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Abstract. An idealised numerical ocean model is used to investigate the3

sensitivity of the partial pressure of atmospheric carbon dioxide (pCO2) to4

changes in surface wind stress when mesoscale eddies are permitted in the5

flow. When wind stress increases, pCO2 increases, and vice versa when the6

wind stress is decreased. The introduction of mesoscale eddies reduces the7

overall sensitivity of pCO2 by changing the sensitivity of ocean carbon stor-8

age due to the saturation state of carbon dioxide, the net disequilibrium, soft9

tissue carbon, and the carbonate pump. However, a full carbon pump de-10

composition shows different responses for different ocean carbon storage terms,11

for example, air-sea disequilibrium is actually more sensitive to increased winds12

at eddy-permitting resolution, whereas soft tissue carbon is much less sen-13

sitive to wind changes in an eddying ocean. Changes in pycnocline depth and14

the strength of both upper and lower cells of the meridional overturning cir-15

culation affect this sensitivity.16
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1. Introduction

Over the last 800 000 years global climate has varied in a series of glacial cycles accom-17

panied by an approximately 80−100 ppmv variation in the partial pressure of atmospheric18

carbon dioxide (pCO2) [Petit et al., 1999; Lüthi et al., 2008]. However, despite the well19

established pCO2 variation, the mechanism, or mechanisms, responsible for the full mag-20

nitude of the change remain elusive [Sigman et al., 2010]. One of the most promising21

explanations for the change is the interaction between ocean circulation and ocean bio-22

geochemistry [Sigman and Boyle, 2000]. However, ocean circulation could have changed23

in a number of complex ways due to potential changes in multiple forcing terms, such24

as wind stress [Lamy et al., 2010] or global tidal/diapycnal mixing [Green et al., 2009].25

It has been suggested that changes in Southern Ocean wind stress might be responsible26

[Toggweiler et al., 2006], due to the global implications of the connection between the27

Southern Ocean and the major ocean basins to the north.28

The Southern Ocean is the only body of water that completely encircles the globe. The29

Antarctic Circumpolar Current (ACC), which transports 137 ± 7Sv (1Sv = 106m3s−1)30

of water around Antarctica [Meredith et al., 2011], exchanges heat, salt, and nutrients31

between the ocean basins. Climatically important deep and abyssal water masses upwell32

throughout the Southern Ocean [Marshall and Speer , 2012], and it is the location of the33

first interaction with the atmosphere for several thousand years.34

Experiments with eddy-resolving numerical models of the Southern Ocean indicate that35

whether the chosen model resolves or parameterises mesoscale eddies is fundamental to36

its resulting sensitivity to changes in wind strength. In particular, eddy-resolving models37
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typically display a reduced sensitivity to changing wind stress of their equilibrium cir-38

cumpolar transport [Hallberg and Gnanadesikan, 2001; Tansley and Marshall , 2001]. It is39

even possible, at sufficiently high enough resolution, that a model’s equilibrium circum-40

polar transport may become completely insensitive to changes in wind strength [Munday41

et al., 2013]. This lack of sensitivity has become known as eddy saturation and, due to42

the strong geostrophic link between stratification and transport, it also implies that an43

eddying ocean’s global pycnocline depth might not vary to any large degree. This lack of44

sensitivity was first hypothesised, on theoretical grounds, by Straub [1993] and has been45

seen in a wide range of model types such as coupled quasi-geostrophic models [Hogg and46

Blundell , 2006; Meredith and Hogg , 2006] and primitive equation models using realistically47

complex geometry [Farneti et al., 2010; Farneti and Delworth, 2010].48

Eddy-resolving ocean models also indicate a reduced sensitivity of the Meridional Over-49

turning Circulation (MOC) to wind stress changes [e.g. Viebahn and Eden, 2010; Farneti50

et al., 2010; Morrison and Hogg , 2012]. This has become known as eddy compensation51

and is a separate phenomena to eddy saturation [Meredith et al., 2012] due to the lack of a52

rigid dynamical link [Morrison and Hogg , 2012]. To a certain degree, eddy compensation53

can be recreated in an eddy-parameterising model by careful specification of the trans-54

port co-efficient in the model’s eddy parameterisation [Farneti and Gent , 2011; Gent and55

Danabasoglu, 2011; Hofmann and Morales-Maqueda, 2011]. However, even such parame-56

terisations drive their increased eddy transport coefficient with changes in stratification,57

i.e. they exclude the possibility of perfect eddy saturation as found in the calculations of58

Munday et al. [2013].59
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The combination of eddy saturation and eddy compensation raises an interesting ques-60

tion: if the depth and slope of an eddying ocean’s isopycnals (eddy saturation) and the61

flow along those isopycnals (eddy compensation) are both insensitive to wind, how much62

can changing wind stress lead to alterations in ocean circulation and global climate? This63

is in opposition to the hypothesis of Toggweiler et al. [2006] regarding glacial cycles. Fur-64

thermore, projections of future climate change, based upon non-eddy-resolving models,65

suggest changes in both surface wind stress [Bracegirdle et al., 2013] and Southern Ocean66

circulation [Meijers et al., 2012]. Our question is therefore relevant to both the past and67

future evolution of global climate.68

Previous tests of the hypothesis of Toggweiler et al. [2006] have relied upon the use of69

models with parameterised eddies, i.e. Menviel et al. [2008], Brovkin et al. [2007], and70

Tschumi et al. [2008]. They jointly conclude that increases in wind strength and/or po-71

sition are unlikely to significantly contribute to the approximately 80 − 100ppmv glacial72

pCO2 change. However, the regional distribution of carbon uptake is controlled by the73

winds under future climate change scenarios [Mignone et al., 2006]. Furthermore, the74

details of how eddies are parameterised also has a significant influence on both the mag-75

nitude and sign of carbon uptake [Zickfeld et al., 2007]. This suggests that the use of76

eddy-permitting ocean models to investigate the biogeochemical response to changing77

ocean circulation under changing surface wind stress should still be a priority.78

Our aim is to use an eddy-permitting model to investigate the role of eddy saturation79

and eddy compensation in governing the pCO2 response under changing wind stress. We80

use a carbon pump decomposition (see Section 3.1), much like that of Lauderdale et al.81

[2013], in order to attribute changes in pCO2 to specific ocean carbon storage terms.82
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However, we restrict the scope of the current investigation to solely considering changes83

in wind stress magnitude, rather than the wide range of forcing changes that Lauderdale84

et al. [2013] consider. In doing so we are able to use a wider range of peak wind stresses.85

This paper begins with a brief description of the numerical model (MITgcm) and the86

details of its configuration in Section 2. In Section 3 we review the carbon pump de-87

composition, which we use as a diagnostic of the causative reason for each experiment’s88

change in pCO2. In Section 4, we give a broad overview of the physical circulation at89

eddy-parameterising and eddy-permitting grid spacings. In Section 5, we present the car-90

bon pump decomposition of the model and discuss the contributions of each reservoir to91

overall pCO2 change. We end the paper with a summary and discussion of our conclusions92

in Section 6.93

2. Model numerics and domain

In order to investigate the impact of permitting/resolving mesoscale ocean eddies on94

atmospheric pCO2, we adopt the idealised MITgcm [Marshall et al., 1997a, b] configura-95

tion of Munday et al. [2013]. This is designed to allow for a large number of experiments96

to be integrated for multi-millennial timescales at a range of model grid spacings. The97

idealised geometry allows for the efficient inclusion of a biogeochemical model that can98

be integrated to equilibrium. Full details of relevant numerical choices for the physical99

model are given in Munday et al. [2013], although a brief summary follows.100

Geometrically, the model domain takes the form of a longitudinally narrow sector model101

shown in Figure 1. This sector extends from 60◦S to 60◦N in latitude, but is only 20◦
102

wide in longitude. In the spirit of the idealised geometry, we choose similarly idealised103
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surface forcing and boundary conditions, as shown in Figure 1 [the detailed functional104

forms for all forcing are given in Section 2 of Munday et al., 2013]. As shown in Figure 1c,105

there is no wind significantly northward of the reentrant channel in order to emphasise106

the role of the Southern Ocean winds in ventilating the deep ocean and its reservoir of107

dissolved inorganic carbon. Simple restoring conditions are used for potential temperature108

and salinity (Figures 1d and 1e). Salinity would be more properly modelled with a flux109

condition. However, by retaining a restoring condition, the effective surface restoring110

density (Figure 1f), and thus the stratification and overturning regime, of the sector111

model can be prescribed a priori.112

We use the MITgcm biogeochemical package [Dutkiewicz et al., 2005], in keeping with113

the idealised nature of the physical model domain. This includes coupled cycles of dis-114

solved inorganic carbon (DIC), oxygen (O2), phosphate (PO2−
4 ), alkalinity (Alk), and115

dissolved organic phosphate (DOP). These cycles are linked by fixed Redfield ratios for116

their incorporation into biological matter. The ratios are taken as (rC:P , rO:P , rN :P ) =117

(117,−170, 16), for the ratio of carbon/oxygen/nitrogen to phosphate. To this system we118

add preformed tracers for phosphate and alkalinity to allow for a carbon pump decompo-119

sition (see Section 3.1 for details).120

Biological production is limited by the availability of light and phosphate and is cal-121

culated over the top 500m (the upper 16 levels) of the model. A fixed fraction of total122

productivity enters the dissolved organic carbon pool, at an e-folding timescale for rem-123

ineralisation of 6 months. The remaining productivity is instantaneously exported as124

particulates to depth, where it is remineralised according to the empirical power law125

relationship of Martin et al. [1987].126
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The air-sea exchange of carbon dioxide is parameterised with a uniform gas transfer127

coefficient. This deliberately breaks the link between gas transfer and wind stress, since128

such a link is conceptually difficult in the limit of zero wind stress and avoids a lack of129

air-sea gas exchange in the northern section of the model sector. Atmospheric pCO2 is130

carried as a prognostic variable to ensure a closed carbon budget for the coupled ocean-131

atmosphere system. The flux into/out of the ocean is passed directly into a well-mixed132

atmospheric box, whose total mass is such that the observed ratio between atmospheric133

mass and ocean surface area is maintained. The atmospheric box is not radiatively active,134

and as such the restoring condition for surface temperature is independent of pCO2.135

We maintain the use of the 7th order scheme of Daru and Tenaud [2004] for the advec-136

tion of temperature and salinity, as per Munday et al. [2013]. This is in order to maintain137

a quasi-adiabatic overturning at eddy-permitting resolution [Hill et al., 2012; Ilicak et al.,138

2012]. The choice of advection scheme for biogeochemically active tracers can also be of139

importance to the resulting numerical solution [Lévy et al., 2001]. Here, the biogeochem-140

ical tracers, including preformed alkalinity and phosphate, are advected using a centred141

2nd order advection scheme with the Superbee limiter of Roe [1985]. This produces simi-142

lar levels of spurious diapycnal mixing as the 7th order scheme and is substantially faster,143

an important consideration given the 7 additional tracers that the use of biogeochemistry144

introduces.145

We present results from two of the grid spacings used by Munday et al. [2013]. The146

coarsest of these has a nominal grid spacing of 2◦ and parameterises the entire eddy147

field as detailed in Munday et al. [2013]. The second set of experiments has a nominal148

grid spacing of 1/2◦ and no eddy parameterisation. This grid spacing permits a mesoscale149
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eddy field incorporating large-scale geostrophic vortices. Due to the computational cost of150

biogeochemistry and the number of years required to reach biogeochemical equilibrium, we151

were unable to perform simulation at the 1/6◦ grid spacing used by [Munday et al., 2013]152

or the 1/4◦ used by [Hogg and Munday , 2014]. At each grid spacing, we have performed153

twelve experiments, using multiples of the control wind forcing shown in Figure 1c ranging154

from 0 to 5 times the control wind stress.155

To initialise the model, it is first run to thermodynamic and biogeochemical equilibrium156

with a nominal grid spacing of 4◦. The temperature and salinity, as well as all 7 biogeo-157

chemical variables, are then interpolated to the 2◦ and 1/2◦ grid and the model restarted.158

The model inventories of carbon, etc, are corrected at each grid spacing such that the to-159

tal amount is consistent with the C4MIP2 protocols and the volume of the model ocean.160

This leads to slightly different inventories between grid spacings, due to a small volume161

change, but not between experiments at the same grid spacing. The 2◦ model is run162

without biogeochemistry for 20 000 model years, by which time thermodynamic equilib-163

rium is achieved. The model is then re-started with biogeochemistry activated and run164

for a further 10 000 model years, by which time biogeochemical equilibrium is achieved165

for all experiments. The 1/2◦ experiment is run without biogeochemistry for 1000 years,166

and then with biogeochemistry for 10 000 years. This is sufficient for successive 100 year167

averages of the biological components of the carbon pump decomposition (see Section 3.1)168

to be constant to at least 3 significant figures.169

3. Carbon Pump Diagnostics
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In Section 3.1, we review the details of the carbon pump decomposition that can be170

used to break the DIC distribution into contributions from the physical and biological171

transport pathways. The calculation required to turn the changes in inventory size into172

percentage contributions to pCO2 change is described in Section 3.2.173

3.1. Carbon Pump Decomposition

At every point in the ocean, a biogeochemically active tracer can be decomposed into two174

main constituents [Volk and Hoffert , 1985; Ito and Follows , 2005]. The first of these is the175

preformed, or subducted, component that is drawn down from the surface concentration176

by the physical process of subduction. “Preformed” is the usual term for the surface-177

defined component of biogeochemical tracers and the one that we adopt here to prevent178

confusion. However, we prefer the term “subducted” since it links this distribution to the179

specific physical process responsible for the drawing down of surface properties [Marshall ,180

1997]. The second component is that due to biological activity. For a general, biologically181

active, tracer B, this is written as182

B = Bpre +Borg, (1)183

where B is the total concentration, Bpre is the preformed concentration, which is defined184

by the value at the surface that is subducted into the interior of the ocean, and Borg is185

the concentration due to biological transport processes.186

In the case of DIC, further decomposition is required. The preformed carbon distribu-187

tion, Cpre, can be decomposed into two components: the saturation state of the ocean188

(defined by temperature, salinity, preformed alkalinity, and the atmospheric pCO2) and189

the finite timescale of gas exchange between atmosphere and ocean (meaning that, even190
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in the absence of biology, the actual ocean concentration of DIC may differ from its sat-191

uration value). Similarly, the organic carbon distribution, Corg, can be broken into both192

the soft tissue and carbonate pumps [Gruber et al., 1996, also see Chapter 13 of Williams193

and Follows , 2011]. In other words, the concentration of dissolved inorganic carbon can194

be decomposed into a total of four constituents:195

CDIC = Csat + ∆C + Csoft + Ccarb, (2)196

where Csat = Csat(S, T,Alkpre, pCO2) is the saturation state of the ocean, ∆C is the197

disequilibrium term accounting for the finite time scale of air-sea gas exchange, Csoft is198

the concentration due to the soft tissue pump, and Ccarb is the concentration due to the199

carbonate/hard tissue pump.200

Sufficient knowledge of both Csoft and Ccarb to uniquely determine the decomposition201

shown in equation (2) can be derived from the combination of the decomposed phosphate202

and alkalinity distribution. For example, the phosphate distribution is only affected by203

physical transport processes and the soft tissue pump [Gruber et al., 1996; Ito and Follows ,204

2005], and so phosphate is decomposed into only two components, i.e.205

P = Ppre + Porg = Ppre + Psoft. (3)206

Therefore, with knowledge of both the total and subducted phosphate, it is possible to207

derive the organic/soft tissue component of phosphate. Assuming constant Redfield ratios,208

a condition that is enforced within the model’s biogeochemistry, the soft tissue component209

of the carbon distribution is then given by210

Csoft = rC:PPsoft = rC:P (P − Ppre) , (4)211

where rC:P is the (fixed) stoichiometric ratio of carbon to phosphate in organic matter.212
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In contrast to the phosphate distribution, the alkalinity distribution is affected by both213

the soft tissue (via the proton flux in redox reaction) and carbonate pumps [see Gruber214

et al., 1996, for details], i.e.215

Alk = Alkpre + Alksoft + Alkcarb. (5)216

Since the proton flux in redox reactions is governed by changes in nitrate, this allows us217

to write218

Alksoft = −rN :PPsoft = −rN :P (P − Ppre) . (6)219

where rN :P is the (fixed) stoichiometric ratio of carbon to phosphate in organic matter,220

here taken to be 16. Use of a preformed alkalinity tracer then gives us the carbonate221

pump contribution to alkalinity222

Alkcarb = Alk − Alkpre + rN :P (P − Ppre) , (7)223

and since the carbonate pump changes alkalinity by twice as much as dissolved inorganic224

carbon [Gruber et al., 1996], we have225

Ccarb =
1

2
Alkcarb =

1

2
(Alk − Alkpre + rN :P (P − Ppre)) . (8)226

The complete decomposition of the DIC distribution is then given by227

CDIC = Csat + ∆C + rC:PPsoft +
1

2
[Alk − Alkpre + rN :PPsoft] . (9)228

Within the framework of the MITgcm biogeochemistry package, Csoft and Ccarb are229

calculated via the inclusion of preformed tracers for phosphate and alkalinity. These are230

passive tracer fields that are advected as per the other biogeochemical tracers. However,231

at the surface, and at each timestep, the preformed phosphate and alkalinity are set to232

the same distribution as the actual phosphate and alkalinity (cf. the restoring of potential233
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temperature and salinity with a finite timescale). They are then advected around in the234

absence of any of the biogeochemical forcing terms, resulting in the required preformed235

distribution.236

The saturation state, Csat, is calculated from the model distribution of T , S, and Alkpre.237

The long-term time-average pCO2 of the atmospheric box is assumed to have been the238

pCO2 that each water parcel experienced when last at the surface. This calculation is239

carried out using CO2SYS (http://cdiac.ornl.gov/oceans/co2rprt.html).240

The final term, ∆C, is calculated as a residual of the other three terms and the model241

distribution of total DIC. This means that errors in the other three inventories are passed242

to the ∆C contribution of the carbon distribution. However, it also provides a useful243

error check: since ∆C is preformed, any regions that have concentrations unbounded by244

the surface values and/or unconnected to the surface values indicates an error in one, or245

more, parts of the decomposition.246

The MITgcm biogeochemical package also includes dissolved organic phosphate. This is247

effectively a fifth component of the carbon decomposition. When considering the conser-248

vation of total carbon and phosphate, it must be taken into account. However, the total249

amount of DIC “stored” as DOP is typically at least two orders of magnitude smaller250

than that in the 4 carbon reservoirs described above. As such, we do not consider it in251

the calculations and discussion that follows, although it is included in Figures 3g and 3h252

for completeness.253

3.2. Estimating the Contribution to pCO2 Change

Assuming a fixed ocean-atmosphere inventory of carbon, and only two separate reser-254

voirs of carbon in the ocean, the total carbon inventory of the atmosphere and ocean255
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would given by256

ΣC = MpCO2 + V CDIC = MpCO2 + V
(
C1 + C2

)
, (10)257

where ΣC is the total carbon storage of the system, M is the mass of the atmosphere, V258

is the volume of the global ocean, CDIC is the mean carbon concentration of the ocean259

and Ci is the mean concentration of carbon in reservoir i. For a small perturbation to260

either ocean reservoir, Goodwin et al. [2008] show that the new equilibrium value for pCO2261

will depend upon the product of a nonlinear function of the change in each reservoir size,262

rather than their linear sum, i.e.263

pCOfinal
2 = pCO0

2 exp

[
−V δC1

IB

]
exp

[
−V δC2

IB

]
, (11)264

where δCi is the perturbation to the i-th oceanic reservoir and the superscripts 0 and265

final indicate initial and final values of pCO2, respectively. IB is the buffered carbon266

inventory, and is given by267

IB = MpCO0
2 +

V C0
DIC

Bglobal

= IA +
IO

Bglobal

, (12)268

where Bglobal is the Revelle buffer factor, given by Bglobal = pCO2δCsat/CsatδpCO2. We269

estimate this by perturbing the assumed pCO2 of the atmospheric box and recalculating270

the Csat term. IA is the initial atmospheric carbon inventory and IO is the initial oceanic271

carbon reservoir. IB represents that only a small part of the total oceanic reservoir is272

actually available for immediate exchange with the atmosphere as a result of the chemical273

buffering of the carbonate system, see Goodwin et al. [2008] for further details.274

The model results discussed in Sections 4 and 5 include contributions from all four275

oceanic carbon reservoirs (see equation (9)). As such, we must use the full results of276
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Goodwin et al. [2008] that also take into account changes in preformed alkalinity, rather277

than the simplified schematic example of equation (11).278

Assuming a closed system, i.e. total alkalinity inventory is conserved, there is no car-279

bonate precipitation into the sediments, and no anthropogenic carbon emission equation280

(24) of Goodwin et al. [2008] gives:281

pCOfinal
2 = pCO0

2 exp

[
− V

IB

∂Csat

∂T
∆T

]
exp

[
− V

IB

∂Csat

∂S
∆S

]
282

exp

[
−V δ∆C

IB

]
exp

[
−V δCsoft

IB

]
283 ∣∣∣∣∣ IO(A−C)

IO(A−C) − V δCcarb

∣∣∣∣∣ exp

[
−V IAdeltaCcarb(

IO(A−C) − V δCcarb

)
IB

]
, (13)284

285

where IO(A−C) = Alkpre−Cpre, is the difference between the oceanic reservoirs of preformed286

alkalinity and preformed carbon. The change in mean ocean temperature and salinity287

have both been treated as equivalent emission of carbon, as per Goodwin and Lenton288

[2009]. The values of ∂Csat/∂T and ∂Csat/∂S are estimated by perturbing the model289

temperature/salinity of the control state distribution and recalculating Csat to give a290

second order estimate of the required gradient.291

The first two exponential terms on the right-handside of equation (13) represent the292

change in atmospheric pCO2 due to the effective emission of carbon due to changes in the293

mean temperature/salinity of the ocean. The third exponential term is due to a change294

in the mean over-/under-saturation state of the ocean with respect to the atmosphere.295

The fourth exponential term is the change in atmospheric pCO2 due to perturbations to296

the soft tissue pump. The fifth exponential term, pre-multiplied by a term incorporating297

changes in mean preformed alkalinity, represents the change in atmospheric pCO2 due to298

the carbonate pump. It is possible to estimate the percentage change in pCO2 due to299
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changes in each oceanic reservoir by taking the natural logarithm of equation (13), i.e.300

log
pCOfinal

2

pCO0
2

=

[
− V

IB

∂Csat

∂T
∆T

]
+

[
− V

IB

∂Csat

∂S
∆S

]
301

+

[
−V δ∆C

IB

]
+

[
−V δCsoft

IB

]
302

+ log

∣∣∣∣∣ IO(A−C)

IO(A−C) − V δCcarb

∣∣∣∣∣+

[
−V IAdeltaCcarb(

IO(A−C) − V δCcarb

)
IB

]
. (14)303

304

The left-handside of equation (14) is the difference between two natural logarithms, and305

hence the approximate (total) percentage change in atmospheric pCO2. Each of the terms306

is the approximate percentage change in pCO2 due to the corresponding term in equation307

13.308

This calculation differs somewhat from that of Lauderdale et al. [2013]. The use of309

preformed tracers for phosphate and alkalinity has simplified the calculation of Csoft and310

Ccarb. In addition, we have only included the contributions from potential temperature311

and salinity changes in equation (14), whereas Table 2 of Lauderdale et al. [2013] also312

include Csat changes due to changes in pCO2 and Alkpre. This is because equation (14) is313

attributing changes in pCO2, rather than changes in Csat, to specific processes.314

4. Overview of the Physical Circulation

This section provides a brief overview of the physical circulation produced by the inter-315

hemispheric sector model at 2◦ and 1/2◦ grid spacings. For further details, including the316

sensitivity to wind forcing and diapycnal diffusivity of the circumpolar transport and the317

meridional overturning, the interested reader is referred to Munday et al. [2013].318

At a standard peak wind forcing of 0.2 Nm−2, the 2◦ model produces a circumpolar319

current with a 1000 year time-mean volume transport of 147Sv. The equivalent 1/2◦
320

model has a 200 year time-mean circumpolar transport of 160Sv, although there is a321
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substantial increase in the variability around this mean value due to the eddy-permitting322

nature of the 1/2◦ model. Regardless of grid spacing, the model is therefore in broadly323

the same regime as the modern ACC, that of strong zonal volume transport with steeply324

sloping isopycnals across the model’s “Drake Passage”.325

The Residual Meridional Overturning Circulation (RMOC) in density coordinates, using326

potential density referenced to approximately 2000m and incorporating the contribution327

from the GM eddy parameterisation, is as shown in Figures 2a and 2b for the 2◦ and328

1/2◦ model at the control wind stress. The overturning streamfunction for the 2◦ model is329

subtly different to that in Figure 8a of Munday et al. [2013]. This is due to the elimination330

of a bug in the diagnostic code that led to the incorrect partitioning of the GM stream-331

function between density layers. This bug does not significantly effect the overturning332

of the 1/2◦ model. Furthermore, because of the method used to diagnose Figures 11b of333

Munday et al. [2013], little change in the sensitivity of the upper and lower cell occurs334

and none of their conclusions are altered.335

This residual overturning in Figure 2 is made up of “upper” and “lower” cell, which we336

identify with North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW),337

respectively, following Toggweiler et al. [2006]. These form an interhemispheric overturn-338

ing circulation driven by the combination of mechanical wind forcing in the south and339

deep water formation at both northern and southern extreme latitudes. In addition, a340

third cell forms at the northern edge of the circumpolar channel associated with a local341

maximum in the convective index. This cell is associated with the formation of Antarctic342

Intermediate Water (AAIW).343
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At sufficiently fine grid spacing, in this case 1/6◦, the inter-hemispheric sector model344

produces a circumpolar transport and pycnocline depth whose time-mean is invariant to345

changes in surface wind stress [see Figure 3a of Munday et al., 2013]. At a grid spacing of346

nominally 1/2◦, as used here, there is still sensitivity to changes in wind stress as the peak347

wind is varied between 0Nm−2 and 1Nm−2 (0 and 5 the control wind stress, respectively),348

with transport ranging between about 110Sv and 200Sv. For wind stress multiples of349

0.75 and 1.25 times the control wind stress, there is only slight change of about 5Sv in350

the mean circumpolar transport. As such, while the results considered here are not from351

a completely eddy saturated model they should be informative as to how such an eddy352

saturated model might behave. In contrast, the 2◦ model ranges between 42Sv and 430Sv353

over the full wind stress range. As shown in Figure 2d, reproduced from Munday et al.354

[2013] and including the 1/4◦ results of Hogg and Munday [2014], the pycnocline depth355

of the ocean is also similarly less sensitive to changing wind forcing as model resolution356

increases.357

Unlike the circumpolar transport, the residual overturning continues to display sensi-358

tivity to changes in wind stress regardless of model resolution [see Figure 9b of Munday359

et al., 2013, and Figure 2c]. As a result, although the stratification is changing to a lesser360

degree at high resolution, the up-/downwelling along isopycnals continues to alter. This361

suggests that there may be continuing sensitivity of ocean biogeochemistry/carbon stor-362

age, and potentially global climate, to wind stress changes even in the limit a completely363

eddy saturated circumpolar current.364

5. Overview of the Biogeochemical Distribution
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The 2◦ model is run to equilibrium over the course of 30 000 model years. The first 20 000365

model years are without biogeochemistry and are used to thermodynamically equilibrate366

the model. Biogeochemistry is then activated for a further 10 000 model years, which is367

sufficient for every wind forcing to attain biogeochemical equilibrium. We then perform368

a 1000 model year diagnostic run, and all of the displayed figures use time-averages from369

this period.370

The 1/2◦ model is, by necessity, run to a quasi-equilbrium in which successive 100 model371

year averages of the biological components of the carbon decomposition are the same to372

3 significant figures. The time it takes for the 1/2◦ model to equilibrate depends upon373

the applied wind stress, since it leads to significant changes in the Eddy Kinetic Energy374

(EKE), and thus the damping timescale of the eddy field itself. Typically, experiments375

with stronger wind forcing take less time to spin up.376

The zonally-averaged total DIC concentration at equilibrium for both model grid spac-377

ings is shown in Figures 3a and 3b. Broadly speaking, both model grid spacings produce378

similar distributions of DIC. Biological productivity in the surface layers (above 500m379

deep) tends to reduce the DIC there, with low values being mixed downwards near the380

northern boundary due to deep water formation. There is evidence of Equatorial nutrient381

trapping in both models [Najjar et al., 1992; Oschlies , 2000], with a subsurface maximum382

of DIC occurring due to the recycling of nutrient/DIC multiple times through the mixed383

layer. At about 500m this is more widespread in the 2◦ model. There is also evidence384

that nutrient trapping may be more prevalent at depth in the 1/2◦ model. Most notably,385

the 1/2◦ model produces a spatially smaller region of elevated DIC concentration in the386

abyss of high northern latitudes.387
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Applying the carbon pump decomposition of Section 3.1 to the reference experiments388

produces the reservoir inventories as shown in Table 1, where they are also compared with389

the estimates from Chapter 13 of Williams and Follows [2011]. The atmospheric mass of390

the sector model is approximately 1/20th of the Earth’s actual atmospheric mass, which391

is reflected in the approximate 1 : 20 ratio of atmospheric storage. The oceanic storage392

terms are roughly 10−20 times smaller than the estimates of Williams and Follows [2011].393

In part, this reflects the reduced volume of the sector model relative to the real ocean. We394

have not attempted to scale the storage terms of the sector model up, since it is unclear by395

how much they should be scaled; for example, is the sector representing a narrow Atlantic,396

or a narrow global ocean? We have also not attempted to calculate the contributions to397

the 4ppmv decrease in pCO2 of the 1/2◦ model with respect to the 2◦ model using the398

methodology of Section 3.2. This is due to an increase in complexity in the calculation399

due to changes in domain volume, total alkalinity, and total carbon reservoirs, i.e. the400

system is no longer closed.401

Although the magnitudes of the carbon reservoirs are small compared to those of402

Williams and Follows [2011], they are ordered correctly, i.e. CDIC > Csat � Csoft >403

Ccarb > ∆C. We have not attempted to tune the size of the Csoft and/or Ccarb inventory404

by altering any of the model coefficients that contribute to their final size, i.e. the fixed405

ratio of new production that is attributed to the calcium carbonate formation, etc. This is406

due to the long integration time of the 1/2◦ model. Similarly, we have not been able to test407

the sensitivity of the biogeochemical model to the full range of numerical choices, such as408

tracer advection scheme, which could be important to the distribution of biogeochemical409

tracers [Oschlies , 2000; Lévy et al., 2001].410
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When the surface wind stress is varied from 0Nm−2 to 1Nm−2 (0 to 5 times the control411

wind stress), the carbon dioxide concentration in the atmospheric box varies as shown in412

Figure 4a. Regardless of the model grid spacing, increasing the wind leads to an increase413

in the equilibrium atmospheric pCO2 and vice versa. However, the range of pCO2 realised414

by the 1/2◦ model is substantially smaller than the 2◦ model. The 1/2◦ model gives a415

range of 114ppmv between the extreme wind stresses. In contrast, the 2◦ model gives a416

range of 163ppmv. Note that the range of winds used are well outside that achieved in417

palaeo-reconstructions or future projections. However, this very extreme wind variation418

was found to be necessary to reach even the lower bound of the observed glacial cycle in419

pCO2, i.e. roughly 80 − 100 ppmv, as a perturbation from the control state (see Section420

1).421

5.1. Carbon Pump Decomposition Results

The result of the carbon pump decomposition, when applied to the basic state 2◦ and422

1/2◦ model results, is shown in Figures 3c, e, g and 3d, f, h, respectively. For this wind423

forcing, the two models broadly agree in terms of where they store carbon (and nutrients)424

and the concentrations that they achieve. In particular, both the 2◦ and 1/2◦ models425

have generally high concentrations due to their saturation state and disequilibrium in426

their abyssal water masses. They also store the majority of their biological carbon below427

1000m with more biological carbon at high northern latitudes than at high southern428

latitudes.429

The saturation state, Csat, of the 2◦ model produces noticeably higher concentrations430

in its abyss than the 1/2◦ model (cf. Figures 3c and 3d; note the colour scales are the431

same). This is due to the 2◦ model having slightly colder bottom water, a slightly higher432
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atmospheric pCO2, as well as changes in preformed alkalinity between the two models.433

Broadly speaking, the hydrographic slices indicate that Csat resembles the stratification of434

the model domain, with the strongest influence being from temperature. Because salinity435

is forced by a restoring condition, rather than freshwater flux, the surface DIC doesn’t436

experience any dilution/concentration from freshwater input or evaporation. As a result,437

it also looks more like temperature at the surface than salinity, as do all of the other438

biogeochemical fields.439

The disequilibrium component of the DIC distribution, ∆C, is particularly informative440

with regards to how the physical circulation interacts with both the air-sea exchange441

and the biological storage of carbon. For both models, ∆C indicates that the abyssal442

water masses are supersaturated with respect to the atmosphere (see Figures 3e and 3f),443

i.e. that they would have been out-gassing carbon dioxide when last at the surface. In444

contrast, the water of the NADW cell is significantly undersaturated, implying that it445

would have been taking up carbon when last at the surface of the ocean. In kinematic446

terms, the water that upwells near the southern boundary is subducted back down to the447

interior before it can outgas any of its excess carbon and therefore retains its degree of448

supersaturation. This is despite the water cooling as it moves south, which would tend to449

reduce disequilibrium.450

Water that moves northwards, after upwelling within the confines of the circumpolar451

channel, is warmed and subducted as AAIW at the northern edge of the channel before452

it can finish outgassing excess carbon. This leads to an increase in its supersaturation,453

which can be seen in Figures 3e and 3f as a tongue of red descending from the surface at454

roughly55−50◦S. The associated northwards transport and subduction of nutrients out of455
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the circumpolar channel fuels productivity that is remote to the wind-induced upwelling456

itself [Williams and Follows , 1998]. This is in the form of a “nutrient stream” [Pelegŕı and457

Csanady , 1991; Williams et al., 2006], which gradually rises through the water column on458

its journey north. As this nutrient-rich water enters the surface layers, it warms (increasing459

its supersaturation) and drives high productivity along the western boundary, within a460

few degrees of the Equator, and at high northern latitudes. This productivity strips out461

nutrients and excess carbon, leading to undersaturation of the water that arrives at the462

northern boundary. Here it sinks rapidly, forming NADW, before it is able to equilibrate463

with the atmosphere.464

The distinctly different ∆C states of the NADW and AABW cells occurs in both the 2◦
465

and 1/2◦ models. These water masses meet in the circumpolar channel and upwell, with466

supersaturated water going southwards, to be come AABW, and slightly undersaturated467

water going northwards to become AAIW and NADW once again.468

Table 1 indicates that Ccarb is roughly 3 times smaller than Csoft, which is due to the469

model determining the proportion of carbonate in a new production as a fixed fraction of470

the total productivity. Furthermore, the contribution to biological carbon storage from471

DOP is only within the upper 500m, and is roughly 100 times smaller than Csoft. This472

makes the combination of Csoft, Ccarb, and the effective carbon storage from DOP a473

useful shorthand at this point. We refer to the combination of these 3 carbon reservoirs474

as “biological carbon”, Cbio, and its distribution is shown in Figures 3g and 3h.475

As one could infer from Figure 3, biological carbon is usually found below 1000m,476

regardless of model grid spacing. Both models store a large mass of biological carbon477

below roughly 2000m and north of around 20◦S. The slightly smaller volume of ocean478
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in which the 1/2◦ model stores roughly the same mass of carbon leads to an increase in479

concentration in this region. As discussed above, the 1/2◦ model has larger sub-surface480

peak values of DIC, and thus Cbio near the Equator (20◦S − 20◦N). The differences481

between the overturning shown in Figures 2a and 2b leads to ventilation of the deep482

ocean at different rates between the two models. Thus, biological carbon accumulates at483

different rates, due to changes in biological productivity, etc, and is also flushed out of the484

abyss by the deep overturning at slightly different rates. In other words, the change in485

circulation, deep ocean ventilation, and biological productivity all contribute to changes486

in Cbio at the control wind forcing.487

Changing the wind forcing alters all 4 carbon reservoirs regardless of the model reso-488

lution. One might expect, based on Figure 4, that changes of each individual reservoir489

would be smaller for the 1/2◦ model. The overall changes are considered in Section 5.2490

and are best considered in the integral framework used there. However, here we present491

several examples that highlight the importance of resolving the mesoscale eddy field.492

The disequilibrium term, at the extreme wind forcing of 1Nm−2, is as shown in Figures493

5a and 5b for the 2◦ and 1/2◦ model, respectively. A marked regime change has taken494

place, relative to the distributions at the control wind forcing in Figures 3e and 3f. In495

particular, the 2◦ model has reversed the characteristic super-/under-saturation of the496

NADW and AABW cells and the AAIW that subducts at the northern edge of the cir-497

cumpolar channel is now markedly more supersaturated than in Figure 3e. In contrast,498

the NADW cell of the 1/2◦ model retains its undersaturated nature with a wind stress499

of 1Nm−2, although to a lesser degree than the control wind stress experiment (cf. Fig-500
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ures 3f and 5b). However, the AABW cell is no longer supersaturated and the AAIW is501

subducted deeper into the water column and at higher supersaturation.502

As argued by Lauderdale et al. [2013], the changes in ∆C for both models can be503

explained by invoking changes in residence time at the surface. In particular, the increased504

supersaturation of both model’s AAIW takes place due to more rapid subduction at the505

northern edge of the channel. The reactive nature of the temperature restoring means506

that the heat flux increases sufficiently rapidly to warm the water to the same temperature507

as in the basic state. However, the more rapid transition into and out of the surface layer508

reduces the outgassing to the atmosphere and maintains a higher supersaturation. For the509

2◦ model, this is a more extreme change and so supersaturation extends throughout the510

upper water column. Similarly, rapid cooling and sinking at the southern boundary now511

creates a slightly undersaturated AABW for the 2◦ model. In contrast, eddy compensation512

leads to a reduction in the MOC response of the 1/2◦ model (see Figure 2c), and so changes513

in ∆C are less extreme.514

The appearance of contours unconnected to the surface in Figures 5a and 5b indicates515

an error in one or more of the other components. The most likely candidates are Csoft516

and/or Ccarb, since they aren’t preformed. These errors are relatively small in comparison517

to the much larger changes that have taken place elsewhere in the model domain.518

Figures 5c and 5d show Cbio for the 2◦ and 1/2◦ model experiments with a peak wind519

stress of 1Nm−2. As with ∆C, both models show considerable departures from their Cbio520

distributions at the standard wind forcing. There is evidence of shallow nutrient trap-521

ping over a wider latitude and depth range, although only the 1/2◦ model tends towards522
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increased concentration of Cbio, rather the same concentration over a larger volume of523

ocean.524

At depth, the 2◦ model is storing the same concentration of carbon in a much smaller525

box; the deepening of the pycnocline (see the blue line in Figure 2d) has exposed the top of526

the storage region to the intense overturning of the NADW cell and efficiently ventilated a527

considerable volume of ocean. In contrast, the 1/2◦ model’s pycnocline has deepened only528

nominally with respect to the standard wind forcing (see the red line in Figure 2d). As a529

result, this part of the ocean continues to store carbon at a slightly higher concentration530

than the control wind stress experiment. In fact, the slightly higher concentrations at 5x531

the control wind stress compensates for the areas that are comparatively better ventilated532

(very dark blue) such that the 1/2◦ model stores almost the same amount of carbon at 5x533

the wind as it does at control wind stress (there is a decrease of about 3% in total Cbio).534

In summary, the distributions of Csat, ∆C, Csoft, and Ccarb, and the changes they un-535

dergo as wind stress is increased or decreased, suggest that three things are of importance536

in determining their contribution to pCO2:537

1. the global pycnocline depth;538

2. the overturning rate of the upper NADW cell of the MOC;539

3. the overturning rate of the lower AABW cell of the MOC.540

Changing the pycnocline depth alters which part of the ocean is ventilated by the NADW541

and AABW cells and the volumes of their respective constituent water masses. In this542

model, the NADW cell has considerably stronger overturning and is warmer than the543

AABW cell. Hence deepening the pycnocline flushes more biological carbon and warms544

the ocean mean temperature. If the NADW cell was very much weaker than the AABW,545
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the opposite might be true. This implies that changes to forcing other than wind stress,546

i.e. surface buoyancy loss/gain or increased diapycnal mixing, which might lead to differ-547

ent overturning and pycnocline depth changes, would also give different pCO2 changes.548

The impact of eddy saturation and eddy compensation is to ameliorate these changes by549

reducing, or eliminating, the extent to which wind stress changes can alter the global550

pycnocline depth and reducing the sensitivity of the NADW cell.551

5.2. Carbon Pump Contributions to pCO2 Change

The calculation contained in equation (14) converts changes in the size of each car-552

bon reservoir into that reservoir’s approximate percentage contribution to overall pCO2553

change. The result of this calculation is shown in Figures 4b and 4c for the 2◦ model and554

1/2◦ model, respectively. The approximate percentage change is relative to the control555

wind stress experiment at each grid spacing, hence the contribution from each reservoir556

is identically zero at this wind forcing. Due to the similarity in the pCO2 attained by557

both models at the control wind stress, a 1% relative change is approximately the same558

absolute change in each. The black lines in Figures 4b and 4c are the blue and red lines559

from Figure 4a, respectively, converted to percentage change from the respective basic560

state experiment.561

At total percentage changes of pCO2 ≤ 10%, the sum of the blue, red, magenta, and562

green lines in Figures 4b and 4c are very close to the black line. Beyond this limit,563

the nonlinearity of carbon chemistry, and the approximation that the difference between564

two natural logarithms is represents the fractional change, creates a maximum error of565

5% between the black line and the sum of the others. Note that in the context of this566
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calculation, an increase in carbon storage is a decrease in pCO2 and therefore a negative567

percentage contribution to δpCO2 from a specific reservoir, and vice versa.568

In both models, when the wind increases the global pycnocline deepens and/or the569

abyssal temperature and salinity increase. This leads to a change in Csat that accom-570

plishes the percentage contribution to overall pCO2 change as shown by the blue lines in571

Figures 4b and 4c. The change in pCO2 along these lines is dominated by the change in572

temperature over the change in salinity. As the wind decreases, the opposite is true; the573

pycnocline shallows and the abyss cools and freshens. The change due to altered stratifica-574

tion is monotonic. Due to the effect of eddy saturation of the circumpolar channel, which575

acts to restrict the change in stratification brought about by changes in wind stress, the576

change is significantly smaller in the 1/2◦ model than in the 2◦ model for both increasing577

and decreasing wind stress.578

The movement of the pycnocline as the wind is altered changes the volumes of the579

AABW and NADW water masses. As shown in Figures 3e and 3f, model AABW tends580

to be supersaturated and model NADW tends to be undersaturated, with respect to the581

model’s atmosphere. As a result, decreasing the wind leads to an increased volume of582

supersaturated model AABW, and a concomitant decrease in pCO2. Increasing wind583

tends to reduce the volume and or supersaturation of the AABW cell, with the reduced584

supersaturation effect dominating the 1/2◦ model changes. The regime change in the585

∆C distribution shown in Figures 5a and 5b complicates this simple picture. Firstly, the586

AABW in both model’s moves closer to zero net disequilibrium. This tends to increase587

pCO2, since there is less extra carbon stored in the deep ocean. Secondly, for the 2◦
588

model, pycnocline depth changes alter the amount and degree of undersaturated NADW,589
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which also acts to increase pCO2. Finally, the AAIW of the 2◦ model becomes increasingly590

supersaturated, which decreases pCO2 and leads to the slight downturn of the relevant591

curve in Figure 4b.592

The above changes are all less pronounced for the 1/2◦ model, since it is able to retain its593

undersaturated NADW, and its AAIW is less enriched with excess carbon. This indicates594

that eddy saturation and eddy compensation don’t just lead to reduced alteration of the595

saturation state. The reduced sensitivity of the stratification and overturning also leads596

to smaller changes in, for example, surface residence time of water parcels and so alters597

the sensitivity of ∆C to wind forcing. This has the non-intuitive effect of making ∆C598

less important at low wind forcing at higher resolution and more important at high wind599

forcing at higher resolution. In contrast, variations in mean saturation state are always600

less important at higher resolution.601

Qualitatively, the variation of Csoft and Ccarb is similar in both models with Ccarb (green602

lines) producing a mirror image curve to Csoft (magenta lines) due to its impact upon603

preformed alkalinity. A moderate increase in wind stress allows more biological carbon604

to be stored in the ocean, whilst a moderate decrease leads to an outgassing of biological605

carbon. Alkalinity changes lead to the opposite change in sign due for Ccarb. There606

is, however, a subtle difference. For the same proportionate increase in wind, the 2◦
607

model stores slightly less biological carbon than the 1/2◦ model, and vice versa for wind608

decreases.609

For a wind increase of ≤ 1.5 times the control wind stress, the increase in the venti-610

lation rate (see Figure 2c, both NADW and AABW cells of the overturning increase in611

magnitude) leads to an increased cycling of nutrients from the deep ocean into the mixed612
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layer. This fuels an increased rate of productivity that is able to offset the increased rate613

of ventilation of the deep ocean’s biological carbon storage. This has a reduced influence614

on pCO2 for the 2◦ model because the pycnocline is also deepening, allowing the NADW615

cell to access and ventilate the deep Csoft reservoir efficiently.616

For a wind decrease of ≥ 0.5 times the control wind stress, the rate of supply of nutrients617

to the mixed layer from the deep ocean is decreased, since both the NADW and AABW618

cells decrease in magnitude. This leads to reduced biological productivity in both models,619

with the 2◦ model’s productivity dropping by a third at 0.75 times the basic state wind.620

Despite a reduction in ventilation rate, due to weaker NADW and AABW cells, the621

reduced productivity is unable to sustain the same Csoft storage and so pCO2 increases.622

The 1/2◦ model has a smaller magnitude of change in Csoft due to its eddy compensation623

reducing the amount by which the overturning changes.624

For wind multiples > 1.5 times the control wind stress, the 2◦ model outgasses an in-625

creasing amount of biological carbon as its pycnocline deepens and the strong/efficient626

NADW cell gains access to more biological carbon. In contrast, the much reduced pyc-627

nocline depth adjustment of the 1/2◦ model, which is due to its eddy saturation, results628

in very little soft tissue outgassing. This results in the outgassing of Csoft having very629

little impact upon the 1/2◦ model’s pCO2 at 5 times the control wind stress. As a result,630

at very high wind, the pCO2 of the 1/2◦ model is almost solely determined by warming631

of the abyss and the reduced net supersaturation of the ocean. In contrast, the 2◦ model632

has pycnocline depth changes and outgassing of Csoft as the two most important terms in633

the anomaly budget.634
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To summarise, both models indicate that changes to all four ocean carbon storage635

reservoirs contribute to the overall pCO2 change of the atmospheric box. Just as the636

overall change is smaller in amplitude for the 1/2◦ model, so is the contribution of each637

individual component. The eddy saturation and eddy compensation phenomena, which638

reduce the sensitivity of the 1/2◦ model’s pycnocline depth and overturning, combine to639

reduce the amount that changes in temperature/salinity can impact pCO2. Furthermore,640

these reduced sensitivities also result in a reduced change to the outgassing of soft tissue641

carbon. At very high wind, the 1/2◦ model’s ∆C storage terms is the most important and,642

in point of fact, the percentage contribution to pCO2 change is higher than the ∆C term643

of the 2◦ model. At 2◦, the changes in Csoft, driven by pycnocline depth and overturning644

changes, is comparatively more important than at 1/2◦.645

6. Discussion

The role of changing surface wind stress in altering the ocean circulation and its bio-646

geochemical cycling are of importance to past and future global climate. Eddy-resolving647

ocean models indicate that the sensitivity of ocean stratification (eddy saturation) and648

meridional overturning (eddy compensation) are both reduced when a vigorous mesoscale649

eddy field is at least permitted. The role of these phenomena in setting ocean carbon650

storage and atmospheric pCO2 has been investigated using an idealised numerical model651

of ocean circulation that can be run to thermodynamic and biogeochemical equilibrium.652

The model reveals that the reduced sensitivity of the stratification and overturning con-653

spires to give an overall reduced sensitivity of atmospheric pCO2 when wind stress is both654

increased and decreased. Both the 2◦ and 1/2◦ models are part of a spectrum that includes655
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total eddy saturation at a grid spacing of 1/6◦. It is reasonable to assume that in the656

total eddy saturation limit, the sensitivity of pCO2 to wind forcing increases/decreases657

would be further reduced. Due to the imperfect eddy compensation of all extant models,658

there may remain a role for increasing/decreasing wind to alter climate to a lesser degree659

than that predicted by coarse resolution ocean models that parameterise the mesoscale660

eddy field.661

Decomposing the changes in all four ocean carbon storage terms reveals that the vari-662

ation of each is resolution dependent. The 2◦ model has larger changes in pCO2 due to663

large changes in pycnocline depth, with respect to the 1/2◦ model, and thus mean ocean664

temperature. For moderate wind changes, both models experience significant changes in665

the Csoft and Ccarb, in which changes in nutrient cycling rate regulates the ventilation666

of deep ocean biological carbon due to pycnocline depth and overturning rate changes.667

However, for large increases in wind stress, the 2◦ model outgasses large amounts of bio-668

logical carbon. This is due to increased pycnocline depth exposing the Csoft reservoir to669

the strong ventilation of the NADW cell. In contrast, the 1/2◦ model does not increase670

its pycnocline depth and so the partially eddy-compensated increase of the NADW cell is671

unable to ventilate any extra carbon.672

The AABW cell of the overturning is relatively weak in both the 2◦ and 1/2◦ model.673

Furthermore, it has only weak sensitivity to changes in wind forcing. As a result, little674

of the change in pCO2 in these experiments is attributable to changes in the lower cell.675

However, this does not preclude other forcing changes allowing for a stronger role for the676

AABW cell by increasing its volume/overturning rate and thus its ventilation of deep677
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ocean carbon stores. In particular, changes in diapycnal upwelling or surface buoyancy678

forcing may alter this aspect of the ocean circulation.679

The carbon pump decomposition of Lauderdale et al. [2013] reveals that, in a coarse680

resolution global ocean model, overall changes in pCO2 are accomplished by large, compen-681

sating changes in all the ocean carbon storage terms. Furthermore, their model produces682

a strong correlation between the maximum Southern Ocean overturning streamfunction683

below 500m and pCO2 change. There is a strong compatibility between the results and684

ideas presented here and those of Lauderdale et al. [2013]. It is possible that eddy satu-685

ration might break the correlation between overturning circulation and pCO2 change by686

preventing the stronger overturning from ventilating deep carbon stores. However, since687

eddy compensation represents only a reduced sensitivity of the overturning, it is not ob-688

vious that this phenomena would similarly break the correlation. To test this properly689

requires further experiments incorporating the wide range of wind stress perturbations690

that Lauderdale et al. [2013] applied to their model ocean.691

In a world with an abiotic ocean, pCO2 is governed solely by the pycnocline depth and692

the degree of super-/under-saturation of the ocean [Ito and Follows , 2003]. Our results693

show that the 1/2◦ model has a different ∆C response to changing wind stress than the694

2◦ model, and so an abiotic eddying ocean may still respond differently to an abiotic695

non-eddying ocean. This is reminiscent of the importance of the eddy parameterisation696

for regulating the magnitude and sign of carbon uptake found by Zickfeld et al. [2007],697

which helps regulate the magnitude of ∆C. The uptake of anthropogenic carbon by the698

Southern Ocean is still under debate [Le Quéré et al., 2007; Law et al., 2008; Zickfeld699
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et al., 2008], and so there may be a role for mesoscale eddies in modifying this aspect of700

the ocean’s response to anthropogenic climate change.701

The results of Marinov et al. [2008a] highlight the complexity of the relationship be-702

tween surface nutrient concentration, biological export production, and pCO2. They show703

a strong correlation between changes in Csoft and pCO2 across a wide range of forcing704

perturbations, which obeys the exponential solution of Goodwin et al. [2007] and is ap-705

plied here in the framework of Goodwin et al. [2008] as equation (14). We do not see706

such a strong correlation here, in either the 2◦ or 1/2◦ model, due to the region of nega-707

tive ∂pCO2/∂Csoft for moderate wind changes. This region appears to be robust to the708

introduction of eddy saturation and eddy compensation. Potentially, it could arise from709

the decision to maintain fixed total inventories of dissolved inorganic carbon, alkalinity,710

and phosphate, which was suggested as an important constraint to future investigations711

by Marinov et al. [2008b]. The obvious potential for uncorrelated variations lead us to712

suggest, as do Lauderdale et al. [2013], that is is necessary to know about the size and713

variability of all four ocean carbon reservoirs in order to understand changes to pCO2.714

The 2◦ model clearly shows that increased pycnocline depth leads to outgassing of715

biological carbon and thus increasing pCO2. This contrasts with the picture of Mignone716

et al. [2006] in which pycnocline depth increases lead to decreased pCO2. This is due to717

the difference in an equilibrium versus transient view of the world. In the transient view of718

Mignone et al. [2006], increasing the wind deepens the pycnocline and thickens the mode719

water or AAIW layer. This allows this particular water mass to take up extra carbon,720

under high pCO2 conditions, and leads to pCO2 decrease. In the equilibrium picture, this721

extra carbon has been transferred to the deep ocean and so increases in wind now lead to722
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increased pCO2 due to increasing pycnocline depth and/or ventilation of the deep ocean723

[Le Quéré et al., 2008].724

The use of an idealised model domain allows the model experiments to be run to biogeo-725

chemical and thermodynamic equilibrium. However, these same idealisations may impact726

the results. For example, the use of a salinity restoring condition ties the freshwater727

forcing to the local salinity in an unrealistic way. The advantage here is that the strat-728

ification and overturning regime can be determined a priori. Additionally, the pCO2 of729

the atmospheric box is both well-mixed and non-radiatively active. Carbon dioxide in730

the real atmosphere has a relatively short mixing time of around a year, and assuming731

it is well-mixed is unlikely to be particularly egregious. However, the lack of radiative732

forcing from increasing pCO2 may mean that the experiments produce a lower bound on733

the pCO2 change compared with reality.734

Ultimately, model resolution should be higher still than that used here since the 1/2◦
735

model has too coarse a grid spacing to truly resolve the mesoscale eddy field. The exper-736

iments of Morrison and Hogg [2012] indicate increasing eddy compensation as resolution737

is refined to at least 1/16◦, although complete eddy saturation could occur somewhere738

between 1/4◦ and 1/6◦ [Munday et al., 2013; Hogg and Munday , 2014]. This could lead739

to further changes in the ventilation rate of different water masses and rate of nutrient740

cycling as new dynamical phenomena are permitted in the flow [e.g. submesoscale ed-741

dies, see Omta et al., 2007]. The strongest limitation upon the use of higher resolution742

is available computing power and the number of model years required to reach biogeo-743

chemical equilibrium. Ideally, future experiments should also extend to the global scale,744

as with those Lauderdale et al. [2013] that parameterised the eddy field, allowing for in-745
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teractions between the Atlantic and Indo-Pacific overturning and include more complex746

biogeochemical models.747

In summary, the emergence of eddy saturation and eddy compensation in eddy-resolving748

models does reduce the sensitivity of ocean carbon storage and pCO2 to changing winds.749

If eddy saturation fixes the global pycnocline, it may reduce the impact of any slight750

increases in overturning rate by preventing access of the NADW cell to carbon rich abyssal751

water masses. These results suggest that changes in wind stress over a glacial cycle or752

as a result of future anthropogenic climate change are unlikely to contribute significantly753

to pCO2 changes. This does not preclude alterations in the locations at which the ocean754

stores or uptakes carbon, or that changes in other ocean circulation forcing could influence755

atmospheric carbon dioxide concentrations.756
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Table 1. Carbon reservoirs.
Reservoira 2◦ sector 1/2◦ sector Williams and Follows [2011]

pCO2 (ppmv) 290 286 —
Catm 30 (0.9%) 29 (0.8%) 600 (2%)
ΣC 3383 (99%) 3372 (99%) 35 538 (98%)
Csat 3263 (96%) 3236 (95%) 33 330 (92%)
∆C 25 (0.7%) 22 (0.6%) 38 (0.1%)
Csoft 71 (2%) 83 (2%) 1672 (5%)
Ccarb 24 (0.7%) 31 (0.9%) 502 (1%)

a Units are GtC/PgC, except where noted. The percentages are the fraction of the total

carbon storage (Catm + ΣC) that each reservoir holds.
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Figure 1. (a, b) Schematic model domain. The total model depth is 5000m and spherical

polar coordinates are used, so that the longitudinal width in km at the 60◦S/60◦N is half the

equatorial width (of 2000km). The grey-shaded area (b) indicates where the depth is only

2500m. This region is 1 grid point (∆) wide at a grid spacing of 2◦, and 1◦ wide at a grid

spacing of 1/2◦. (c) Surface wind stress; (d) Surface temperature restoring condition; (e) Surface

salinity restoring condition; and (f) Effective surface density restoring profiles. The density is the

nonlinear combination of T and S. The dashed lines mark the northern edge of the circumpolar

channel, and the dotted line marks the northern boundary density.
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Figure 2. Residual overturning of the control simulations, including the GM component for

(a) 2◦ averaged over 1000 years; (b) 1/2◦ averaged over 100 years. Reds indicate clockwise circu-

lation and blues indicate anti-clockwise circulation. Contours are drawn every 0.25Sv with the

first positive/negative contour at 0.25Sv.The solid grey line marks the time-zonal-mean surface

potential density. The dashed black line marks the edge of the circumpolar channel. (c) Vari-

ation of the residual overturning of the upper and lower cells as per Munday et al. [2013] and

including the 1/4◦ simulations of Hogg and Munday [2014]; (d) Pycnocline depth as per Munday

et al. [2013] and including the 1/4◦ simulations of Hogg and Munday [2014].
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Figure 3. Zonally-averaged carbon distributions (molm−3) for the 2◦ (left) and 1/2◦ (right)

sector models. (a,b) CDIC ; (c,d) Csat; (e,f) ∆C; (g,h) Cbio. The black dashed lines mark the

extent of the reentrant channel
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Figure 4. (a) Atmospheric pCO2 vs. wind forcing for the 2◦ and 1/2◦ grid spacing sector

models. The 2◦ line (blue) is a 1000 year average at equilibrium, the 1/2◦ line (red) is a 200 year

average at pseudo-equilibrium. (b,c) Fractional contribution of each ocean carbon reservoir to

the total pCO2 change as a function of wind stress. The 2◦ panel (b) is a 1000 year average at

equilibrium, the 1/2◦ panel (c) is a 200 year average at pseudo-equilibrium.
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Figure 5. Zonally-averaged ∆C and Cbio (molm−3) for the 2◦ (left) and 1/2◦ (right) sector

models. (a,b) ∆C; (c,d) Cbio. The black dashed lines mark the extent of the circumpolar channel.
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