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Abstract. Global-scale tracer simulations are typically to equilibrate with the atmosphere, i.e., before surface waters
made at coarse resolution without explicitly modelling ed- are subducted.

dies. Here we ask what role do eddies play in ocean up-
take, storage, and meridional transport of transient trac-

ers. We made global anthropogenic transient-tracer simula-

tions in coarse-resolution {2os¢x2°, ORCA2) and eddy- 1 Introduction

permitting (° cospx 3°, ORCAO5) versions of the ocean

general circulation model OPA9. Our focus is on surface-The ocean’s large capacity to take up and store carbon me-
to-intermediate waters of the southern extratropics whereliates the increase of anthropogenicQ®the atmosphere.
air-sea tracer fluxes, tracer storage, and meridional tracefhus, accurately determining ocean uptake of anthropogenic
transport are largest. Eddies have little effect on global andracers is relevant not only to understanding the global car-
regional bombA4C uptake and storage. Yet for anthro- bon cycle, but also to predicting the magnitude of future cli-
pogenic CQ and CFC-11, refining the horizontal resolution mate change. Ocean models have been used extensively to
reduced southern extratropical uptake by 25% and 28%, reunderstand air-sea fluxes and ocean storage of anthropogenic
spectively. There is a similar decrease in corresponding incarbon. Storage of anthropogenic carbon has also been es-
ventories, which yields better agreement with observationstimated with data-based approaches (Gruber et al., 1996;
With higher resolution, eddies strengthen upper ocean vertiSabine et al., 2004), but these are not without substantial ran-
cal stratification and reduce excessive ventilation of interme-dom and systematic errors (Matsumoto and Gruber, 2005).
diate waters by 20% between®® and 40 S. By weakening During the last decade, the Ocean Carbon-Cycle Model
the residual circulation, i.e., the sum of Eulerian mean flowIntercomparison Project (OCMIP) examined and compared
and the opposed eddy-induced flow, eddies reduce the suppleveral existing ocean general circulation model (OGCM)
of tracer-impoverished deep waters to the surface near theimulations of transient tracers (Orr et al., 2001; Dutay et al.,
Antarctic divergence, thus reducing the air-sea tracer flux2002; Watson and Orr, 2003; Matsumoto et al., 2004). All
Thus in the eddy permitting model, surface waters in thatthe OCMIP models used a coarse-horizontal grid and re-
region have more time to equilibrate with the atmospheresorted to parameterising the effect of unresolved subgrid
before they are transported northward and subducted. Asixing processes on larger scales. The OCMIP models dis-
a result, the eddy permitting model's inventories of CFC- agree substantially in terms of the simulated anthropogenic
11 and anthropogenic GQare lower in that region because CO, air-sea flux within the southern extratropics (the re-
mixed-layer concentrations of both tracers equilibrate withgion south of 20S), which absorbs up to half of the global
the atmosphere on relatively short time scales (15 days and 6ceanic uptake (Orr et al., 2001; Watson and Orr, 2003).
months, respectively); conversely, bomb*C’s air-sea equi-  More recently, Matsumoto et al. (2004) compared simulated
libration time of 6 years is so slow that, even in the eddy per-natural radiocarbon, anthropogenic £@nd CFC-11 from
mitting model, there is little time for surface concentrations 19 ocean carbon cycle models with data-based estimates and
also found large discrepancies between model results. These
Correspondence to: Z. Lachkar model discrepancies are partly associated with differences in
(zouhair.lachkar@env.ethz.ch) the representation of subgrid-scale ocean mixing processes
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(Matear, 2001, Dutay et al., 2002). In the only attempt to sphere. For a purely inert tracer, the equilibration titpe
date to use a global eddy resolving model (2)10 simulate  can be estimated following Broecker and Peng (1974) as
the ocean CFC-11 distribution, Sasai et al. (2004) demonfeqz’ﬁ whereh is the mixed-layer depth and the tracer
strated much improved agreement with the observations irpiston velocity. Between 63 and 40 S, the air-sea equi-
the southern extratropics. In particular, their model exhibitslibration time for typical gaseous tracers, including CFC-11,
improved skill south of 40S with none of the excessive is ~14 days, whereas for bomb“C it is ~6 years. Lying
ventilation of thermocline and intermediate waters that isbetween these two extremes is the anthropogenig<Cair-
characteristic of most of the OCMIP coarse-resolution mod-sea equilibration time of-6 months. Equilibration for C®
els. Thus, generally improving the ability to account for is slower than for CFC-11 because when added to seawater,
mesoscale eddies may be key to correctly simulating the up€0O, does not remain a dissolved gas as does CFC-11; in-
take, transport, and storage of the transient tracers, especialltead, it reacts with carbonate ion §Oo form bicarbonate
in southern extratropics. To improve eddy parameterisationson HCO;. What matters then is the change in the mixed-
for coarse-resolution models, ocean modellers can learn fronayer concentration of the sum of these three species (i.e.,
how ocean eddies affect global and regional ocean tracer budissolved inorganic carbon DIC), not just the change i CO
gets. concentration. Relative to CFC-11, the time for a perturba-
During the past three decades, physical oceanographetibn in mixed-layer DIC to equilibrate with the atmosphere is
have made significant advances in discerning the role that edonger by a factor o% (Sarmiento and Gruber, 2006).
dies play in the ocean’s general circulation (Holland and Lin, That factor averages 12 betweerf &and 40 S whereas it
1975a,b; Holland, 1978). Cox (1985) investigated the effectsaverages 19 globally, based on the GLODAP data. For bomb
of mesoscale eddies within the subtropical thermocline andA14C, the equilibration time between the mixed layer and the
highlighted the eddy-induced homogenisation of anomalousatmosphere is much longer still because isotopic equilibrium
Potential Vorticity along isopycnals. In terms of meridional requires that C@exchange its isotopic composition with the
heat transport, Bning and Budich (1992) found a negligi- entire DIC pool. The corresponding factor is thegicl
ble effect of eddies when using a primitive equation modelwhich averages 140 between°@and 40 S and 180 glob-
for an idealised ocean basin. Drijfhout (1994) showed thatally.
the eddy-induced mean meridional circulation nearly com-  The air-sea equilibration time has already been shown to
pensates poleward eddy heat transport for the case of a wealffect transport and uptake of transient tracers in an idealised
diabatic forcing. Vallis (2000) demonstrated how mesoscalemodel of the Southern Ocean (Ito et al., 2004). Here we
eddies could be important in determining ocean stratificationaim to use an OGCM to evaluate the effects of mesoscale
Marshall et al. (2002) and Marshall and Radko (2003) usededdies on large-scale uptake, storage, and meridional trans-
idealised simulations for a channel-only domain, finding thatport of CFC-11, anthropogenic GOand bombA14C, while
eddies help to set both the stratification and the depth of thq!ocusing particularly on the southern extratropics where up-
permanent thermocline in the ocean. take and storage are largest. We also aim to investigate how
Despite these advances, all studies have been limiteghesoscale eddies alter ocean dynamics in the higher south-
by the compromises that must be made because of thern latitudes and to examine the mechanisms by which they

computer-intensive nature of making simulations that in- affect large-scale distributions of transient tracers.
clude mesoscale variability in global-scale numerical mod-

els. Previous work has generally used simplified basin-scale
models to investigate the genesis of mesoscale eddies arml Methods
their interaction with the mean flow. Few studies indeed have
addressed how ocean eddies may affect global-scale trang-1 Strategy
port and distribution of transient tracers. Here we attempt
to elucidate the importance of mesoscale eddies in terms ofVe made a series of simulations for CFC-11, anthropogenic
their effect on the global distributions of transient tracers.CO, and bombA4C, using a noneddying version of the
To isolate the effect of eddies, we follow the lead @dx model having a 2cosp x2° coarse-grid (termed ORCA?2),
(1985) and Thompson et al. (1997), who compared integrawhere ¢ is latitude. We also made analogous simula-
tions of a noneddying and an eddying versions of the sameions with an eddying version of the same model using a
model. Thus we also compare a coarse-resolution to an eddy%" COSy X %" grid (ORCAO05), whose grid size is 34 km on
permitting version of the same OGCM. average, globally, and is 28 km at®B. The eddying version

In addition to anthropogenic CQwe also made simula- of the model has sufficient horizontal resolution to resolve
tions of CFC-11 and bomiA4C to better evaluate model the largest mesoscale eddies (those with diameter larger than
performance and to investigate how mesoscale eddies affe¢tvo or three times the grid size), although it does not resolve
transient tracers with different air-sea equilibration times.the rest of the mesoscale eddy spectrum. For comparison, to
That is, these three tracers require different times for theitbe fully “eddy-resolving” there would need to be at least 12
mixed-layer concentrations to equilibrate with the atmo- grid points per wavelength (Chassignet and Verron, 2006),
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i.e., a grid size at least six times smaller than the first Rossby
Radius of deformation, which varies between 10 and 20 km
in high latitudes (Chelton et al., 1998). The main goal of this
work is to explore how simulated ocean uptake of transient
tracers changes as one begins to explicitly resolve mesoscal
eddies, i.e., when moving from a coarse-resolution to an
eddy-permitting OGCM. We will address if crossing that
threshold is important in terms of transient tracer uptake, al- §
though studying the effects of moving to finer resolution is
beyond the scope of this study. _

Although the eddying model does not resolve the en-
tire spectrum of mesoscale eddies, it does exhibit substan- 9§
tial eddy activity in the Southern Ocean along some of the
most energetic currents in the world (Fig. 1); conversely, the
coarse-resolution model exhibits no such activity. In a first
series of two simulations at eddying and noneddying resolu-
tion, we deliberately avoided using any subgrid-scale eddy
parameterisation in order to better capture the effect of re-
solving mesoscale eddies that goes along with an increase iRig. 1. Surface-ocean eddy kinetic energy in the southern extrat-
horizontal resolution. Additionally, in order to assess the ef-ropics (in cn? s~2) of the eddying simulation.
fectiveness of the most widely used eddy parameterisation,
known as GM (Gent and McWilliams, 1990; Gent et al.,
1995), to represent the role of mesoscale eddies in ocean uptsed by Sen Gupta and England (2004) to investigate venti-
take of transient tracers, we made two other CFC-11 simulatation of globally prominent water masses. Hill et al. (2004)
tions using this parameterisation at both resolutions. The GMused a 1/6 North Atlantic regional model, finding that of-
coefficients of thickness diffusivity and isopycnal diffusivity fline simulations remain faithful to online runs when the
in both simulations were set to 4021, time-averaged flow fields are updated on a timescale close to

Integrating long global carbon simulations until near- the inertial period (about 1 day). Here, small eddies associ-
steady state requires running the model for several thouated with high frequency time variability (close to the inertial
sand years. At eddy-permitting resolution, that would ex- period) are not present in the flow given that we resolve only
tend far beyond presently available computing resources. Téhe upper range of mesoscale spectrum. Thus we used a 5-
overcome this technical limitation, we used perturbation ap-day forcing frequency for both eddying and noneddying sim-
proaches for both anthropogenic £@nd bombA“C. In ulations. With the noneddying version of our model, the of-
so doing, we assume that the natural ocean carbon cycle iine transient-tracer results closely resemble those obtained
not affected directly by the anthropogenic perturbation. Thuswith the online version, e.g., with zonal means of the inven-
we treat anthropogenic G@nd bombA14C as passive trac-  tory differing at most by 3%.
ers excluding any possible response of the ocean biological To evaluate simulations, we compared simulated to ob-
process to the anthropogenic €@crease. This approach served tracer distributions along vertical sections from the
was introduced for anthropogenic @@y Siegenthaler and World Ocean Circulation Experiment (WOCE) and to grid-
Joos (1992) and first used in a 3-D model by Sarmiento et alded data products from Global Ocean Data Analysis Project
(1992). Here we extend it to bomb'*C. Simulations of an- (GLODAP). The GLODAP data consists of synthesised
thropogenic CQ begin on 1 January 1765 and are run until products from WOCE, the Joint Global Ocean Flux Study
1 January 2000 (industrial era); simulations for boxt§C (JGOFS), and the Ocean Atmosphere Carbon Exchange
start on 1 July 1954 and run until 1 January 2000 (nuclearStudy (OACES) (Key et al., 2004).
era).

Despite the advantage of using a perturbation approach2.2 Models
realising online global tracer simulations in an eddying,
global-scale OGCM remains a challenge because of th®ur simulations were made with the ORCA-LIM global cou-
computational requirements. For example, a 235-year anpled ocean-sea ice model whose ocean component is based
thropogenic CQ simulation (1765—2000) with our eddying on version 9 of the model OPA (®@an PArallise, referred
model requires 11000 CPU-hours on one processor of @0 as OPA9). OPA is a finite difference OGCM with a free
NEC-SX6 vectorial supercomputer. To further reduce com-surface and a nonlinear equation of state following the Jack-
putational costs we used the offline approach for our traceett and McDougall (1995) formulation (Madec and Imbard,
simulations. An offline model driven by monthly fields from 1996; Madec et al., 1998); The model has a contorted hori-
an (online) eddy-permitting OGCM @ cosp x0.4°) was zontal curvilinear mesh in order to overcome the North Pole
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singularity found in conventional grids. To avoid the typi- model specifically designed for climate studies. A full de-
cal northern singularity over the ocean, the OPA9 grid hasscription of LIM is given by Fichefet and Maqueda (1997).
two poles, one over Canada and the other over Asia, which To study passive tracers, we used a tracer-transport (of-
allows for longer timesteps while still respecting the CFL sta- fline) version of OPA (OPA Tracer 8.5) driven by 5-day av-
bility criterion. Variables are distributed on C grid (Arakawa, erages of fields of advection and vertical turbulent diffusion
1972) on prescribed z-levels. The horizontal grid is also or-from the dynamic (online) model. As for active tracers (tem-
thogonal and retains numerical accuracy to the second ordgrerature and salinity), we used isopycnal Laplacian mixing
(Marti et al., 1992). The model is implemented on a Merca-with the same lateral diffusion coefficients as in the dynamic
tor grid, i.e., becoming finer at high latitudes following the model. We employed the flux-corrected-transport advection
cosine of latitude. With 46 levels in the vertical direction, scheme from Smolarkiewicz (1982, 1983); Smolarkiewicz
the vertical grid spacing increases from 6 m at the surface tand Clark (1986). This advection scheme is little diffusive
250 m at the bottom. The bottom of the deepest level reacheand is positive definite, i.e., it ensures positive tracer concen-
5750 m. Lateral tracer mixing occurs along isopycnal sur-trations.

faces via Laplacian diffusion. For the noneddying model, we

used horizontal Laplacian diffusion operator, as is typical for2.3 Passive tracer boundary conditions

coarse-resolution models. For the eddying model, we used

the biharmonic formulation for viscosity, in order to make 231 CFC-11

optimal use of the resolved scales and to allow the eddy- . .
ing flow to exhibit its dominant nondiffusive nature (Griffies CFC-11 (chiorofluorocarbon-11) is & purely anthropogenic

and Hallberg, 2000). The biharmonic diffusion operator hastrace gas, whose atmospheric concentration has increased

. . . Hom zero since the 1930s. Once it enters the surface ocean
no advantage at coarse resolution but is much better suited : . . : .
Via gas exchange, CFC-11 is chemically and biologically in-

for eddying models because it acts on smaller scales, admit- . . .
. rt. Thus it serves as a passive conservative tracer and tracks
ting shorter wavelength structures on the mesh that would_. . .

circulation and mixing processes that occur over decadal

ggo%?mv% ?tcijcglu ; dt:jy gﬁguéie\l/?tlagr?gvci)spceor;iorcgi;ifgi(;tgta?é 'timescales (Wallace and Lazier, 1988; Doney and Bullister,
: y y y 1992; Waugh et al., 2003). The large database of oceanic

given by a second-order closure scheme based on a PrOgNOZ, hcentrations of CFC-11 come from direct measurements

tic equation for turbulent kinetic energy (TKE) (Gasparet_al., made at~1% precision during the World Ocean Circula-

S . . S E i WOCE). Putti hat high ision i
case of static instability. This TKE parametrisation |mprovesﬁon Xperiment (WOCE) qttmg that high precision mto.
context, the other two transient tracers can only be esti-

simulated equatorial dynamics and the thermocline in a highmalted indirectly from other data. which means errors are
resolution model (Blanke and Delecluse, 1993). To advect y ’

L ; . ““relatively much larger and unfortunately difficult to quanti
temperature and salinity, we used the Total Variance Dimin- y g Y g fy

S . L (Matsumoto and Gruber, 2005; Key et al., 2004). To model
ishing (TVD) advection scheme followingélvy et al. (2001). ] )
The bathymetry is calculated using thebathymetry file CFC-11 ocean uptake, we followed the protocols defined by

. . OCMIP-2 (Dutay et al., 2002). That is, passive tracer fluxes
ETO.POZ from NGDC (Natlfjnal Geophysical Data Center) fi\t the air-sea interface were calculated according to the clas-
(Smith and Sandwell, 1997; Jakobsson et al., 2000), exCePRLi .| formulation of air-sea gas exchange
for the zone south of 72 where it was computed from the
BEDMAP data (Lythe and Vaughan, 2001). The OGCM out- . Cs
put was stored as 5-day averages to avoid aliasing of high—FCFC = Kere(pCFC— O[CFC)(l_I) @)
frequency processes (Crosnier et al., 2001). Initial condition§Nhere Kcrc is the CFC-11 gas transfer coefficient
for the temperature and salinity fields were taken from Levi- (molm2yr—1patntl), pCFC is the partial pressure of

tus etal. (1_998) for the low and middle Iatitude_s and from the cEC-11 from the reconstructed atmospheric history (Walker
PHC2.1 climatology (Steele et al., 2001) for high latitudes. et al., 2000), and’ is the modelled sea surface tracer con-

The model was started from rest, then spun up for 8 yeargenyation. Thexcrc term is the CFC-11 solubility in the

with a climatological seasonal forcing with daily frequen_cy sea water (Warner and Weiss, 1985), which depends on tem-
as computed from the 1992-2000 NCEP/NCAR 10-m wind o a4 re and salinity at the surfadeis the fractional sea ice

stress and 2-m air temperature data (Kalnay et al., 1996).q e \yhich varies between 0 andRcrcis calculated from
Additionally, we used monthly climatologies of precipitation solubility and 10-m NCEP wind speed using thanninkhof

(Xie and Arkin, 1996), relative humidity (Trenberth et al., 199y formulation of gas transfer velocity. Time and space
1989), and total cloud cover (Berliand and Strokina, 1980)'variations of total air pressure are neglected.

Surface heat fluxes and freshwater flux for ocean and sea-
ice were calculated using the empirical bulk parameterisatiorp.3.2  Anthropogenic COPerturbation
proposed by Goose (1997).
The sea ice component of ORCA-LIM is the Louvain- For the anthropogenic GQve used the same boundary con-
la-Neuve sea ice model (LIM), a dynamic-thermodynamic ditions as developed for OCMIP-2. The air-sea {Dx is
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determined as:

Fco, = Kco,(8pCOy, — 8pCOp,) (1 — 1) 2

where Kco, is the CQ gas transfer coefficient in
molm~—2yr~1ppm! calculated following Wanninkhof
(1992) andspCO,, andspCO,,, are the atmospheric and the
oceanic perturbations of carbon in ppm. The atmospheric
perturbation is defined by

§pCOy, = pCOy, — pCOZa,O )

where pCOy, is the partial pressure of atmospheric £8%

prescribed from the Enting et al. (1994) spline fit to Siple

ice core and Mauna Loa atmospheric £data for 1765.0 to ‘ ‘ ‘ ‘ ‘

1990.0 and from the 12-month smoothed GLOBALVIEW- 8078 40°8 o 40N 80°N

CO, (2003) Mauna Loa data for 1990.5 to 2000.0. The batitude

pCOy, o term is set to 278 ppm, the partial pressure 0Lb,CO

at the beginning of simulation (1765). Fig. 2. Zonally integrated inventories of CFC-11 in 1994 as ob-
Unlike CFC-11, CQ is highly soluble in seawater and is served (black dashes, GLODAP) and as simulated by the noneddy-

hydrolysed to form other inorganic carbon species, i.e., bi-ing model with GM (red) and without GM (blue) as well as by the

carbonate and carbonate ions. To modeb@®@n, we must  eddying model with GM (green) and without GM (purple).

carry the sum of all three dissolved inorganic species, i.e.,

DIC, and in the case of a perturbation approach, the model L

carries only the anthropogenic componéIC). Hence, at personal c_ommumcatl_on)_. Our approach _accounts for '_[he an-

the surface, we need to convert betwéBiC carried by the thropogenic perturbation in GGatmospheric concentrations

model andspCO,, that is needed to compute the air-sea flux unlike Toggweiler et al. (1989b) who used the pre-industrial
according to Eq 0(2) level for the atmospheric forcing. We force the 3-box atmo-

To do so, we follow the lead of Siegenthaler and Joossphere to maintain observed values of baAdC that were

(1992) and Sarmiento et al. (1992). That is, we express th(?hmed upward by subracting off values from July 1954,

oceanic perturbation in the partial pressure of,GRCO,,) \t/vhlctr;]are negatl_ve (_Jlue to thehSuess e%ffgg ) dBm }?C eg-
in terms of the perturbation in dissolved inorganic carbon ers Ine ocean via air-sea exchange opLsadioactive de-
(5DIC) cay is included but not important for the short simulations

made here.
z0[8DIC + 8DICcorr] Following Orr et al. (2001), the air-sea bomd*C flux
5pCOyp, = = — pCOq o (4) g b d( ob
1 — z1[8DIC + 8DIC¢or] 140 Can be expressed as:

—
2]

—Non—eddying L
—Non-eddying + GM |
—Eddying

Eddying + GM

—
[\S)
|

—data

[=2]
|

CFC-11 Zonal Integral (Mmol degree™!)

wherezp andz; are coefficients that depend on temperature. Fiac = u(Cy — Co)(1 — 1) 5)
Here though, we have added two correction fact8iP8Ccorr
andpCOy, cor to take into account that the starting value of
pCOy, o is different from the referenceCOy, =280 ppm

whereC, is atmospheric bomA14C ratio, C,, is the simu-
lated surface ocean ratio, and the £@plenishment ratg

that Siegenthaler and Joos (1992) used when developing tH§ 9Iven by

perturbation approach. More details are offered in the ap- _x pCOy, 5
pendix. n=RC g c ©)
233 BombAl4C Perturbation where DIC is the surface ocean concentration of dissolved

inorganic carbon (taken as 2.0 motA&) (Toggweiler et al.,

To model bommA4C, we treated th&*C/A2C ratio as a con-  1989a).

centration and used the perturbation approach. Therefore we

do not simulate processes causing fractionation (Toggweileé Results

etal., 1989a,b), which induces a small simulation error (Joos

et al, 1997). As with any perturbation approach, the sim-3 1 \odel evaluation

ulation must begin with the ocean and atmosphere contain-

ing zero bombA4C. Historical estimates of atmospheric 3.1.1 GM parameterisation

14C/A2C are available for 3 latitudinal bands (9820 S,

20° S—20 N, 20° N-9C° N) from the compilation made for Simulations with and without the GM parameterisation re-
OCMIP-3 (I. Levin, personal communication; T. Naegler, veal the extent to which the noneddying model with the GM
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Fig. 3. Zonally integrated basin-scale inventories of CFC-11 for
the Atlantic (upper), Pacific (middle), and Indian (lower) Oceans as

Latitude

80°N

parameterisation properly represents how CFC-11 is affected
by mesoscale eddies in the eddying model. Figure 2 com-
pares simulations of the eddying and noneddying models,
both with and without GM, to the GLODAP global data
product (Key et al., 2004) in terms of the vertical column
integral of the CFC-11 concentration (inventory), integrated
zonally across the globe. The eddying model matches the
observed maximum in the CFC-11 inventory betweehSl5
and 50 S within 6%, whether or not it uses GM. In con-
trast, the noneddying model without GM overestimates this
peak by 55%. Although the noneddying model with GM is
better, it still overestimates the observed peak by 36% and
remains far from the eddying model. This unrealistic re-
sult may be related to GM being an adiabatic parameteri-
sation. There is an important diabatic component to eddy
fluxes close to boundaries, particularly near the ocean surface
(Robbins et al., 2000; Price, 2001). Thus GM misrepresents
eddy diapycnal behaviour in the mixed layer and that may
drive spurious exchange between the upper mixed layer and
the ocean interior. But whatever the cause, our simple global
analysis demonstrates that the GM parameterization in the
noneddying model does not properly represent the role of
mesoscale eddies in the eddying model. From here on then,
we focus on the effect of resolution by comparing eddying
and noneddying simulations without the GM parameterisa-
tion.

3.1.2 CFC-11

The global CFC-11 inventory in the noneddying model is
28% larger than that obtained by the eddying model, with
the latter being closer to the observed estimates (Key et al.,
2004; Willey et al., 2004) (see Table 3). Both gridded data
products rely on the WOCE CFC-11 observations although
they use different interpolation procedures. In addition, the
global inventory of our eddying model is close to that of
the global 1/10 eddy-resolving model of Sasai et al. (2004).
As for meridional structure, Fig. 3 compares CFC-11 inven-
tories from both models to the GLODAP data-based prod-
uct (Key et al., 2004) over each of the three ocean basins.
Higher resolution offers substantial improvement, particu-
larly in the Indian basin where the coarse-resolution model
overestimates the CFC-11 inventory by 64% betweehS50
and 30 S. Conversely, south of 88 near the Antarctic di-
vergence, both model versions underestimate the observed
inventory, mainly because the mixed layer is too shallow by
150 to 200 m (Fig. 4). This model deficiency in the upper
ocean of the high southern latitudes is associated with insuffi-
cient vertical mixing produced by the current version of TKE
scheme in OPA model. Additionally, formation of Antarctic

observed (black dashes, GLODAP) and as simulated by the eddyin&mtOm Water (AABW) may be too weak. Yet despite this
(red) and noneddying (blue) models at end of year 1994.

Ocean Sci., 3, 461-482, 2007

poor performance in the highest southern latitudes, there is
little impact on basin-integrated inventories because discrep-
ancies occur in a region that has relatively little surface area
and tracer storage.
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— -data

64°S

60°S 56°S 52°S 48°S 44°S 40°S

—non-eddying
——eddying

— —data

— —Sasai 2004

60°S 50°S 40°S 30°S 20°S 10°S Eq
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—eddying
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— —Sasai 2004

68°S

60°S 52°8 44°S 36°S 28°S 20°S

Mixed-layer depth (m) in the southern extratropics in Fig.5. CFC-11 inventories for the WOCE I9S section along &S

mid-September as simulated by the noneddying (top) and eddyingn the Indian sector of the Southern Ocean (upper), the AJAX sec-

(middle) models as well as that from an observational climatologytion along O E in the South Atlantic (middle), and the WOCE P15S

(de Boyer Monégut et al., 2004) (bottom). section along 170W in the South Pacific (lower), as observed
(black) and as simulated by the noneddying (blue) and the eddy-
ing (red) models. The dashed purple curves showShsai et al.

Simulated CFC-11 column inventories were also com-(2004) inventories.
pared to observations along three sections in the southern
extratropics: AJAX along the Greenwich meridian in 1983
(Warner and Weiss, 1992), WOCE I9S along 1E5n the  resolution improves results north of 58 in all three sec-
Indian Ocean (1994-1995), and WOCE P15 along°1¥0 tions. The noneddying model overestimates observed CFC-
in the South Pacific in 1996 (Fig. 5). Once again, increasedl1 inventories along all three sections, as do most of OCMIP
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Fig. 6. CFC-11 concentration (in pmott) along the WOCE 19S section (11&, 1994—-1995) as observed and simulated by the noneddying
(ORCA2) and the eddying (ORCAO05) model.

coarse-resolution models that do not account for mesoscald.1.3 Anthropogenic C@and bombA4C
processes (Dutay et al., 2002).

For greater detail south of 4%, where the ocean storage Unlike for CFC-11, both the noneddying and eddying mod-
is largest and where OCMIP models differ most (Dutay et al.,els simulate global anthropogenic g@ventories that are
2002), we compared models to data along two deep sectionsvithin the uncertainty of GLODAP data-based estimate (Key
19S in the Indian sector of the southern extratropics (Fig. 6)et al., 2004; Sabine et al., 2004) (Table 3). For the global
and AJAX in the South Atlantic (Fig. 7). As seen with Fig. 5, bomb AC inventory, there is much less disagreement be-
finer resolution leads to general improvement, particularlytween models, and again both agree within the uncertainty
along the Indian section. Most notable is the eddying model’'sof the data-based estimate. The meridional structure of the
more realistic vertical penetration of CFC-11 north of Sub- bomb AC inventory also differs very little between the
antarctic Front (SAF), near 5®&. In the noneddying simula- models and the data-based estimate (Fig. 9). On the other
tion, the vertical distribution is too diffusive which results in hand, the meridional structure of anthropogenic,@@en-
excessive penetration particularly in the Indian Ocean. Southory differs much more between models and the data-based
of 50° S, both model versions underestimate tracer penetraestimate (Fig. 10). In the southern extratropics, the eddying
tion within the upper 200 m. We also compared modelled andnodel’s inventory is 26% less than that in the noneddying
observed CFC-11 in the North Atlantic on the Na20w merid- model, which is greater in magnitude than the 18% reduc-
ional section, which runs mostly along“2 (Fig. 8). Both  tion in global inventory. As for CFC-11, the eddying model
the eddying and noneddying models reproduce the generallso generally captures the magnitude and pattern of the data-
features of the CFC-11 vertical penetration profile, but in thebased estimates for anthropogenic DIC, despite some dis-
noneddying model, there appears to be too much ventilatiomgreement in the tropical and subtropical Pacific Ocean as
where NADW forms between 3% and 60 N. Overall, the  well as south of the SAF. In those high southern latitudes,
eddying model is also more realistic along this North Atlantic the eddying model underestimates the data-based estimates
meridional section. for anthropogenic DIC (Key et al., 2004; Sabine et al., 2004),
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Fig. 7. CFC-11 concentration (in pmott) along the AJAX section (OE, 1983) as observed and simulated by the noneddying (ORCA2)
and the eddying (ORCAO05) model.
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Fig. 8. CFC-11 concentration (in pmott) along the Na20w section (1993) as observed and simulated by the noneddying (ORCA2) and
the eddying (ORCAO5) models
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Fig. 9. Global zonal integral of the bomh14C inventory as ob-
served (black dashes, GLODAP) and as simulated by the noneddy-
ing (blue) and eddying (red) models at end of year 1994.

(PgC degree

partly because the mixed-layer depth is too shallow (Fig. 4)
as discussed already for the same deficiency that was re-
vealed by CFC-11. _

Unfortunately, systematic errors in the data-based esti-
mates for anthropogenic DIC (Matsumoto and Gruber, 2005) &
compromise our ability to use that tracer by itself as a refer-
ence to validate models (Orr et al., 2001). Anthropogenic
DIC is clearly not of the same value as CFC-11, which is
measured directly. Yet, trends for anthropogenic DIC are
similar to those for CFC-11, i.e., in terms of the system-
atic differences between the models and the data referenc
This would be expected if the data-based estimates for an-
thropogenic DIC were roughly correct. In any case, through-
out the southern extratropics there are striking differences be-, ]
tween the noneddying and eddying models for both CFC-11 é" 0.6 -
and anthropogenic DIC; for both tracers, the eddying model ]
is much closer to the data reference. Having studied how
each tracer is affected by improved resolution, we now turn
our attention to how the three tracers differ in terms of ocean
uptake, inventory, and northward transport.

nventory

1

Latitude

) Pacific integrate

P

t
0.8

degree

0.4

0.2
3.2 Tracer-tracer differences 1

3.2.1 Ocean uptake 0.0

Indian integrated inventory

80°N
Figure 11a shows the zonal integrals of the cumulative fluxes Latitude
for the three tracers obtained using the noneddying model.

Cumulative fluxes are calculated as the time-integrated air-_.

¢ fl . the bedinni f the simulati (glg. 10. Inventories of anthropogenic GGt the end of 1994 inte-
0-Séa Tluxes since the beginning of the simulalions, ang, .. q zonally over each of the Atlantic (top), Pacific (middle), and

for comparison they are normalised by dividing by the total |jan (bottom) basins for the data-based estimates (black dashes,
global uptake. Although all three tracers exhibit maximum G opaP) as well as the noneddying (blue) and eddying (red) mod-
uptake between £ and 50 S, the relative amount that is ¢s,

taken up south of 205 varies: 65% for CFC-11, 56% for
anthropogenic C& and 50% for bomlA14C. These dissim-
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Fig. 11. Zonal integral of the normalised cumulative fluxes (upper) 3 18
and inventories (lower) of CFC-11 (red), anthropogenio®lue) a 14
and bombA14C (purple) in the noneddying model at end of 1994. 1
Cumulative fluxes and inventories were normalised by dividing by P
the total global uptake. 04

0.
T T T T T T T T T T T T T
90°E 150°E 150°W 90°W 30°W 30°E 90°E
ilarities are due to the differences between the three tracers Longitude

in terms of their air-sea equilibration times and atmospheric
hlstor!es (I'e." dlﬁerent shapes ".;md rat.e.s OT change). WheEig. 12. Normalised cumulative fluxes simulated by the noneddy-
comblne(_j with Ioc_:al differences in stratlf_lcatlon and sun‘ace-ing model for CFC-11 (upper), anthropogenic £@niddle), and
layer reS|de_nce times, these lead to dlfferent_ tracer upta_kgombAMC (lower), accumulated since the beginning of each sim-
patterns. Figure 12 presents the corresponding cumulativgiation until the end of year 1994. Fluxes were normalised by di-
flux maps for the three tracers normalised by dividing eachyiding each field by the global area-weighted mean flux; thus there
by its area-weighted average surface flux. are no units.

Clearly oceanic uptake is not distributed evenly over the
different basins. For example, the Atlantic Ocean absorbs
up to 39% of the total CFC-11 uptake, although it covers The air-sea fluxes of the three tracers also differ in their
only 26% of the total ocean area. For the two anthropogenigesponses to increasing horizontal resolution (Fig. 13). The
carbon tracers, there are smaller contrasts in uptake betwedsombA“C uptake is nearly unchanged, both regionally and
basins, with the relative contribution of the Atlantic Ocean globally. In contrast, CFC-11 and anthropogenic,GD@-sea
shrinking to 30% for anthropogenic G@nd 27% for bomb  fluxes decrease by 28% and 25% in the southern extratrop-
AC. ics and by 22% and 18% in the World Ocean. The reduction
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Table 1. Changes in integrated global- and basin-scale, air-to- T 24 ‘ ‘ ‘ ‘ ‘ L

sea tracer fluxes when moving from the noneddying to the eddying ¢ 1 —Non-Eddying
] —Eddying

model.

N
(=]
|

CFC-11 cg Al

—
2]
|

Atlantic _34% —21% —4% ]
Pacific -10% -12% —-4%
Indian _23% —24% —6% 127

Southof20S  -28% -25% 7%
Southof50S  -19% -23% —6%

[=2]
L

onally integrated fluxes (Mmol degree
|

Global —22% -18% 5% :
4 -
0 T T T T T T T T T T T
Table 2. Changes in integrated basin-scale tracer inventories when §  go°g 40°S 0° 40°N 80°N
moving from the noneddying to the eddying model. N Latitude
- |8 | . | . |
CFC-11 cq Al G Non_Eddying
Atlantic -23% -18% —6% o 24 —Eddying -
Pacific -11% -14% 2% oo
Indian -37% -25% 7% s 7 r
Southof20S  -31% -26% -9% 2
Southof 50 S —44%  -35% —14% = 167 i
Global —22% -18% 5% v i
E
2 0.8 -
E
of the air-sea CFC-11 flux is largest in the Atlantic Ocean & | i
(34%), moderate in the Indian (23%), and weakest in the Pa- g 0.0 . . S ‘
cific (~10%). Discrepancies between basins are less impor-=  goes 40°S 0° 40°N 80°N

tant for the air-sea flux of anthropogenic g(Table 1). In Latitude
both model versions, the peak uptake for CFC-11 remains L
south of 58 S and that for bomm\1C remains at 52S;
conversely, the peak uptake for anthropogenic, GDifts
from 57 S to 52 S with the increase in horizontal resolu-
tion (Fig. 13). Later we show that this shift in the peak for
anthropogenic C®also affects its northward transport.

=]

(=2

[=)
|

—Non—-Eddying =
—Eddying

600 + -

w
(=]
(=]
|
T

3.2.2 Inventories

Figure 11b shows each tracer's normalised zonal integral
inventory in the coarse-resolution model. More than 62%
of the global inventory of CFC-11 is stored south of &)
whereas only 49% of total uptake of anthropogenic,@@d

47% of bombA14C are stored in this same region. That is, 80° " a0es Do a0oN 80N
the relative contribution of the southern extratropical to the Latitude

total air-sea flux is larger for CFC-11 than for the two other

tracers (Fig. 11a).

Maps of these quantities (Fig. 14) reveal that the highestrig. 13.  Zonal integrated cumulative fluxes at the end of 1994
specific inventories (i.e., mass per unit area) for CFC-11 ardor CFC-11 (upper), anthropogenic @Qmiddle), and bomb
found in the North Atlantic and between38 and 50 S. For  A14C(lower) simulated by the noneddying (blue) and eddying mod-
the other tracers, the Atlantic Ocean also exhibits the highestls (red).
specific inventories, but the contrast between basins is less
for anthropogenic C@and less still for bomm14C. As
for the vertical distributions, nearly 80% of the total anthro-

200 1 r

Zonally integrated fluxes (mol degree™!)

(=]
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Table 3. Global inventories of the three transient tracers from the

6
5 data-based estimates (Key et al., 2004; Willey et al., 2004; Sabine
‘3‘,5 et al., 2004) and as simulated by ORCA2, ORCAO5, and the eddy
2.5 resolving model from Sasai et al. (2004).
o 2
3 Lo CFC11  CQ Al4c
;:; L4 (168mol) (PgC)  (188atomsl4c)
{ ORCA2 (noneddying) 648 120 3.07
o8 ORCAO5 (eddying) 506 98 2.94
0.4 GLODAP 544 ¢-81) 106 @16)  3.13 (-0.47)
0.2 Willey et al. (2004) 550 - -
0 Sasai et al. (2004) 510 - -
90E | 150°E | 160°W | 90°W - 30°E 90°E Sabine et al. (2004) - 106 -
L‘ongitude
. .
5
60°N 4
3 sis remains focused on the upper and intermediate ocean.
25 The decrease in air-sea fluxes of CFC-11 and anthro-
4; 2 pogenic CQ that accompanies increased horizontal resolu-
:5 0 1 tion leads to equivalent reductions in the global tracer inven-
= 1.2 tories of these two tracers. Yet, this global decrease does not
e occur homogeneously throughout the three basins (Table 2).
Y ——_sr— o With increa;ed resolution, both trqcers shov.v.nearly the same
= 0.2 decreases in uptake and storage in the Pacific Ocean. In con-
3 0 trast, the reduction in storage is more pronounced in the In-
Q0E | I50°E  150°W  O0°W | 30°W | 30°E  90°E dian Ocean and less pronounced in the Atlantic Ocean rela-
Longitude tive to the reduction in uptake. Thus higher model resolution
6 leads to greater lateral export of CFC-11 and anthropogenic
Z CO, from the Indian to the Atlantic Ocean. It is well known
35 that heat and mass are exchanged between these two basins
2.5 mainly via the Agulhas Current and the Antarctic Circum-
2 2 polar Current (ACC), each of which is characterised by high
2 1.6 eddy activity (Gordon, 1986; Rintoul, 1991). We hypoth-
5 s esise that the eddying model’s lower Indian-to-Atlantic net
e export of CFC-11 and anthropogenic g€@sult from some
0.8 combination of stronger Agulhas transport and weaker ACC
P transport. Both effects are known to be induced by eddies
0 (Hallberg and Gnanadesikan, 2001). Thus, eddies play a role
G°E | 150°E  150°W  90°W | 30°W  30°E | 90°E in the inter-basin transport of transient tracers. One might
Longitude also expect that eddies contribute to meridional transport of

transient tracers.
Fig. 14. Normalised inventories simulated in the noneddying model
obtained by dividing by the mean area-weighted inventory for CFC-3.2.3 Northward transport
11 (top), anthropogenic Gmiddle), and bomm14C (bottom) at
end of year 1094. To detail meridional or northward transport of a transient
tracer, we first computed tracer divergence as the zonal in-
pogenic CQ and around 90% of CFC-11 and bomd4C tegral of the difference between cumulative flux and column
that is taken up by the ocean is stored in the upper 1000 minventory. Positive divergence (Flux — Inventory) indicates
Thus the large majority of the total inventory of these tran- areas of tracer export or loss; negative divergence indicates
sient tracers are confined above the thermocline. The only@reas of tracer gain. Both are due to meridional transport.
place where large tracer concentrations penetrate to mid an@ihe integral of the tracer divergence from south to north is
abyssal depths is in the North Atlantic as a result of the for-the time-integrated northward transport since the beginning
mation of the North Atlantic Deep Water (NADW). These of simulation (Fig. 15).
findings are consistent with previous observational studies For bombA“C, the meridional distribution of the north-
(Sabine et al., 2004; Willey et al., 2004). Thus our analy-ward transport is nearly the same for the two versions of
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the model. Yet for CFC-11, there is a decrease of equator-
ward transport in the Northern Hemisphere betweeR @nd ¢ |
45° N, which is largest at 35N. In contrast, in the south- 3 1 —Non-Eddying
ern extratropics, meridional transport of CFC-11 changes Iit-é | —Pddying A
tle with improved horizontal resolution. For anthropogenic =
CO,, the decreased equatorward transport due to increased 7 i
horizontal resolution is a general feature that occurs in both? 80 -
the Southern and the Northern Hemispheres, betwe28 60 < 1 L
and 50 N. These discrepancies between tracers result fron{;
their contrasting vertical distributions in the upper ocean. For &
example, the horizontal gradients of anthropogeni¢ @ad
of CFC-11 are of opposite signs within the thermocline (sees 9 I
Sect. 4.3). Gaining more insight into the exact mechanisms™ - W B
that drive these contrasts requires further study, which we _,q 1 - I I
leave for future work. 80°8 40°S 0° 40°N
La‘c‘itl}de‘

120 r

40 r

thw

[
80°N

28

4 Discussion — 24 _Non-Eddying
% ] __Eddying

For insight into how mesoscale eddies affect transient tracef~ 2o - -

distributions, we explored the main differences between theg g -

dynamics of the eddying and the noneddying simulations.

—
(=]
1
T

4.1 Eddies and stratification

ard Transp
(=
[\S)
|
T

In the higher southern latitudes, the simulated mixed layerZ
is generally shallower in the eddying model (Fig. 4). The ‘g 4 -
largest differences are found in the Indian and Atlantic basins= -
between 40S and 60 S, where the winter mixed layer in 0
the eddying model is locally 200 to 300 m shallower than T T T 1 T
in the noneddying model. Relative to the observations be- 80°s 0% L t_otn d 40N B0°N
tween 40S and 50S (de Boyer Mor#gut et al., 2004), i

the simulated mixed layers are too deep in both models,
particularly for the noneddying model in the Indian Oceanz
(de Boyer Monggut et al., 2004). The eddying model’s in- & i —Eddying
creased horizontal resolution substantially reduces the spuE 600 - -
rious wintertime convection in the higher southern latitudes.
This reduction, due to explicitly including mesoscale eddies,
is consistent with previous findings for the effect of Gent &
McWilliams eddy parameterisation (Gent and McWilliams,
1990; Gent et al., 1995) on the strength of wintertime con-
vection in the high southern latitudes (Hirst and McDougall, 5
1996; England and Hirst, 1997). Because convection is tie s
to water column stratification, we may anticipate that there 0 N
are major changes in stratification between the two experi- E— S S ‘
ments. Indeed, increased resolution changes simulated sub- 80°S 40°8 0° 40
surface density between 68 and 40 S by flattening isopy- Latitude

cnal surfaces. That flattening strengthens upper ocean strati-

fication and yields a more realistic vertical density structure _. .
in the high southern latitudes. More specifically, baroclinic Fig. 15. Total northward transport of CFC-11 (top), anthropogenic

) ; : CO, (middle), and bommA14C (bottom) since the beginning of
mesoscale eddies serve. to release Available Potgntlal Enerqyach simulation until 1994 as simulated by the noneddying (blue)
(APE) of the mean flow in the form of Eddy Kinetic Energy ,.qthe eddying (red) models at end of year 1994.

(EKE), thereby reducing the baroclinic instability and ensur-
ing a more stable stratification. Marshall et al. (2002) also

showed with idealised numerical experiments that mesoscale

800 r
b —Non-Eddying
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hward Transpo
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Fig. 16. Zonal mean of CFC-11 penetration depth [m] as ob- § 80°S 60°S 40°8 20°S 0°
N

served (black dashes, GLODAP) and as simulated by the noneddy- Latitude
ing (blue) an eddying (red) models over the Southern Hemisphere.

The penetration depth of a tracer is defined as the tracer inventory'9- 17. Zonalintegral of CFC-11 inventory (2nol) in the AAIW,
[mol m—2] divided by its surface concentration [molTH]. defined as the 27.0-2744 layer as observed (black dashes, GLO-

DAP) and as simulated by the noneddying (blue) and the eddying
(red) models.

eddies play a key role in setting up the stratification. By

strengthening vertical stratification in the high southern lati- ) ' ) o
tudes, mesoscale eddies affect the rate at which the therm('p_oneddymg model’s excessive ventilation of that water mass

cline and intermediate waters are ventilated as well as howS reésponsible for much of the excessive vertical penetration
water masses are transformed within the upper ocean. AQf transient tracers in the southern extratropics. The noned-
a consequence of the flattening of density surfaces, verticaflying model overestimates the AAIW's observed CFC-11
penetration of CFC-11 and anthropogenic e reduced contentin all basins, particularly in the Atlantic and in the In-

in the eddying model (Fig. 16). dian sectors of the Southern Ocean, where the excess reaches
more than a factor of two. The 20% reduction in the AAIW'’s
4.2 Ventilation and upper water mass transformation CFC-11 inventory between 6@ and 40 S is accompanied

by decreases in the total volume of the AAIW layer, by 33%
Higher resolution and thus the presence of mesoscale edsetween 60S and 50S and by 19% between 58 and
dies reduces the excessive vertical penetration of simulated® S. Thus, the strong ventilation of the upper and the inter-
CFC-11 between 605 and 40 'S (Fig. 6). For example, be- mediate ocean in the southern extratropics in the noneddying
tween 558 S and 50 S, waters at 1000 m contain more than model is partly linked to its excessive AAIW formation rate.
2pmol 1 of CFC-11 in the noneddying model but only ~ To better understand the source of AAIW, the merid-
around 0.5 pmolt! in the eddying model (as in the obser- ional circulation, and the water mass transformations that oc-
vations). Most of the CFC-11 that penetrates into subsurfaceur in upper waters (above the permanent thermocline) be-
waters south of 40S is carried by Subantarctic Mode Wa- tween 40 S and 68S, we calculated the isopycnal trans-
ter (SAMW) and Antarctic Intermediate Water (AAIW) as port streamfunction in both the eddying and noneddying
they subduct near the SAF. In the SAMW layep£26.5  versions of the model. Averaging along density instead
to 27.0), the CFC-11 inventory between°@and 40S is of depth coordinates avoids the spurious large apparent di-
nearly twice that in the AAIW layerdp=27.0 to 27.4). Yet apycnal motion in the upper Southern Ocean known as the
that SAMW inventory is only 2% less in the eddying model Deacon Cell (B6s and Webb, 1994). When the isopycnal
relative to the noneddying model, whereas the correspondingtreamfunction is given on neutral density surfaces, Mcln-
inventory reduction in the AAIW is 20%. Thus we focus on tosh and McDougall (1996) showed that it approximates the
the AAIW. That intermediate water is easily identified as a so-called residual mean circulation, which is the sum (calcu-
tongue of fresh water with a salinity minimum of 34.2 and a lated in depth coordinates) of the Eulerian circulation and the
mean potential density 0f27.2. The AAIW extends north- eddy-induced flow (Andrews and Mclintyre, 1976; Holton,
ward from the Antarctic Polar Frontal Zone (APFZ), which 1981). Near the ocean surface, where eddies are most ac-
is located near the Antarctic Divergence along the southerriive, neutral surfaces are tangentialdg potential density
flank of ACC, to intermediate depths at subtropical latitudes.surfaces (McDougall, 1987). Following the lead oft{3
The AAIW’s CFC-11 inventory (Fig. 17) illustrates that the and Webb, 1994), we computed the isopycnal streamfunc-
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tion relative to the surfacesg) by projecting model output Fig. 19. Four-year trajectories of 10 particles launched from 250 m

onto 72 evenly spaced potential density layers ranging fromy 5 S, between 110E and 120 E. Colours represent the depth
21to 28 (Fig. 18). Yet, due to compressibility effects, deeperof the particles.

water masses, including the Lower Circumpolar Deep Wa-

ter (LCDW), NADW, and AABW, are not well defined by

0o. Thus asp-based separation between NADW and LCDW

would be misleading. Here we consider these denser water | the eddying simulation, due to the countering effect of
masses as a unique layer (27.6-28.1 density class). ~ eddy-induced transport, the Deacon Cell nearly disappears
~ In the noneddying simulation, the residual circulation anq the residual circulation is roughly halved to 14 Sv of
in the upper ocean south of 48 is characterised by a porthward near-surface transport betweef $:nd 60'S.
small Deacon Cell with a maximum of 30 Sv at®88near  consequently, the upwelling of the dense water masses along
the Antarctic Divergence. Although unrealistic, such large ihe southern flank of the ACC is substantially reduced. In
meridional circulation is not surprising given that this model o eddying model only 12 Sv is upwelled across the 2.5
has no eddies, which in the real ocean counter part of the,iface between 85 and 58 S. This model result is con-

Ekman driven transport. In an observational study, Karstergistent with the observational study of Karsten and Marshall
and Marshall (2002) found a northward Ekman driven trans—(zooz) who found a residual circulation of about 13 Sv at

port of more than 23 Sv betweenS3 and 57 S. The equiv- 5705 The large reduction in upwelling of denser, tracer-
alent northward transport in our noneddying model is as-impoverished waters results in an equally large decrease in
sociated with excessive_ upwelling of about 26 Sv of denseaa\w ventilation (Fig. 17). Additionally, Fig. 18 reveals
water (27.6-28.1) that is transported across the 27.5 SUfnat the diapycnal flux diminishes with increased resolution
face between 655 and 58 S. Most of this water that feeds 5 the isopycnal overturning streamlines become flatter. This
the AAIW formation lies within the “bowl”, which sepa-  makes sense given that eddies facilitate meridional circula-
rates the subsurface ocean from the interior ocean (Marshal|y, along isopycnal surfacesigliberg and Gnanadesikan,
and Nurser, 1992), thereby directly ventilating the upwelled>001). These eddy-induced reductions in water mass trans-
dense waters. Therefore, the excessive upwelling rate igyrmation within the upper waters of high southern latitudes

closely linked to the overestimation of AAIW ventilation in  |ead to reduced air-sea fluxes of transient tracers, as detailed
the noneddying version of the model. below.
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4.3 Surface water saturation and residence time

o

Within the surface and intermediate waters of the southern
high latitudes, eddies act to weaken the residual circula-
tion, which is northward at the surface. To illustrate this
eddy-induced slowdown of the residual circulation south of
40 S, we examined the Lagrangian trajectories of individ-
ual particles that were launched from under the mixed layer
of the upwelling region south of the ACC. For this analy-
sis, we relied on the Lagrangian diagnostic tool ARIANE
(Blanke and Raynaud (1997), which is fully documented
at http://ffraise.univ-brest.frblanke/ariane/doc.html). Fig-
ure 19 shows 4-year trajectories of particles launched from = _5, 1 A— — — — ‘
just below the mixed layer in the Indian Ocean af 60 60°8 56°S 52°8 48°S 44°8 40°S
between 1490E and 120E. In the noneddying model, wa- Latitude

ter parcels upwell to the surface and are rapidly transporteT:.

|
==}

|

T

Zonal CFC—11 Saturation Index ( %)
N
(=]
| |
T T

. . ig. 20. Zonal mean of the CFC-11 saturation index in the At-
northward across the ACC, whereas in the eddying mode antic between 60S and 40 S for the noneddying (blue) and ed-

they spend more time in the mixed layer before they ar€ying (red) models. The CFC-11 saturation index is defined as:
transported northward. Thus with higher resolution, thef651=100x(M), wherep, and p, are CFC-11 partial pressures

is an increase in the residence time of water parcels at th@t gcean surface and in the atmosphere respectively.
surface in the southern high latitudes where air-sea tracer
fluxes are largest. Consequently, tracers have more time to
accumulate in surface waters betweeri 8and 40 S. For - ) )
tracers whose equilibration times are relatively short (CFC-column becomes more stratified. Thus, enhancing resolution
11 and anthropogenic G{) surface water concentrations in- decreased vertical penetration of all three tracers (Fig. 21).
crease and become closer to equilibrium with the atmosphere In the previous analysis, we highlighted the role of con-
(Fig. 20). For example, at 8% the magnitude of the air-sea trasting equilibration times between the three tracers to ex-
difference in the partial pressure of CFC-11 in the eddyingplain why the bombA14C behaves so differently from the
model is only half that in the noneddying model. This re- two other tracers. Additionally, the three tracers differ in
duction along with the reduced upwelling of tracer impover- terms of the shape of their atmospheric history (Fig. 22).
ished waters from below explains why the increased resoluTo discriminate between these two factors, we made another
tion reduces cumulative air-sea fluxes of CFC-11 and anthrotype ofC simulation, where instead of the nuclear-era per-
pogenic CQ. turbation, we accounted for only the Suess effect, i.e., the
On the other hand“C’s slow air-sea equilibration time reduction in the atmospherféC/A2C ratio due to the emis-
of ~6 years is too long, relative to the increase in residencesion of fossil CQ during the industrial era. This perturbation
time of surface waters, to allow surface-water levels of bombsimulation for theA4C Suess-effect was made in both mod-
A'C to become as close, relatively speaking, to the atmo-els over most of the industrial era, from 1839 to 1950, just
spheric level. For example, the average level of baxibC prior to the beginning of the nuclear-era increase in atmo-
in the atmosphere over the southern extratropics was at 14dpheric CQ. Although the air-sea equilibration time for this
permil in 1994. Refining resolution increased surface-oceam\1“C Suess effect is identical to that for bor}*C, the
bomb A4C from 61 to 69 permil at 53S (Fig. 21). This  corresponding atmospheric histories are radically different.
represents only a 10% reduction in the air-sea difference foAs opposed to the bomb pulse input, the Suess effét€
bomb A4C (i.e., C,—C, in Eq. (5)), which is much less exhibits a slow atmospheric decrease, similar in form to the
than the 50% reduction for the air-sea difference in the par-anthropogenic C®increase. In this way, we isolated the ef-
tial pressure of CFC-11 mentioned above. The small relativefect of the AYC time history. The magnitude of the Suess
decrease in the air-sea difference for bot#C at 53 S is A'4C perturbation that is absorbed by the global ocean is
comparable in magnitude to the corresponding reduction irB% less in the eddying model relative to that in the noned-
the bombA®4C flux in the same area (Table 1), i.e., near dying model, whereas the corresponding difference is only
where fluxes are largest. Despite its differences, barftC 5% for bombA4C in 1994. Although this 8% change for
is carried by the same circulation and is submitted to thethe C-14 Suess effect is larger than that for bodC, it
same vertical mixing as the two other anthropogenic tracersstill remains less than 1/3 of that for anthropogenic,@@d
Eddy-induced changes in vertical mixing within the ocean CFC-11. Therefore, the atmospheric history does matter, but
interior affect the vertical distributions of all three tracers. the main reason why bomh“C’s response to increasing
Below the thermocline, concentrations of all three tracers de+esolution is so much weaker than for the other two tracers is
crease (Fig. 21) because as the resolution is refined, the wat€elue to its much longer air-sea equilibration time.
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Fig. 21. Vertical profiles of zonally averaged concentrations of CFC-11 (upper), anthropogenic DIC (middle), anabétower) at
60° S (left) and 40 S (right) for the noneddying (blue) and eddying (red) models.

5 Summary and conclusions Comparable simulations with noneddying and eddying

versions of the same model showed that the improved resolu-
The effect of mesoscale eddies on global distributions oftion led to reductions in global ocean tracer uptake, by 22%
CFC-11, anthropogenic GQand bombAC was inves-  for CFC-11 and by 18% for anthropogenic €The largest
tigated by comparing eddying and noneddying versions ofdiscrepancies occur in the Atlantic and Indian sectors of the
the same coupled ocean-sea ice model ORCA-LIM. Oursouthern extratropics. Conversely, eddies have little effect
aim was to evaluate how explicitly simulating eddies affectson global and regional bomh4C uptake. By comparing
three complementary anthropogenic tracers, particularly inbasin-integrated cumulative fluxes and inventories, we found
the southern extratropics where ocean uptake, storage, anflat eddies also affect inter-basin tracer exchange of CFC-11
meridional transport of these tracers are largest.
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1 60° S and 50 S, where air-sea tracer fluxes are the largest, as
—CFe-1 illustrated by our Lagrangian trajectory analysis of particles
08| —co2 launched from just below the mixed layer at@in the up-
welling zone of the Indian sector of Southern Ocean.

06 | o Unlike for CFC-11 and anthropogenic GChomb A4C
air-sea fluxes are much less sensitive to the eddy-induced
slowdown in upper meridional circulation. The long air-sea

041 equilibration time of bomtA4C means it is slow to react
during the relatively short period from when water masses

0.2 1 are upwelled to the surface near the Antarctic Divergence
until they are subducted a few degrees to the north near the

0 e S AAREEEEEE SAF. Although the bomtAC inventory is nearly identical
1765 1790 1815 1840 1865 1890 1915 1940 1965 1990 in both the noneddying and eddying models, vertical pro-
02 files of bombA4C in these models differ. Refined resolu-

tion increases concentrations near the surface and decreases
Fig. 22. Atmospheric histories of CFC-11 (blue), anthropogenic concentrations deeper down owing to the eddying model's
CO, (black), andA14C (purple) over the prenuclear (prior to 1954) enhanced stratification and weaker ventilation of intermedi-
and nuclear or “bomb” (after 1954) periods. For comparison, eachate waters. Bomm*C’s much weaker sensitivity to in-
of the three curves was normalised by dividing by its maximum creased resolution is mainly due to its slower air-sea equi-
tracer concentration; thus there are no units. libration time, and not its pulse-shaped atmospheric history,
as demonstrated by our sensitivity test for the preindustrial-
to-prenuclean\“C perturbation (Suess effect).

Indian O i i ¢ Model-dat ) Despite similarities between these three anthropogenic
ndian Lucean tracer transport.  viodel-cata comparison refracers, their contrasting sensitivities to the mesoscale eddies

veals ““?‘t moving from noneddying to eddying resoluthn reemphasise that we must be careful when trying to use find-
substantially improved model performance, whereas usmg,ngs from CEC-11 and bomh4C to make inferences about

the GM parameterisation with the noneddying model Oﬁeredanthropogenic C@ We do not know if ocean model esti-

only limited improvement. ) mates of anthropogenic GQvould be altered substantially

_ Secondly, we sought to improve the general understandp, ¢ rher increases in horizontal resolution, but this study
ing of the role of eddies in the high southern latitudes. Ourqy,eq emphasise the general need for ocean models to adopt
resqlts |nd|c:_;1te that taking the first step towards higher reShigher resolution or improved subgrid-scale mixing parame-
olution, moving from a coarse-resolution model to a modelg igations. For instance in climate models, higher resolution

that begins to resolve mesoscale eddies, results in strongef, |d |ikewise lead to more realistic ventilation of interme-

upper ocean stratification in the high souther latitudes a6 \yaters, which would alter decadal-scale ocean heat up-
manifested by a thinner mixed layer and flattened density, ke

surfaces. Eddies act to reduce AAIW-mediated ventilation

of the intermediate waters, particularly in the Indian sector

of the southern extratropics. By diagnosing the upper merid-

ional circulation of the southern extratropics within an isopy- Appendix A

cnal framework, we showed that enhancing resolution to ex-

plicitly resolve mesoscale eddies decreases the AAIW for-Oceanic carbon perturbation §pCOy, calculation

mation rate in near-surface waters along the southern flank

of ACC (at around 69S). This leads to weaker ventilation of The equations used here are based on the perturbation ap-

the thermocline and intermediate ocean. Eddies act to reduggroach of Sarmiento et al. (1992). The oceanic perturba-

the upwelling of dense water near the Antarctic Divergencetion §pCO,, is defined as the change in g@artial pres-

(60° S-55 S), leading to a similar reduction in near-surface sure in the ocean from the beginning of the simulation (pre-

conversion of AAIW from 26 Sv in the noneddying model to industrial level). The plot 0% versusspCQy,, where

12 Sv in the eddying model at 58, in close agreement with s pJ ¢ is the concentration of dissolved inorganic carbon of

the data-based estimate of Karsten and Marshall (2002).  the perturbation at the surface (in pmoly, reveals a lin-
Because eddies reduce meridional circulation (residual cirear relation forspCQy,, ranging from 0 to 200 ppm. Thus,

culation) in the upper waters of the southern extratropicswe can express simply the oceanic carbon perturbation as a

they also bring surface-water levels of CFC-11 and anthro{unction ofsDIC by

pogenic CQ closer to those in the atmosphere, thereby re-

ducing air-sea tracer fluxes. Refining resolution to explic- 8pCOy,

itly simulate eddies increases surface residence time between, 5 ~~ = 20 + 216pCOy, (A1)

and anthropogenic GO substantially reducing Atlantic-to-
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