on carbon emis-

sions differs in magnitude between different models,

such as with the TCRE varying between 1.20 and 2.45K

(1000PgC)21 in a suite of 10CMIP5modelswith an annual

1% rise in atmospheric CO2 (Williams et al. 2017b). Their

intermodel differences in the TCRE arise mostly from

differences in the thermal response on decadal to multi-

decadal time scales, with differences in the carbon response

becoming important on multidecadal to centennial time

scales (Williams et al. 2017b). The intermodel spread in

climate feedbacks (Andrews et al. 2012; Forster et al. 2013)

is the largest driver of uncertainty in the TCRE, but the

intermodel spread in ocean heat uptake also contributes

(Raper et al. 2002; Geoffroy et al. 2012; MacDougall et al.

2017;Williams et al. 2017b).What is unclear is the effect of

different ocean ventilation mechanisms in controlling this

surface warming dependence on carbon emissions and in

leading to intermodel differences in the TCRE.

The ocean uptake of anthropogenic heat and carbon is

primarily controlled by the ventilation process involving

uptake of heat and carbon by the surface mixed layer and

subsequent transfer into the main thermocline and the

deep ocean. This ventilated response is affected by the

strength of the Atlantic meridional overturning circula-

tion, which in turn alters the surface warming response to

carbon emissions (Xie and Vallis 2012; Rugenstein et al.

2013; Winton et al. 2013). The Atlantic meridional

overturning circulation varies significantly among Earth

system models (Gregory et al. 2005; Cheng et al. 2013)

and this variation is partially responsible for the spread in

the transient warming due to emissions (Kostov et al.

2014). However, ocean ventilation is not solely controlled

by the strength of the meridional overturning circulation,

but also affected by the thickness of the mixed layer, and

the horizontal gyre, eddy, and circumpolar circulations

affecting the formation of mode waters and their

spreading into the thermocline and ocean interior.

Hence, we need to understand how the full range of

physical effects contributing to ocean ventilation help

determine the climate response of a model.

In this study we investigate how the climate metric, the

transient climate response to cumulative carbon emissions,

is controlled by (i) the thickness of the mixed layer in

contact with the atmosphere, (ii) the rate of ventilation

between the mixed layer and the ocean interior, (iii) the

strength of the meridional overturning, and (iv) the extent

of Southern Ocean mode water formation. To address

these questions, we take a step back from the complex

Earth system models and conduct sensitivity experiment

using idealized atmosphere–ocean models so as to

provide a clearer mechanistic connection between the ef-

fects of different processes contributing to ventilation and

the TCRE. Since observational reconstructions reveal

enhanced uptake of anthropogenic heat and carbon in the

upper thermocline over the global ocean (Sabine et al.

2004;Roemmich et al. 2015), one of our conceptualmodels

includes a thermocline with a dynamically controlled

thickness (Gnanadesikan 1999;Marshall andZanna 2014).

The outline of the paper is as follows: The formulation

of the idealizedmodels and sensitivity experiments is first

presented (section 2). The climate response in the sensi-

tivity experiments is interpreted by separating the de-

pendence of surface warming on carbon emissions, as

given by the TCRE, into a product of thermal and carbon

contributions (Williams et al. 2016) and identifying the

relative importance of the different processes contribut-

ing to ocean ventilation (section 3). The effect of different

ventilation processes on the TCRE is assessed across

parameter space by diagnosing the response of a large set

of model ensembles (section 4). Finally, the implications

and the caveats to the study are discussed (section 5).

2. Model formulation and experiments

The effects of different processes contributing to

ocean ventilation on the climate metric, the TCRE, are

investigated using two idealized box models of the

atmosphere–ocean system, either without or with an

explicit representation of the ocean meridional over-

turning circulation.

a. 1D box model of the atmosphere–ocean

The 1D box model consists of three homogeneous

layers: a slab atmosphere, an ocean mixed layer, and an

ocean interior (Fig. 1a). The model solves for the heat and

carbon exchange due to carbon emissions between these

layers, including physical and chemical transfers, but ig-

noring biological transfers, and sediment and weathering

interactions; see supplementary material in Katavouta

et al. (2018). Ocean ventilation is represented by the ocean

interior taking up the temperature and carbon anomalies

of the mixed layer with a relaxation closure, such that the

rates of change in the temperature and the dissolved in-

organic carbon of the ocean interior are described by

d

dt
T
int
(t)5

1

t
vent

[DT
ml
(t)2DT

int
(t)], and (1a)

d

dt
DIC

int
(t)5

1

t
vent

[DDIC
ml
(t)2DDIC

int
(t)] , (1b)

where tvent is a relaxation time scale referred to as the

ventilation time scale, DT(t) is the temperature change

(K), and DDIC(t) the carbon change (mol kg21) relative

to the preindustrial, and subscriptsml and int refer to the
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ocean mixed layer and interior values, respectively; this

model is referred to as the 1D box model.

b. Box model of the atmosphere–ocean with meridi-
onal overturning

Our box model of the atmosphere and ocean with

meridional overturning (Fig. 1b) follows the layered

model of the global thermocline byGnanadesikan (1999)

and the extensions by Johnson et al. (2007) and Marshall

and Zanna (2014).

Light water is transformed to dense water by surface

cooling in the northern high latitudes, at a volume rate of

qNA, equivalent to the strength of the meridional over-

turning. Dense water is transformed back to light water

either by diapycnal transfers in the low latitudes, at a

volume rate of qy, or by a surface warming conversion

FIG. 1. Idealized atmosphere–oceanmodels: (a) the 1D boxmodel with three layers, a slab

atmosphere (gray), ocean mixed layer (pale blue), and ocean interior (dark blue); and

(b) the box model with overturning circulation including a slab atmosphere (gray), an upper

layer of light water consisting of a thermocline layer (light blue), and a surface mixed layer

(pale blue) in the low latitudes, and two upper layers at southern and northern high latitudes

and a lower layer of dense water (darker shades of blue). The upper layer of light water in

the low latitudes has a thickness of h(t) 5 htherm(t) 1 hml. Heat and carbon fluxes into the

atmosphere and from the atmosphere into the ocean driven by carbon emissions are de-

noted by red and blue arrows, respectively, while the volume transports between the dif-

ferent ocean layers are denoted by black arrows. The isolation fraction d represents the

proportion of mode waters formed in the Southern Ocean, which are shielded from the

atmosphere in the low latitudes.
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into light waters in the southern high latitudes associated

with the residual circulation, at a volume rate of qSO,

involving a northward Ekman volume flux partly com-

pensated by a poleward mesoscale eddy flux. The vol-

ume of light waters and overturning strength qNA is then

controlled in a dynamic manner in terms of the dia-

pycnal mixing parameterized by a diapycnal mixing

coefficient, the wind stress in the Southern Ocean, the

strength of the eddies in the Southern Ocean parame-

terized by the eddy diffusivity, and the additional ocean

warming and enhancement of stratification due to the

anthropogenic emissions (see the appendix for the

closures).

To define the extent of ventilation, the light waters in

the low latitudes extend over a variable thickness h(t),

which are further separated into two layers: a mixed

layer with constant thickness hml 5 100m, and a ther-

mocline layer with thickness htherm(t) 5 h(t) 2 hml

(Fig. 1b).

To take into account the extent of communication

between the atmosphere and the upper ocean, an iso-

lation fraction d is defined. This isolation fraction

d defines the relative proportion of the subduction oc-

curring in the Southern Ocean and sets the fraction of

waters remaining below the mixed layer and spreading

northward within the thermocline; instead (1 2 d) sets

how much of the subduction occurs in the low latitudes

and the fraction of waters in contact with the atmo-

sphere in the tropics and subtropics. A rough estimate of

d corresponds to the ratio of the volume of waters sub-

ducted in the southern high latitudes, consisting of

Subantarctic Mode Water and Antarctic Intermediated

Water, and transported northward versus the total vol-

ume of waters subducted and transported northward to

the northern high latitudes, consisting of Subtropical

Mode Water, Subantarctic Mode Water, and Antarctic

Intermediate Water. Based on the water-mass di-

agnostics of Talley (1999) at 248N, this partitioning im-

plies that the ratio d is about 0.7, suggesting that most of

the subducted waters are from the Southern Ocean and

so these waters are shielded from the atmosphere in the

low latitudes.

A slab atmosphere is used to parameterize the ex-

change of heat and carbon between the atmosphere and

the ocean, and two upper-ocean boxes are used to rep-

resent the southern and northern high latitudes. These

high-latitude boxes are used to solve for the heat and

carbon transfer in the ocean but do not directly affect

the model dynamics and volume transports (see the

appendix for model closures). The model solves for the

ocean carbon cycle, including physical and chemical

transfers, but it ignores biological transfers and sediment

and weathering interactions involving changes in the

cycling of organic carbon or calcium carbonate. The

ocean carbonate system is solved using the iterative al-

gorithm of Follows et al. (2006) and assumes that the

total alkalinity remains constant: the model solves for

the changes in pH and the fraction of carbonate species

present in seawater and its effect on the capacity of the

ocean to absorb the changes in atmospheric CO2. This

idealized model is referred to as the box model with

overturning.

c. Sensitivity experiments

The climate response is explored in both box models

to carbon emissions, emitted to the atmosphere at a

constant rate of 20 PgC yr21 for 100 years, and then

integrated until equilibrium is reached after several 1000

years. The resulting increase in atmospheric CO2

drives a radiative forcing: R(t) 5 aDlnCO2(t) (Myhre

et al. 1998), where a5 5.35Wm22 and the preindustrial

CO2(to) is 280ppm. This radiative forcing R(t) is as-

sumed to drive a global-mean radiative response l(t)D
T(t) plus a planetary heat uptake N(t) (Gregory et al.

2004; Gregory and Forster 2008) such that

R(t)5l(t)DT(t)1N(t) , (2)

where l(t) is the climate feedback parameter, which is

assumed constant and equal to 1Wm22K21 in all our

simulations for simplicity. This l value is close to the

CMIP5 Earth system models mean of 1.13Wm22K21

(Forster et al. 2013). The planetary heat uptake, N(t), is

dominated by the ocean heat uptake (Church et al.

2011), and in bothmodels, more than 95%of heat passes

into the ocean; henceforth, the planetary and the ocean

heat uptakes are taken to be effectively equivalent. The

ocean carbon and heat uptakes due to the anthropogenic

carbon emissions are approximated to be spatially uni-

form in these simplified conceptual models.

The 1D box model is used to explore the climate re-

sponse and the sensitivity of the TCRE to two aspects of

ocean ventilation: (i) the thickness of the ocean mixed

layer setting the proportion of waters in direct contact

with the atmosphere, and (ii) the ventilation time scale

setting the rate of transfer of heat and carbon from the

mixed layer to the ocean interior. Sensitivity experi-

ments include varying the thickness of the mixed layer

between a range of 50 and 300m and the ventilation time

scale between a range of 100 and 2000 years, and these

changes occurring either separately or simultaneously

(Table 1).

The box model with overturning is used to explore the

climate response and the sensitivity of the TCRE to two

further mechanisms that control the rate of ventilation

of the ocean interior and extent of communication with
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the atmosphere: (i) the strength of the meridional

overturning that sets the volume transport and transfer

of heat and carbon into the deep ocean and (ii) the

isolation fraction d that controls the proportion of wa-

ters subducted in the Southern Ocean. Sensitivity ex-

periments are conducted varying the Southern Ocean

wind stress and the isolation fraction, and these changes

are applied either separately or simultaneously (Table 1):

the wind stress varies between 0.05 and 0.15Nm22 cor-

responding to a variation of the preindustrial over-

turning strength between 13 and 35Sv (1Sv[ 106m3 s21),

this range encapsulates the observed value of about 17Sv

for the Atlantic meridional overturning circulation

(McCarthy et al. 2015); and the isolation fraction varies

between 0.1 and 0.9, encapsulating a databased estimate of

d of about 0.7 (Talley 1999).

The 1D box model starts by design from a steady state

since the model only solves for anomalies relative to its

initial state. The box model with overturning is initial-

ized with a prescribed atmospheric CO2 5 280 ppm,

temperature and dissolved inorganic carbon for the

mixed layer in the low latitudes and the northern ocean,

the Southern Ocean, and the deep ocean (Table 2),

and a range of choices in the SouthernOcean wind stress

that provides the Ekman upwelling in the Southern

Ocean and the isolation fraction (Table 1). The model is

integrated until the model transports, the thermocline

thickness and its temperature and dissolved inorganic

carbon all adjust to an equilibrium state (see the ap-

pendix). The box model with overturning is simple

enough to experience no significant model drift beyond a

negligible truncation error and so the model reaches a

TABLE 1. Sensitivity experiments: parameter space of the model ensembles. The ventilation time scale sets the rate of ventilation of the

ocean interior in the 1D boxmodel. The SouthernOceanwind stress sets the strength of the overturning circulation. The isolation fraction

sets the proportion of water that is subducted in the SouthernOcean. Note that the experiment with variations in both themixed layer and

the ventilation time scale consists of 4896 ensembles (513 96 ensembles) and the experiment with variations in both SouthernOceanwind

stress and isolation fraction consists of 8181 ensembles (101 3 81 ensembles).

Variable Lower limit Upper limit Interval of variation No. of ensembles

1D box model

Mixed layer thickness (hml) 50m 300m 5m 51

Ventilation time scale (tvent) 100 yr 2000 yr 20 yr 96

Box model with overturning

Southern Ocean wind stress (twind) 0.05Nm22 0.15Nm22 0.001Nm22 101

Isolation fraction (d) 10% 90% 1% 81

TABLE 2. Preindustrial state in the box model with overturning for different choices of Southern Ocean wind stress twind and isolation

fraction d. The preindustrial atmospheric CO2 5 280 ppm is prescribed in all the ensembles. The preindustrial distribution of heat and

carbon and the volume transports vary in the sensitivity experiments, so as an example values from three ensembles are presented.

Subscripts N, S, deep, ml, and therm note the southern high latitude, the northern high latitude, the deep ocean, the mixed layer, and the

thermocline, respectively. Here the flux of heat and carbon into the ocean is shown in W and mol s21 to highlight the thermal and carbon

equilibrium state in the preindustrial.

Variable twind 5 0.05Nm22, d 5 50% twind 5 0.1 Nm22, d 5 50% twind 5 0.1 Nm22, d 5 90%

Northern sinking qNA(to) 13 Sv 23.7 Sv 23.7 Sv

Ekmanupwelling1 eddy return flowqSO(to) 7.4 Sv 19.5 Sv 19.5 Sv

Diapycnal upwelling qy(to) 5.6 Sv 4.2 Sv 4.2 Sv

Upper-ocean depth in low latitudes h(to) 362m 487m 487m

Temperature TN(to), TS(to), and Tdeep(to) 58C 58C 58C
Temperature Tml(to) 258C 258C 258C
Temperature Ttherm(to) 10.78C 13.28C 6.78C
Heat uptake NS(to) 0W 0W 0W

Heat uptake NN(to) 23 3 1014W 28 3 1014W 21.6 3 1014W

Heat uptake Nml(to) 3 3 1014W 8 3 1014W 1.6 3 1014W

Carbon DICN(to), DICS(to), and

DICdeep(to)

2140mmol kg21 2140mmol kg21 2140mmol kg21

Carbon DICml(to) 1945mmol kg21 1945mmol kg21 1945mmol kg21

Carbon DICtherm(to) 2085mmol kg21 2060mmol kg21 2124mmol kg21

Carbon uptake FS(to) 0mol s21 0mol s21 0mol s21

Carbon uptake FN(to) 7.4 3 105mol s21 2 3 106mol s21 3.9 3 105mol s21

Carbon uptake Fml(to) 27.4 3 105mol s21 22 3 106mol s21 23.9 3 105mol s21
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real equilibrium state. This preindustrial equilibrium

state differs for each ensemble (Table 2) and then forms

the initial conditions for the model integrations with an-

thropogenic emissions.

Including anthropogenic emissions drives increasing

radiative forcing and additional ocean heat supply,

which in turn alters the volume of light water and the

strength of the meridional overturning. The change in

the meridional overturning DqNA(t), involving the vol-

ume transport from the upper ocean into the deep ocean

in the high latitudes in the Northern Hemisphere, is

related to the total ocean heat uptake averaged over the

surface area of light water N(t) (W m22) by

Dq
NA

(t)5
N(t)A

low

r
o
C

p,o
[T

light
(t)2T

deep
(t)]

, (3)

where this change in overturning equates to changes in

the North Atlantic Deep Water formation; here Alow is

the model area covered by the low latitudes, ro is a

referenced ocean density, Cp,o is the specific heat ca-

pacity for the ocean, and Tlight and Tdeep are the tem-

peratures of light waters in the low latitudes (mixed

layer and thermocline) and of dense waters in the deep

ocean, respectively.

These changes in the strength of the meridional

overturning qNA(t) (Fig. 2a) drive subsequent changes in

the Southern Ocean residual circulation involving a

surface warming conversion into light waters in the

southern high latitudes qSO(t) (Fig. 2b) and the dia-

pycnal transfer in the low latitudes qy(t) (Fig. 2c), which

then collectively alter the thickness of the thermocline

htherm(t) (Fig. 2d). The meridional overturning weakens

with the additional surface heating during emissions but

FIG. 2. The evolution of the volume transports and the thickness of the light waters from the preindustrial state in the

box model with overturning forced by emissions, from selected ensemble members with twind 5 0.05, 0.1, and

0.15Nm22, corresponding to an overturning at the preindustrial of qNA(to) 5 13, 24, and 35 Sv, respectively, and a

fraction of isolation d5 50%: (a) the volume rate of transformation of light water into dense water at the northern high

latitudes qNA (Sv), equivalent to the strength of meridional overturning; (b) the volume rate of transformation of the

densewater into lightwaters in the southern high latitudes qSO (Sv), equivalent to the residual circulation; (c) the volume

rate of transformation of dense waters into light waters associated with diapycnal mixing in low latitudes qy (Sv); and

(d) the thickness of light waters h (m). The thin black dotted line denotes the cessation of the emissions.
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gradually recovers after emissions cease (Fig. 2). For

simplicity, the climate feedback parameter is chosen to

remain constant in our sensitivity experiments and so does

not alter with changes in the overturning, as instead ex-

plored by Winton et al. (2013) and Garuba et al. (2018).

3. Ocean mechanisms affecting the climate metric,
the TCRE

The transient climate response to emissions, TCRE,

defined by the ratio of the changes in global-mean sur-

face air temperature since the preindustrial era DT(t) to
the cumulative carbon emissions Iem(t), may be in-

terpreted as the product of a thermal contributionDT(t)/R(t)
and a carbon contribution R(t)/Iem(t) (Goodwin et al.

2015; Williams et al. 2016, 2017a; Katavouta et al.

2018):

TCRE5
DT(t)

I
em
(t)

5
DT(t)

R(t)

R(t)

I
em
(t)

, (4)

where R(t) is the radiative forcing.

The carbon contribution R(t)/Iem(t) is affected by

the ocean carbon uptake as the radiative forcing R(t)

is proportional to the logarithmic change in the

atmospheric CO2 relative to the preindustrial R(t)5
aDlnCO2(t).

In both our models, during emissions (black solid lines

in Figs. 3a,c), there is an increase in both the atmosphere

carbon inventory DIatm (black dashed lines in Figs. 3a,c)

and the ocean carbon inventory DIocean (black dashed–

dotted lines in Figs. 3a,c), where D represents changes

relative to the preindustrial era. After emissions cease,

the ocean carbon inventory increases at the expense

of the atmospheric carbon inventory, as carbon is

FIG. 3. Carbon and heat budgets (left) in the 1D box model from an ensemble member with a mixed layer

thickness of hml 5 100m and a ventilation time scale of tvent 5 1000 years and (right) in the box model with

overturning from an ensemble member with a Southern Ocean wind stress of twind 5 0.1 Nm22, corresponding to

an overturning at the preindustrial of qNA(to)5 24 Sv, and a fraction of isolation of d5 50%: (a),(c) the cumulative

carbon emissions Iem(t) (PgC), and the changes in the atmosphere and ocean carbon inventories relative to the

preindustrialDIatm(t) andDIocean(t) (PgC), respectively, alongwith the carbon contribution to the TCRER(t)/Iem(t)

[W m22 (1000 PgC)21]; and (b),(d) the radiative forcing R(t) in (W m22), the radiative response lDT(t) (W m22),

and the net heat uptakeN(t) (Wm22), along with the thermal contribution to the TCREDT(t)/R(t) [K (Wm22)21].

The thin black dotted line denotes the cessation of the emissions.
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transferred into the ocean until a new global equilibrium

is attained after typically 5000 years for a ventilation

time scale of tvent 5 1000 years. This transfer of carbon

from the atmosphere into the ocean corresponds to a

general decrease in the carbon contribution R(t)/Iem(t)

(red lines in Figs. 3a,c) in time from the onset of emis-

sions until a new equilibrium is reached.

The thermal contribution DT(t)/R(t) may be un-

derstood in terms of the empirical global heat budget in

(2). The thermal contribution is controlled by the frac-

tion of the radiative forcingR(t) directed toward surface

warming and providing a radiative response lDT(t)
rather than an increase in ocean heat content N(t).

In both our models, the radiative forcing increases

during emissions and decreases after emissions cease

(black solid lines in Figs. 3b,d) following the changes in

atmospheric CO2. Initially most of the radiative forcing

is directed toward warming the ocean and increasing

ocean heat content N(t) (black dashed–dotted lines in

Figs. 3b,d). As the ocean interior warms, a larger frac-

tion of the radiative forcing is instead directed toward

surface warming (black dashed lines in Figs. 3b,d). After

emissions cease, ocean heat uptake gradually declines

until the system reaches equilibrium when there is no

further ocean heat uptake and all the radiative forcing is

directed toward surface warming and providing a radi-

ative response. This gradual decline in the fraction of the

radiative forcing directed toward ocean heat uptake

corresponds to a general increase in the thermal con-

tribution DT(t)/R(t) (red lines in Figs. 3b,d), until a new

equilibrium is attained.

For an atmosphere–ocean system at equilibrium, the

climate response DT(teq)/Iem(teq) is independent of the
ocean ventilation and equal to a/(lIB) (Williams et al.

2012), where IB is the buffered atmosphere and ocean

carbon inventory at the preindustrial (Goodwin et al.

2007). However, during the transient period, the thermal

and carbon contributions to the TCRE are controlled by

how the ocean sequesters heat and carbon, and so the

TCRE is a function of ocean ventilation. The effect of

different ventilation processes altering the TCRE is

investigated next.

a. Role of the thickness of the mixed layer

In our 1D box model, the mixed layer responds rela-

tively rapidly to any forcing applied at the air–sea in-

terface, compared with the response of the ocean interior.

This fast response to emissions dominates the climate re-

sponse during the beginning of the twentieth century

(Held et al. 2010). A thick mixed layer leads to less at-

mospheric CO2 and a smaller rise in surface air tempera-

ture, so that the TCRE and its carbon R(t)/Iem(t) and

thermal DT(t)/R(t) contributions are smaller (Figs. 4a–c).

The sensitivity of the TCRE (together with its thermal

and carbon contributions) to themixed layer thickness is

largest during the first decade after the start of emissions

and then declines in time (Figs. 4a, 5a). After about a

century, the TCRE dependence on the mixed layer

thickness is small and eventually, after 500 years, the

TCRE becomes independent of the mixed layer thick-

ness (Fig. 5a, middle and right panels).

The sensitivity of the thermal contribution for the

TCRE to the mixed layer thickness is generally larger

than that of the carbon contribution (Figs. 4b,c and 5b,c)

as the ocean heat uptake is enhanced by its specific heat

capacity, while the carbon uptake is inhibited by ocean

buffering from carbonate chemistry.

b. Role of the ventilation time scale

In our 1D box model, the ventilation time scale con-

trols the response of the ocean interior to atmospheric

changes. A shorter ventilation time scale corresponds

to a more rapid ventilation rate and an enhanced

transfer of carbon and heat into the ocean interior.

Hence, a shorter ventilation time scale leads to a smaller

TCRE and smaller carbon R(t)/Iem(t) and thermal

DT(t)/R(t) contributions during the transient period

before equilibrium (Figs. 4d–f).

The sensitivities of the carbon and thermal contribu-

tions to the ventilation rate operate on different time

scales (Figs. 5b,c). On time scales of a decade to a cen-

tury, the thermal contribution dominates the sensitivity

of the TCRE, while on time scales of 500 years, the

carbon contribution becomes more important. This

difference in the sensitivities of the carbon and thermal

contributions to the TCRE is due to the ocean heat and

carbon uptake being controlled by differentmechanisms

operating on different time scales, such as involving the

effects of heat storage and climate feedback versus

carbon storage and ocean carbonate chemistry.

The TCRE sensitivity to the ventilation time scale is

relatively small compared to the TCRE sensitivity to the

thickness of the mixed layer during the first decade since

the onset of emissions (Fig. 5a, left panel). After the first

decade, the TCRE becomes more sensitive to the ven-

tilation time scale and is further modified by the thick-

ness of the mixed layer (Fig. 5a, middle panel). On a

time scale of 500 years, the TCRE only depends on the

ventilation time scale (Fig. 5a, right panel).

c. Role of the meridional overturning and isolation
fraction

In the box model with overturning, the ventilation is

affected by twomechanisms: the strength of overturning

circulation and the extent of subduction in the Southern

Ocean. The overturning circulation controls the exchange
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FIG. 4. Sensitivity (left) to the mixed layer thickness from selected ensemble members with a ventilation time

scale of tvent 5 500 years and mixed layer thickness of hml 5 50, 100, and 300m and (right) to the rate of the

ventilation of the ocean interior from selected ensemblemembers with amixed layer thickness of hml5 100m and a

ventilation time scale of tvent 5 100, 500, and 1000 years in the 1D box model: (a),(d) the TCRE DT(t)/Iem(t) [K
(1000 PgC)21]; (b),(e) carbon contribution to the TCRE R(t)/Iem(t) [W m22 (1000 PgC)21]; and (c),(f) thermal

contribution to the TCRE DT(t)/R(t) [K (W m22)21]. The thin black dotted line denotes the cessation of the

emissions.
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of water between the upper ocean and the deep ocean

and so alters the transfer of heat and carbon to the deep

ocean. A stronger overturning is associated with an en-

hanced transfer of heat and carbon into the deep ocean

and so leads to a smaller TCRE and its carbon and

thermal contributions (Figs. 6a–c), represented by

R(t)/Iem(t) and DT(t)/R(t), respectively.
The isolation fraction d sets the proportion of waters

subducted in the Southern Ocean relative to the total

subduction rate. As d increases, the proportion of waters

subducted in the Southern Ocean increases, which re-

duces the communication with the atmosphere in the

low latitudes and so reduces the uptake of heat and

carbon there. In turn this reduced ocean heat and carbon

uptake leads to a larger TCRE and carbon R(t)/Iem(t)

and thermal DT(t)/R(t) contributions (Figs. 6d–f). In

addition, as d increases, the thermocline waters become

more isolated from the atmosphere and so the TCRE

becomes less sensitive to the overturning strength

(Fig. 7a).

The sensitivities of the carbon R(t)/Iem(t) and thermal

DT(t)/R(t) contributions to the strength of the over-

turning and the isolation fraction (Figs. 7b,c) operate

in a similar manner to the sensitivities to the rate of

ventilation in the 1D box model (Figs. 5b,c): the thermal

contribution again dominates the sensitivity of the

FIG. 5. Sensitivity to the mixed layer thickness and the ventilation time scale in the 1D box model at (left) year 10, (center) year 100,

and (right) year 500: (a) the TCRE DT(t)/Iem(t); (b) carbon contribution to the TCRE R(t)/Iem(t); and (c) thermal contribution to the

TCRE DT(t)/R(t). The estimates are based on the ensemble with variations in both the mixed layer thickness and the ventilation

time scale.
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FIG. 6. Sensitivity (left) to the strength of the overturning circulation from selected ensemble members with a

fraction of isolation d5 50% and a Southern Ocean wind stress twind 5 0.05, 0.1, and 0.15Nm22 corresponding to

an overturning at the preindustrial of qNA(to)5 13, 24, and 35 Sv, respectively, and (right) to the fraction of isolation

from selected ensemble members with a Southern Ocean wind stress twind 5 0.1Nm22 corresponding to an

overturning at the preindustrial of qNA(to) 5 24 Sv and a fraction of isolation d 5 10%, 50%, and 90% in the box

model with overturning: (a),(d) the TCRE DT(t)/Iem(t) [K (1000 PgC)21]; (b),(e) carbon contribution to the TCRE

R(t)/Iem(t) [W m22 (1000 PgC)21]; and (c),(f) thermal contribution to the TCRE DT(t)/R(t) [K (W m22)21]. The

thin black dotted line denotes the cessation of the emissions.
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TCRE on time scales of decades to a century, while the

carbon contribution becomes more important on time

scales of 500 years.

4. Controls of the variability in the climate metric,
the TCRE

The relative importance of the different ventilation

mechanisms and emission scenarios in controlling the

TCRE are now examined using ensemble experiments

covering a wide parameter space (Table 1). The variability

in theTCRE is quantified using the coefficient of variation,

defined by the ratio of the standard deviation and mean

for a given ensemble of model experiment with perturbed

parameters at a particular time (Hawkins and Sutton 2009;

Williams et al. 2017b).

A coefficient of variation is estimated for each of the

four sets of ensembles with perturbation in either (i) the

mixed layer thickness hml, (ii) the ventilation time scale

tvent, (iii) the strength of the overturning circulation

altering with variations in the zonal wind stress in the

Southern Ocean twind, or (iv) the proportion of water

FIG. 7. Sensitivity to the overturning strength qNA and the fraction of isolation d in the box model with overturning at (left) year 10,

(center) year 100, and (right) year 500: (a) the TCRE DT(t)/Iem(t); (b) carbon contribution to the TCRE R(t)/Iem(t); and (c) thermal

contribution to the TCRE DT(t)/R(t). A large isolation fraction implies more subduction in the Southern Ocean and less atmosphere–

ocean interaction in the low latitudes. The estimates are based on the ensemble with variations in both the wind stress and the fraction of

isolation.
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subducted in the Southern Ocean altering with the iso-

lation fraction d (Table 1). This statistical measure is

also evaluated for ensembles with several thousand

members with combined perturbations in the input pa-

rameters for the 1D box model and the box model with

overturning.

a. Effect of ocean ventilation on the TCRE variability

In the 1D box model, the variability of the TCRE due

to the combined variability of the mixed layer thickness

and ventilation time scale is initially large, reduces over

the next century, and subsequently increases over a

couple of centuries before decreasing toward zero over

several millennia (black line in Fig. 8a). On decadal time

scales, the thickness of the mixed layer controls the

variability of the TCRE, while on time scales of several

decades to a century, there is a decreasing effect of

mixed layer thickness and an increasing importance

of the ventilation time scale. Eventually after a couple of

centuries, the ventilation time scale solely controls the

variability of the TCRE (black lines in Figs. 8a–c).

The variability in the TCRE is dominated by the

thermal contribution DT(t)/R(t) on time scales from

years to centuries, but it is then dominated by the carbon

contribution R(t)/Iem(t) (Figs. 8a,c). Over the first cen-

tury, the variability in the thermal contribution gener-

ally decreases in time, while the variability in the carbon

contribution slightly increases in time (red and blue lines

in Fig. 8a). This trend in the variability of the TCRE and

its thermal contribution is generally consistent with

CMIP5 model diagnostics forced by a 1% increase in

atmospheric CO2 (Williams et al. 2017b). However, in

the CMIP5 diagnostics, there is an initial large vari-

ability in the carbon contribution with a slight decreas-

ing trend over the first 30 years since the preindustrial,

which is possibly due to effects of the terrestrial carbon

uptake or from the preindustrial conditions in CMIP5

models not being in equilibrium at the onset of emissions.

In the box model with overturning, the variability in

the strength of the overturning and the isolation fraction

contribute equally to the variability of the TCRE on

time scales of some centuries (Figs. 8d–f), but the

strength of overturning dominates on longer time scales.

The thermal contribution again dominates the variabil-

ity in the TCRE on time scales up to some centuries (red

and blue lines in Figs. 8d–f), but the carbon contribution

becomes important on several centuries to millennia.

From this sensitivity analysis, the implications for

understanding intermodel variability in the TCRE from

Earth system models are that (i) on decadal time scales,

intermodel differences in the thickness of the mixed

layer are likely to be a major source of variability

through their effect on ocean heat uptake; (ii) on time

scales of decades to centuries, intermodel differences in

the ventilation of heat are likely to be a major source of

uncertainty from intermodel differences in the strength

of overturning and mode water formation; and (iii) on

centuries to millennia, intermodel differences in the

carbon contribution from differences in the overturning

become important.

b. Effect of the carbon emissions on the TCRE
variability

The sensitivity analysis is repeated for different rates

and duration of carbon emissions to explore their in-

terplay with the ventilated control of the TCRE (Fig. 9).

The coefficient of variation for changes in the mixed

layer thickness is generally similar for these experiments

with different carbon forcing (Fig. 9a).

The variability of the thermal contribution DT(t)/R(t),
due to changes in the ventilation time scale is effectively

independent of the rate of carbon emissions and when

emissions cease (red lines in Fig. 9b). However, the

variability of the carbon contribution R(t)/Iem(t) due to

changes in the ventilation time scale does alter with the

rate of carbon emissions and the time when emissions

cease. When there is more cumulative carbon emission,

either from a larger emission rate or emissions ceasing

later, the variability of the carbon contribution is smaller

in the centuries after emissions ceasing (blue lines in

Fig. 9b), which accordingly leads to the variability in the

TCRE also being smaller (black lines in Fig. 9b).

This dependence of the variability in the carbon con-

tribution to the rate and duration of carbon emissions is

associatedwith the carbonate chemistry and changes in the

buffering capacity of the ocean. A greater cumulative

carbon emission from a larger emission rate or prolonged

carbon emissions leads to a more acidic ocean surface

during emissions, which alters the buffering capacity of the

ocean. The ocean carbon uptake is then more controlled

by these larger changes in buffering capacity than by the

variability from the physical changes in ventilation, such as

from the ventilation time scale, the overturning strength,

and the isolation fraction (Figs. 9b–d).

The time scale of variability of different ocean venti-

lation processes for the TCRE and its thermal and car-

bon contribution are generally robust to changes in the

strength of the emissions (Fig. 9), despite the strength of

the carbon contribution varying with the cumulative

carbon emission.

5. Discussion and summary

Sensitivity experiments are conducted using concep-

tual atmosphere–ocean models to understand how dif-

ferent aspects of ocean ventilation influence the climate
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metric, the transient climate response to cumulative

carbon emissions (TCRE), and its thermal and carbon

contributions. In our experiments, the variability in the

TCRE from ocean ventilation is dominated on time

scales of years to centuries by the thermal response and

on time scales of centuries to millennia by the carbon

response. The effect of the ventilation is primarily con-

trolled by the thickness of the mixed layer on time scales

FIG. 8. The variability of the TCRE (black lines) and its partition into a carbon contribution R(t)/Iem(t) (blue

lines) and a thermal contribution DT(t)/R(t) (red lines). The variability in the 1D box model driven by (a) the

combined changes in the mixed layer thickness and the ventilation time scale; and separately by (b) changes in the

mixed layer thickness and (c) changes in the ventilation time scale. The variability in the box model with over-

turning driven by (d) the combined changes in the strength of the overturning circulation and the isolation fraction;

and separately by (e) changes in the strength of the overturning and (f) changes in the isolation fraction. The

variability is represented by the coefficient of variation, defined by the standard deviation divided by the mean for

the model ensemble for each set of ventilation experiment (Table 1). The x axes denoting years are presented in a

logarithmic scale. The thin black dotted line denotes the cessation of the emissions.
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of years to decades and then gradually switches to being

controlled by the rate of ventilation of the ocean ther-

mocline and deep ocean on time scales of several de-

cades and longer. This rate of ventilation of the ocean

interior is itself affected by both the variability in

the Atlantic meridional overturning circulation and the

extent of subduction in the Southern Ocean, with the

variability in the meridional overturning circulation

dominating on time scales of several centuries and

longer.

FIG. 9. The variability of the TCRE (black lines) and its partition into a carbon contribution R(t)/Iem(t) (blue lines) and a thermal

contribution DT(t)/R(t) (red lines) driven by different aspects of the ocean ventilation for different carbon emission rate and timing of

cessation of emissions: (a) the mixed layer thickness; (b) the ventilation time scale; (c) the strength of the overturning circulation; and

(d) the isolation fraction. The variability is represented by the coefficient of variation, defined by the standard deviation divided by the

mean for the model ensemble for each set of ventilation experiment (Table 1). The x axes denoting years are presented in a logarithmic

scale. The thin black dotted line denotes the cessation of the emissions.
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Idealized one-dimensional box models have been

extensively used to understand the thermal contribution

of the ocean to the climate response to carbon emissions

(Wigley and Schlesinger 1985; Gregory 2000; Held et al.

2010; Geoffroy et al. 2012; Kostov et al. 2014), together

with amore limited use of conceptual models including a

physical representation of overturning (Marshall and

Zanna 2014). However, unlike previous studies, our

models solve for changes in the ocean heat and carbon

budgets due to carbon emissions and hence allow the

sensitivity of the climate metric, the TCRE, to be as-

sessed. Similarly to previous studies, the thermal re-

sponse to changes in radiative forcing undertakes a fast

adjustment associated with the ocean mixed layer on

time scales of years to decades and a slow adjustment

associated with the ventilation of the ocean interior on

time scales of decades to many centuries (Gregory 2000;

Held et al. 2010). However, unlike previous studies, we

demonstrate that the carbon response to carbon emis-

sions also undertakes a fast adjustment associated with

the response of the ocean mixed layer and a slow ad-

justment associated with the ventilation of the ocean

interior. This slow adjustment of the carbon response be-

comes important in controlling variability in the TCRE on

time scales of several centuries to millennia. For the slow

and fast responses, the time scales for the thermal and

carbon adjustment are not the same as they involve dif-

ferent effects for the thermal response from ocean heat

uptake and climate feedback and for the carbon response

fromocean carbon uptake and ocean carbonate chemistry.

Our sensitivity experiments suggest that the inter-

model variability in the TCRE for Earth system models

is partly controlled by differences in ocean ventilation,

associated with the thickness of the mixed layer and the

rate of ventilation of the ocean interior. Changes in the

ocean circulation redistribute the heat in the ocean and

modify the pattern of sea surface warming (Banks and

Gregory 2006; Xie and Vallis 2012; Garuba and Klinger

2016). This dynamic effect from the evolution of the

overturning circulation with warming is captured in our

box model with overturning and so our experiments

include this effect on the TCRE. However, our model

omits any connection between the pattern of sea surface

warming and the cloud cover and climate feedbacks

(Rose et al. 2014; Rugenstein et al. 2016; Trossman et al.

2016; Ceppi and Gregory 2017; Andrews and Webb

2018). Our model also ignores the time evolution of the

climate feedbacks (Andrews et al. 2012) associated with

the changes in the pattern of surface warming (Armour

et al. 2013; Andrews et al. 2015). These changes in the

climate feedbacks with the evolving pattern of sea sur-

face warming contribute further to intermodel vari-

ability in Earth system models.

Our boxmodel with overturning only provides a crude

representation of the Southern Ocean, a region of en-

hanced anthropogenic ocean heat and carbon uptake

that is highly variable among the Earth system models

(Frölicher et al. 2015). The fraction of isolation in our

conceptual model is meant to represent the variability in

intermediate and Subantarctic Mode Water formation

but omits changes in Antarctic Bottom Water forma-

tion. Our conceptual models only include the atmo-

sphere and ocean, so omit the effect of the terrestrial

system, which strongly varies within Earth system

models (Arora et al. 2013; Friedlingstein et al. 2014) and

drives much of the variability in the carbon contribution

to the TCRE (Williams et al. 2017b). However, after

emissions cease, the terrestrial uptake of carbon will

decline (e.g.,Williams et al. 2017a), and the variability in

the ocean carbon uptake is expected instead to dominate

on time scales of many centuries and longer. Our con-

ceptual models also omit ocean biology and calcium

carbonate cycling. While intermodel differences in the

representation of ocean biology affect the regional

ocean carbon response, their global contribution turns

out to be minor on centennial time scales. Likewise,

intermodel variability in calcium carbonate cycling and

sediment changes only becomes important in affecting

the amount of atmospheric CO2 and modifying the cli-

mate response on time scales of several millennia

(Archer 2005; Goodwin et al. 2009).

While our conceptual study makes simplifying as-

sumptions, our aim is to reveal the importance of the

separate physical processes contributing to ocean ven-

tilation and their effect on the climate response to car-

bon emissions on time scales of years to many centuries.

In a realistic Earth system model, the different contri-

butions to ocean ventilation from mixed layer thickness

and circulation changes all occur in an interconnected

manner. However, in our conceptual model, the differ-

ent ventilation contributions are imposed in a separate

manner to reveal the relative importance of changes in

mixed layer thickness and ventilation rate of the ocean

interior including the effects of the strength of the me-

ridional overturning and the extent of Southern Ocean

modewater formation. By adopting a conceptual model,

our ventilation study is also able to span a wide pa-

rameter space using a large number of ensembles. Our

ensemble analysis suggests that intermodel differences

in the TCRE from ocean ventilation are dominated by

thermal processes on time scales of years to several

centuries and by differences in ocean carbon uptake

on time scales of several centuries and longer. Hence,

the study provides mechanistic insight into how ocean

ventilation affects the climate response during emis-

sions and after emissions cease, as well as providing a
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well-posed reference point to interpret intermodel var-

iability in the response of complex Earth systems to

climate forcing.
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APPENDIX

Box Model with Overturning

a. Volume budget

The dynamics of the box model with overturning is

based on themodel byGnanadesikan (1999) (black solid

lines and black arrows in Fig. 1b). The thickness of the

light water h(t) is set by the volume balance between the

volume transports associated with sinking in the north-

ern high latitudes qNA(t), diapycnal upwelling in the low

latitudes qy(t), and the residual circulation involving the

Ekman upwelling in the southern high latitudes driven

by winds and the return flow due to baroclinic eddies

qSO(t) 5 qEkman 1 qeddy(t) such that

A
low

dh(t)

dt
5 q

NA
(t)1 q

y
(t)1 q

SO
(t) , (A1)

whereAlow 5 23 1014m2 is the area covered by the low

latitudes.

The volume transport associated with the Ekman

upwelling qEkman is specified as

q
Ekman

5
t
wind

L
x

r
o
f

, (A2)

where Lx 5 30 000 km is the zonal extent of Southern

Ocean, ro 5 1025kgm21 is a referenced ocean density,

f is the Coriolis parameter, and twind is the zonal wind

stress varying in the sensitivity experiments from 0.05 to

0.15Nm22 encapsulating the typical value of 0.1Nm22

for the wind stress; this typical value of the wind stress

is expected to be somewhat larger in the Southern

Ocean.

The volume transport associated with the baroclinic

eddies in the Southern Ocean qeddy(t) is parameterized as

q
eddy

(t)52
k
eddy

L
x
h(t)

L
y

, (A3)

where keddy 5 103m2 s21 is the eddy diffusion coeffi-

cient, and Ly 5 1500km is the meridional extent of the

Southern Ocean.

The volume transport associated with the diapycnal

upwelling qy(t) is parameterized as

q
y
(t)5

A
low

k
y

h(t)
, (A4)

where ky 5 1025 m2 s21 is the diapycnal mixing

coefficient.

The volume transport associated with the sinking in

the northern high latitudes qNA(t) is parameterized as

q
NA

(t)52
g0

2f
h(t

o
)2 1Dq

NA
(t) , (A5)

where g0 5 0.02ms22 is the reduced gravity, to is the

preindustrial era, and D is the change relative to the

preindustrial. The changes in the volume transport as-

sociated with the sinking in the northern latitudes

DqNA(t) are controlled by the ocean heat uptake due to

anthropogenic emissions N(t) and the temperature

contrast between the light and dense waters in the low

latitudes Tlight(t) 2 Tdeep(t), as described by (3), and so

(A5) becomes

q
NA

(t)52
g0

2f
h(t

o
)2 1

N(t)A
low

r
o
C

p,o
[T

light
(t)2T

deep
(t)]

.

(A6)

The model is initialized with a random thickness of light

waters h and integrated to a steady state, which provides

the volume transports and the thickness of the thermo-

cline in low latitudes in the preindustrial era h(to)

(Table 2). The volume transports and the upper-ocean

thickness h(t) evolve with warming due to emissions

according to (A1)–(A6) (Fig. 2). The total ocean depth

is assumed constant and equal to 4000m. The deep

ocean thickness in the low latitudes evolves following

the changes in the upper-ocean thickness.

b. Thermal and carbon budgets

There is air–sea exchange of heat and carbon between

the slab atmosphere and the upper ocean. In the low

latitudes, the upper ocean consists of a layer of light

water separated into two layers (Fig. 1b): a mixed layer

with fixed thickness hml5 100m and a thermocline layer

with varying thickness set by the volume transports

htherm(t) 5 h(t) 2 hml. In the high latitudes, the upper

ocean is represented by boxes for the Southern Ocean

and the northern high latitudes, both with fixed thick-

nesses of hhigh 5 1000m.

Themodel is initialized and run to thermal and carbon

equilibrium where there is no net ocean heat and carbon

uptake and the heat and carbon divergence at each of
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the ocean boxes in contact with the atmosphere are

balanced by heat and carbon fluxes from the atmo-

sphere. This preindustrial state has (i) higher dissolved

inorganic carbon in the high latitudes and the deep

ocean, and ocean carbon uptake in the northern high

latitudes and ocean carbon release in the low latitudes;

and (ii) higher temperature in the upper ocean in the low

latitudes, and ocean heat uptake at the low latitudes and

ocean heat release at the northern high latitudes. An

example of the model preindustrial ocean heat and

carbon distribution is shown in Table 2.

The discrete form of the divergence theorem is used to

express the heat and carbon budgets. The budget for a

scalar C such as temperature or dissolved inorganic

carbon of a box/layer is expressed as

d

dt
[C

box
(t)V

box
(t)]52

ð
box

= � [C(t)v(t)] dV1 S
C
(t) ,

(A7)

where v(t) is the velocity of the flow into the box,V is the

volume, and SC is a source/sink of C, for example, rep-

resenting the supply of C from the atmosphere into the

ocean. The discrete form of the divergence theorem for

this box is expressed as

ð
box

= � (Cv) dV5

þ
box

Cv � dS52D
box

(Cq), (A8)

where S is the boundary surface of the volumeVwith dS

being outward pointing, q is a volume transport through

the boundary surface of the box and is positive into the

box, and D
box

notes the transports of C into the box minus

the transports of C out of the box. The change in the

sign when using D
box

is due to the transport being de-

fined positive into the box. As an example for the deep

ocean, D
deep

[C(t)q(t)]52[qNA(t)CN(t)1 qSO(t)Cdeep(t)1
qy(t)Cdeep(t)], which represents that the total conver-

gence of C in the deep ocean box is equal to the amount

of the scalarC sinking in the northern high latitudes into

the deeper ocean (with qNA being negative) minus the

amount of the tracer C returning from the deep ocean

into the upper ocean either in the Southern Ocean or in

the low latitudes by diapycnal transfer.

Using (A7) and (A8), the budget for a scalar C

becomes

d

dt
[C

box
(t)V

box
(t)]5 D

box
[C(t)q(t)]1 S

C
(t) . (A9)

This discrete form of the budget given by (A9) is used

to express the heat and carbon budgets in the model.

The changes in the heat budget for the global model

driven by the radiative forcing R are described by

r
a
C

p,a
Ah

atm

d

dt
[T

atm
(t)]1 r

o
C

p,o �
ocean

box

d

dt
[T
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(t)]

5AN
TOA

(t) ,

(A10a)

r
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d

dt
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(t)]5A[N

TOA
(t)2N(t)] ,

(A10b)
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(t)]5AN(t), and (A10)

N(t)5
1

A
�
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box

[A
box

N
box

(t)] , (A10d)

with the changes in the heat budget of each individual

box being described by

r
o
C

p,o

d

dt
[T

box
(t)V

box
(t)]5 r

o
C

p,o
D
box

[q(t)T(t)]

1A
box

N
box

(t) , (A11)

where subscript box indicates the different ocean boxes/

layers in the model; A5�ocean

box Abox is the area of the

ocean, equal to the area of the atmosphere; hatm is

the thickness of the slab atmosphere; Tatm(t) (K) is the

temperature of the slab atmosphere; q(t) is the volume

transport (Sv); Tbox(t) (K) is the ocean temperature for

each ocean box; Nbox(t) and N(t) (W m22) are the heat

flux from the atmosphere into each ocean box and into

the entire ocean, respectively, with Ntherm and Ndeep

being zero as the thermocline and the deep ocean are

not in direct contact with the atmosphere; NTOA(t)

(Wm22) is the net downward heat flux entering the system

at the top of the atmosphere in response to the carbon

emissions; ra 5 1kgm23 and ro 5 1025kgm23 are a refer-

enced atmosphere and ocean density, respectively; andCp,a5
1000Jkg21K21 and Cp,o 5 4000Jkg21K21 are the specific

heat capacities for the atmosphere and ocean, respectively.

There is no net ocean heat uptake in the preindustrialN(to)5
0 and the ocean heat uptake due to the increase in radiative

forcing N(t) 2 N(to) 5 N(t) is distributed equally over the

ocean surface area. The net downward heat fluxNTOA(t) and

the instantaneous flux of heat from the ocean into the atmo-

sphere (defined as positive upward) NTOA(t) 2 N(t), in re-

sponse to the carbon emissions, are expressed as

N
TOA

(t)5R(t)2 lDT
atm

(t), and (A12a)

N
TOA

(t)2N(t)5 c[DT
surf

(t)2DT
atm

(t)] , (A12b)

where l (W m22K21) is the climate feedback parame-

ter, c (Wm22K21) is an air–sea heat transfer parameter,
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D is the change relative to the preindustrial, andTsurf(t) (K)

is the temperature of the ocean surface, which is defined by

an area-weighted average of the temperature for the boxes

in contact with the atmosphere. In the main text, Tatm is

referred to as T for simplicity.

The changes in the carbon budget of the global model

driven by the imposed carbon emissions, Fem(t) (mol C

m22 s21) are described by

M
a

d

dt
[CO

2
(t)]1 r

o �
ocean

box

d

dt
[DIC

box
(t)V

box
(t)]5AF

em
(t) ,

(A13a)

M
a

d

dt
[CO

2
(t)]5A[F

em
(t)2F(t)], (A13b)

r
o �
ocean

box

d

dt
[DIC

box
(t)V

box
(t)]5AF(t), and (A13c)

F(t)5
1

A
�

ocean

box

[A
box

F
box

(t)] , (A13d)

with the changes in the carbon budget of each individual

box being described by

r
o

d

dt
[DIC

box
(t)V

box
(t)]5 r

o
D
box

[q(t)DIC(t)]1A
box

F
box

(t),

(A14)

where CO2(t) is the atmospheric CO2,Ma is the number

of moles of gas in the atmosphere, DICbox(t) (mol

C kg21) is the dissolved inorganic carbon for each ocean

box, and Fbox(t) and F(t) (mol Cm22 s21) are the carbon

flux from the atmosphere into each ocean box and into

the entire ocean, respectively, with Ftherm and Fdeep

being zero as the thermocline and the deep ocean are

not in direct contact with the atmosphere. There is no

net ocean carbon uptake in the preindustrial F(to) 5 0,

and the ocean carbon uptake due to the carbon emis-

sions F(t) 2 F(to) 5 F(t) is distributed equally over the

ocean surface area and is expressed as

F(t)5 r
o
K

g
fK

o
(t)CO

2
(t)2 [CO

2
(t)]

surf
g, (A15)

where Kg (m s21) is the air–sea gas transfer coefficient,

Ko(t) (mol C kg21) is the solubility of carbon in the

ocean water and [CO2(t)]surf (mol C kg21) is the dis-

solved CO2 at the ocean surface. The dissolved CO2 at

the ocean surface is estimated based on the partitioning

of the dissolved inorganic carbon at the surface using the

iterative algorithm of Follows et al. (2006) by ignoring

changes in biology or weathering, and by assuming the

total alkalinity remains constant. This partitioning

method accounts for the evolution of the ocean carbon

equilibrium coefficients with changes in temperature

and solves for the changes in the ocean pH with changes

in the dissolved CO2. The surface DIC of the ocean is

defined from a volumeweighting of theDIC in the boxes

in contact with the atmosphere.

A summary for the values of parameters in the box

model with overturning that are kept constant in the

sensitivity experiment is provided in the online supple-

mental material.
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