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[1] Multi-decadal trends in the advection, mixing, and air-
sea flux of natural carbon dioxide (CO2) in the Southern
Ocean are investigated using output from a hindcast
simulation of a non-eddy-resolving ocean model. Particular
emphasis is placed on the model’s improved eddy-induced
advection parameterization. From 1958 to 2007, the model
predicts a significant increase in the outgassing of natural
CO2 from the Southern Ocean, congruent with a positive
trend in the wind speed over this period. The natural CO2

flux trend is largely driven by enhanced Eulerian-mean
advection and diapycnal mixing of dissolved inorganic
carbon (DIC) into the Southern Ocean surface. The natural
CO2 flux trend would be larger, if not for an increase in the
eddy-induced advection of DIC out of the Southern Ocean
surface, caused by the multi-decadal increase in the model’s
eddy-induced advection coefficient. Citation: Lovenduski, N. S.,
M. C. Long, P. R. Gent, and K. Lindsay (2013), Multi‐decadal
trends in the advection and mixing of natural carbon in the Southern
Ocean, Geophys. Res. Lett., 40, doi:10.1029/2012GL054483.

1. Introduction

[2] It is estimated that the ocean stores about 38,000 Pg of
natural dissolved inorganic carbon (DIC), the component of
DIC that is in balance with pre-industrial atmospheric car-
bon dioxide (CO2) [Denman et al., 2007]. In the Southern
Ocean, ventilation along isopycnals connects DIC-rich Cir-
cumpolar Deep Water to the surface, permitting natural
CO2 stored in the deep ocean to escape to the atmosphere.
[3] Coarse-resolution (Δx� 100 km) ocean models predict

increased outgassing of natural CO2 from the Southern
Ocean in recent decades, due to strengthening westerly
winds and enhanced upwelling and equatorward transport
of DIC-rich waters [e.g., Le Quéré et al., 2007; Lovenduski
et al., 2008]. However, recent literature questions whether
coarse-resolution ocean models with parameterized eddies
can simulate an appropriate Southern Ocean circulation re-
sponse to increasing wind intensity [e.g., Böning et al.,
2008; Hogg et al., 2008]. The multi-decadal increase in the
Eulerian-mean meridional overturning circulation predicted

by eddy-resolving models (associated with upwelling and
equatorward transport near the surface) is strongly com-
pensated by a simultaneous increase in the eddy-driven
meridional overturning circulation (associated with poleward
transport near the surface), such that there is only a small net
change in the residual-mean overturning circulation of the
Southern Ocean as the wind intensity increases [Marshall
and Radko, 2003].
[4] Farneti and Gent [2011] and Gent and Danabasoglu

[2011] suggest that the key to obtaining an appropriate
Southern Ocean circulation response to stronger winds in a
coarse-resolution model is to specify a variable eddy-induced
advection coefficient, k (used in theGent andMcWilliams [1990]
parameterization; also known as the thickness diffusivity).
Here, we assess the impact of a multi-decadal increase in wind
intensity on the advection, mixing, and air-sea exchange of
natural carbon in the Southern Ocean using a coarse-resolution
ocean model with variable k. While there is uncertainty over
the exact magnitude of the trend in wind, our analysis is
aimed at characterizing the mechanisms governing the ocean
carbon cycle response to this type of forcing.

2. Methods

[5] We analyze output from a hindcast simulation (1958–
2007) (M. C. Long et al., Oceanic carbon uptake and storage
in CESM1-BGC, accepted for publication Journal of Climate,
2012) of the Community Earth System Model physical ocean
component [Danabasoglu et al., 2012] with embedded bio-
geochemistry and ecology [Moore et al., 2004; Doney et al.,
2009]. The model uses 1� horizontal resolution and 10m ver-
tical resolution in the upper 160m with 60 total vertical levels.
Physical transport terms are partitioned into resolved and unre-
solved components. Mesoscale eddy transport (isopycnal mix-
ing) is parameterized with an updated version of Gent and
McWilliams [1990], where the coefficient k is diagnosed as
function of space and time, rather than prescribed as a constant
value [Danabasoglu et al., 2012]. k is large in the upper mixed
layer and then reduces in depth as the square of the buoyancy
frequency. Stronger (weaker) surface winds cause a deeper
(shallower) mixed layer, which results in a larger (smaller) ver-
tically averaged k. We perform statistical analysis on model
output to determine temporal trends and to quantify the rela-
tionship between trends in different variables. Further details
on the model configuration and analysis techniques are in the
auxiliary material.

3. Results

[6] The ocean model wind stress forcing is based on atmo-
spheric reanalyses, which show an increase in surface wind
speed over the Southern Ocean between 1958 and 2007
(Figure 1a). As a result, the model sea-air CO2 flux exhibits
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a significant positive trend of 0.007� 0.002 PgC yr�2,
equivalent to a 0.368 PgC yr�1 increase in the flux over
the 50 year simulation (Figure 1a). A spatial map of the
CO2 flux trend (Figure 1b) indicates that it is positive over
a large fraction of the Southern Ocean, with the exception
of the Eastern Pacific sector, where there are no statistically
significant trends. Nearly 60% of the spatially integrated
CO2 flux trend is linearly congruent with the trend in mean
surface wind speed over the Southern Ocean during this
period, suggesting that the CO2 flux trend is related to
the increase in wind speed.
[7] To ascertain the mechanisms responsible for the trend

in the sea-air flux of natural CO2, the contributions to the flux
trend are estimated using a linear Taylor expansion (see
auxiliary material). Increasing surface DIC is the dominant
driver of the Southern Ocean CO2 flux trend (Figure 1a and
Table S1). This is countered to a large degree by the trend
toward increasing alkalinity, while the impacts of trends in
pressure, temperature, salinity, and neglected higher-order
terms on the CO2 flux trend are quite small, but non-negligible.
These results are consistent with the findings of Lovenduski
et al. [2008].
[8] The mechanisms driving changes in surface DIC are

investigated by considering the volume-integrated inventory
of DIC in the top 100m of the Southern Ocean, DIC100m,
and its sources and sinks,

@DIC100m

@t
¼ Jadv þ Jiso þ Jdia þ Jgas þ Jbio; (1)

where Jadv, Jiso, Jdia, Jgas, and Jbio represent the fluxes of
DIC from Eulerian advection, isopycnal mixing (i.e., param-
eterized mesoscale eddy effects), diapycnal mixing, air-sea
exchange, and net community production, respectively. The
multi-decadal increase in DIC100m is caused by positive
trends in the advection and diapycnal mixing of DIC
(Table 1) over most of the Southern Ocean (Figures 2 and
S2). A large fraction of the trends in Jadv and Jdia, 74% and
75%, respectively, are linearly congruent with wind speed,
indicating that the trend in wind plays an important role in
the increased advection and diapycnal mixing of Southern
Ocean DIC. Trends in the isopycnal mixing, gas exchange,
and biological DIC terms are mostly negative throughout
the Southern Ocean (Table 1 and Figure S2), countering the
effect of advection and diapycnal mixing—both locally and
aggregated to the basin scale (Figure 2). Over the course of
the simulation, the DIC inventory in the surface ocean
increases by 0.6 PgC, due to enhanced vertical advection that
is not entirely compensated for by lateral advection and
increases in isopycnal mixing (Figure 2).
[9] The parameterized eddy isopycnal mixing includes

two components. The first is the “Redi” term, which mixes

Table 1. Linear Trends in the Southern Ocean-Integrated Sources
and Sinks of DIC100m as in (1)a

Term in (1) Linear Trend Congruent with Wind

Jadv 1.01� 0.24 0.75� 0.20
Jiso �0.09� 0.01 �0.01� 0.08
Jdia 0.12� 0.11 0.09� 0.12
Jgas �0.74� 0.16 �0.41� 0.13
Jbio �0.12� 0.08 �0.06� 0.09

aAlso shown is the DIC flux trend that is linearly congruent with the trend
in wind speed. Units are 10�2 PgC yr�2, and uncertainty is reported as 95%
confidence intervals.
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Figure 2. Schematic illustration of the Southern Ocean
surface DIC inventory, DIC100m (PgC), and its sources and
sinks (PgC yr�1). Black numbers represent mean values dur-
ing the first 10 years of the simulation; red numbers represent
the total change during the 50 year simulation. Isopycnal
mixing is the sum of its horizontal and vertical components.
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Figure 1. (a) Temporal evolution of annually averaged wind speed, integrated sea-air CO2 flux, and average surface DIC
concentration in the Southern Ocean. (b) Statistically significant linear trends in the flux of CO2 out of the Southern Ocean
surface from 1958 to 2007.
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tracers along isopycnals by means of a diffusion operator
[Redi, 1982]. The second, termed “thickness diffusion”,
represents the adiabatic slumping of isopycnal surfaces via
mesoscale baroclinic instability. To determine the impor-
tance of a variable eddy coefficient, k, for the Southern
Ocean DIC inventory, the effect of this second component
is estimated by calculating the eddy-induced flux of DIC, Fe,

Fe ¼ wisoDIC; (2)

where wiso is the vertical eddy-induced velocity predicted
from the Gent and McWilliams [1990] parameterization.
Both k and Fe exhibit the largest trends in the top 200m of
the water column (Figures 3a and 3b). We quantify the sen-
sitivity of the trend in Fe to the trend in k by estimating the
linear congruence of the trends in these variables in the
upper 700m of the water column (Figure S3). At a depth
of 200m, we find that 92% of the trend in Fe is linearly
congruent with the trend in k.
[10] The cause of the trends in the eddy-induced flux of

DIC is determined by separating DIC and wiso into mean
and time-varying components:

DIC ¼ DIC þ DIC′;wiso ¼ wiso þ wiso′ ; (3)

where the bars represent the long-term mean over the 50 year
simulation, and the primes represent monthly deviations
from the long-term mean. The linear trend in the eddy-
induced DIC flux can therefore be approximated by substi-
tuting (3) into (2),

@Fe

@t
� DIC � @w

′
iso

@t
þ wiso � @DIC′

@t
; (4)

ignoring the prime-prime terms, which are small. Figures 3c
and 3d show the components of the eddy-induced DIC flux
trend associated with the trends in vertical eddy-induced
velocity and DIC, respectively. The sum of these two terms
is the dashed profile in Figure 3b, which closely matches
the modeled trend in Fe. Changes in Fe are primarily

caused by changes in the eddy-induced velocity, and not
changes in the vertical distribution of DIC (Figure 3). Fe

is computed as the product of k and the isopycnal slope,
however changes in the latter are small during our simula-
tion. Thus, variations in k are the primary driver of changes
in eddy-induced DIC fluxes.

4. Conclusions

[11] A coarse-resolution ocean model with a variable eddy
parameterization coefficient simulates significant multi-
decadal trends in the air-sea flux, advection, and mixing of
natural carbon in the Southern Ocean from 1958 to 2007,
similar to trends reported in other studies [e.g., Lovenduski
et al., 2008; Lovenduski and Ito, 2009]. The model predicts
an increase in the sea-air flux of natural CO2 over the 50 year
simulation, caused by wind-driven increases in the advection
and diapycnal mixing of DIC. The trend toward enhanced
outgassing is countered by a significant increase in the
eddy-induced advection of DIC, which opposes the Eulerian
flow.
[12] Our results suggest that changes in the vertical distri-

bution of DIC play only a minor role in modulating the eddy
advection of DIC. Thus, if models can correctly capture
changes in the eddy velocity field, their representation of
changes in the DIC budget should be accurate. A variable
eddy-induced advection coefficient provides a mechanism
for eddy fluxes to respond to changing winds. If k had not
increased during the simulation, the result would have been
a much smaller eddy-induced flux of DIC throughout the
upper water column, resulting in a larger increase in the
surface DIC inventory and a greater release of natural CO2

from 1958 to 2007.
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(NA12OAR4310058) and NSF (OCE-1155240). NCAR is sponsored by
the National Science Foundation. Computational facilities have been pro-
vided by the Climate Simulation Laboratory, which is managed by CISL
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