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Carbon dioxide and oxygen fluxes in the Southern
Ocean: Mechanisms of interannual variability
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[1] We analyze the variability of air-sea fluxes of carbon dioxide and oxygen in the
Southern Ocean during the period 1993—-2003 in a biogeochemical and physical
simulation of the global ocean. Our results suggest that the nonseasonal variability is
primarily driven by changes in entrainment of carbon-rich, oxygen-poor waters into the
mixed layer during winter convection episodes. The Southern Annular Mode (SAM),
known to impact the variability of air-sea fluxes of carbon dioxide, is also found to affect
oxygen fluxes. We find that El Niflo—Southern Oscillation (ENSO) also plays an
important role in generating interannual variability in air-sea fluxes of carbon and oxygen.
Anomalies driven by SAM and ENSO constitute a significant fraction of the simulated
variability; the two climate indices are associated with surface heat fluxes, which
control the modeled mixed layer depth variability. We adopt a Lagrangian view of tracers
advected along the Antarctic Circumpolar Current (ACC) to highlight the importance
of convective mixing in inducing anomalous air-sea fluxes of carbon dioxide and oxygen.

The idealized Lagrangian model captures the principal features of the variability
simulated by the more complex model, suggesting that knowledge of entrainment,
temperature, and mean geostrophic flow in the mixed layer is sufficient to obtain a
first-order description of the large-scale variability in air-sea transfer of soluble gases.
Distinct spatial and temporal patterns arise from the different equilibration timescales of

the two gases.

Citation: Verdy, A., S. Dutkiewicz, M. J. Follows, J. Marshall, and A. Czaja (2007), Carbon dioxide and oxygen fluxes in the
Southern Ocean: Mechanisms of interannual variability, Global Biogeochem. Cycles, 21, GB2020, doi:10.1029/2006GB002916.

1. Introduction

[2] Deep waters in the Southern Ocean are rich in
dissolved inorganic carbon (DIC) and depleted in oxygen.
When circulation brings these waters into the mixed layer,
the soluble gases are exchanged at the air-sea interface. The
formation of deep mixed layers combined with high
biological productivity makes the Southern Hemisphere
extratropical oceans an important component of the global
carbon cycle.

[3] Variability of the circulation and biology of the
Southern Ocean has been suggested to impact local air-sea
exchange of carbon dioxide. Le Quéré et al. [2003]
described how ocean pCO, responds to changes in stratifi-
cation through variations in supply of DIC and in the
average light available to phytoplankton. Lovenduski and
Gruber [2005] examined how the Southern Annular Mode
(SAM), a dominant mode of local atmospheric variability, is
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related to observed variability in primary production; they
speculate that the biological response to SAM would largely
compensate the supply of DIC resulting from SAM-induced
changes in ocean circulation. More recent modeling studies,
however, suggest that SAM drives about a third of regional
CO, air-sea flux variability on an interannual timescale,
primarily because of changes in the physical circulation
[Lenton and Matear, 2007; Lovenduski et al., 2007]. In the
region of the Antarctic Circumpolar Current (ACC) the
oceanic response to SAM during its positive phase consists
of northward Ekman currents, upwelling near the coast of
Antarctica, and intensification of the geostrophic zonal flow
[Hall and Visbeck, 2002].

[4] While these studies focused on SAM, there is also
evidence for El Nifio—Southern Oscillation (ENSO)-related
physical variability in the Southern Ocean. Both SAM and
ENSO are important sources of sea surface temperature
(SST) variability in the ACC [Verdy et al., 2006]. Sea ice
variability in the Southern Ocean is thought to be strongly
influenced by ENSO teleconnections [Yuan, 2004, and
references therein]. ENSO is also the main driver of CO,
air-sea flux variability in the equatorial Pacific, where it
modulates convective mixing and biological export produc-
tion [Feely et al., 2002; McKinley et al., 2004].

[5] In this study we investigate the interannual variability
of air-sea fluxes of CO, and O, in the Southern Ocean,

GB2020 1 of 10


http://dx.doi.org/10.1029/2006GB002916

GB2020

a) GCM simulation

dissolved inorganic carbon (mol/m3)

1.95 2.05 2.15 2.25

Figure 1. Dissolved inorganic carbon concentration at 100 m
from (a) the global circulation model (GCM) simu-
lation and (b) Global Ocean Data Analysis Project (GLODAP),
calculated as total CO, minus anthropogenic CO,.

addressing the respective roles of ENSO and SAM. Varia-
tions in these climatic indices reflect large-scale patterns in
anomalous surface heat fluxes, convective mixing, and
entrainment of DIC and oxygen into the mixed layer.
Comparing the response of the two gases, which have
different air-sea equilibration timescales, affords a more
complete picture of the ocean-atmosphere interactions reg-
ulating the variability of air-sea fluxes in a global physical-
biogeochemical model.

[6] We then apply a Lagrangian theoretical framework to
investigate the mechanisms responsible for air-sea fluxes of
CO, and O,. Using a highly simplified model of tracers
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propagating in the ocean mixed layer, we are able to idealize
the physical and biogeochemical systems and focus on the
key mechanisms. The idealized Lagrangian model captures
the behavior of the complex three-dimensional system and
clearly illustrates how changes in entrainment due to mixed
layer depth variations are the primary driver of the large-
scale variability in gas fluxes in the region of the ACC.

2. Air-Sea Fluxes of Carbon and Oxygen in a
Global Ocean Model

2.1. Model Description

[7] Air-sea fluxes of CO, and O, are simulated in a global
numerical ocean model (hereinafter referred to as global
circulation model (GCM)) for the period 1993-2003.
Temperature, salinity, and flow fields are obtained from
the Estimating the Circulation and Climate of the Ocean
(ECCO) state estimation project [Wunsch and Heimbach,
2006], which uses available observations to constrain the
MIT general circulation model [Marshall et al., 1997]. An
iterative data assimilation procedure serves to determine the
initial conditions, surface fluxes, and model parameters that
minimize the misfit between data and model; the data sets
used are listed in the appendix of Wunsch and Heimbach
[2006] and include measurements of sea surface tempera-
ture and salinity, altimetry data, and float profiles.

[8] The model has a horizontal resolution of 1°; there are
23 vertical levels whose thickness ranges from 10 m near
the surface to 500 m at depth, with 13 levels in the top
kilometer of the water column. We use the GM/Redi
parameterization of geostrophic eddy fluxes [Gent and
McWilliams, 1990; Redi, 1982] and the K profile parame-
terization (KPP) vertical mixing scheme [Large et al., 1994]
to account for subgrid-scale processes. The flow fields
transport biogeochemical tracers of inorganic and organic
forms of carbon, phosphorus, iron, and oxygen as well as
alkalinity. We do not resolve the ocean ecosystem; instead,
the biogeochemical model adopts a simple carbon export
scheme with limitation by phosphate, iron, and light avail-
ability. The net community production of organic matter is
given by

PO, Fe )7 (1)

min ,
ﬁl + A (P04 + Kpos Fe + kpe

where § is maximum community production and Ky, Kpog,
and kg, are half-saturation coefficients. Two thirds of net
production is assumed to enter the dissolved organic pool,
the remaining fraction of organic production being exported
to depth as sinking particles. Surface carbonate chemistry is
explicitly solved [Follows et al., 2006], and air-sea transfer
of CO, and O, is parameterized following Wanninkhof
[1992]. Aspects of this model are described in more detail
by McKinley et al. [2003], Dutkiewicz et al. [2005], and
Parekh et al. [2006]. Modeled phosphate, oxygen, iron,
DIC, and alkalinity distributions capture the observed large-
scale horizontal and vertical gradients; in Figure 1 the
annual mean DIC concentration at 100 m in the GCM is
shown next to observations from the Global Ocean Data
Analysis Project [Key et al., 2004].

2 of 10



GB2020

90°W
3,06

180°W

Figure 2. Geostrophic streamlines in the Southern Ocean.
Contour interval is 2 x 10> m?s. Thick curve indicates
streamline along which the simulated variability is plotted in
Figures 3 and 4.

[0] Results used in this 11 year study were obtained after
120 years of spin-up of the biogeochemistry model with
preindustrial atmospheric CO,. The analysis is performed
on monthly averaged fields, from which the long-term trend
and mean seasonal cycle are removed. We focus on the
region of the ACC, where the nonseasonal variability of air-
sea fluxes is largest in our model. In order to examine the
advection of anomalies by the mean flow we analyze the
variability along geostrophic streamlines, estimated from
the mean sea surface height (Figure 2). This procedure will
facilitate the comparison of GCM results with results from
the one-dimensional Lagrangian model (section 4). Here we
will show the variability along the circumpolar streamline
indicated by the thick curve in Figure 2, with a mean
latitude of 52°S.

2.2. Simulated Variability

[10] The variability of CO, and O, fluxes is presented in
Figure 3. The time-longitude diagrams highlight three
features of the simulated variability: First, there is eastward
propagation of the anomalies; second, oxygen fluxes have a
larger amplitude and are more localized in time and space
than carbon fluxes; third, O, and CO, fluxes tend to have
opposite signs.

[11] This anticorrelation in the large-scale patterns of
carbon and oxygen fluxes suggests that the variability is
primarily driven by entrainment [Gruber et al., 2002].
Comparison with surface heat flux (not shown) reveals that
heating of the ocean occurs simultaneously with outgassing
of O, and intake of CO,. If thermal solubility was the
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dominant cause of air-sea fluxes, warming would result in
outgassing of both gases. The two fields exhibit more
variance in the Pacific during the austral winter and spring;
this timing and location correspond to that of mode water
formation, associated with the deepest mixed layers, rein-
forcing the idea that entrainment is the dominant term
driving anomalous fluxes.

[12] Dissolved oxygen adjusts rapidly to the atmospheric
concentration, the equilibration timescale being roughly
1 month. This causes large air-sea fluxes and results in
rapid dissipation of the anomalies generated in wintertime,
so the variability of O, appears localized in time and space.
In contrast, carbonate chemistry causes the equilibration
timescale for carbon to be much longer, on the order of
1 year (depending on the depth of the mixed layer); the
amplitude of anomalous carbon fluxes is thus weaker and
relatively constant throughout the year. The slowly decay-
ing anomalies are then able to propagate with the mean
flow. Estimation from Figure 3b suggests that model
anomalies travel eastward at a speed of roughly 8 cm/s,
which corresponds to the observed propagation speed of
SST anomalies and coincides with the mean geostrophic
flow in the ACC [Verdy et al., 2006].

[13] In Figure 4 the variability of simulated mixed layer
depth (MLD) and SST is shown along the same geostrophic
streamline. We identify the MLD from the density profile as
the depth at which potential density exceeds the surface
value by at least 0.15 kg/m®. The similitude between
anomalous MLD and anomalous O, fluxes (Figure 3a) is
most apparent during winter months, when convection
events cause the mixed layers to deepen. Interannual vari-
ability in MLD impacts the strength of convective mixing,
and deeper mixed layers are associated with enhanced
entrainment of oxygen-depleted water into the mixed layer.
Anomalous CO, fluxes (Figure 3b) are also consistent with
changes in MLD, but because of the longer equilibration
time they appear to be more similar to SST variability
(Figure 4b); SST anomalies have a decay timescale of
approximately 8 months for a 100 m thick mixed layer.
Unlike CO,, SST exhibits more variability during the austral
summer, when the mixed layer is shallow; this suggests that
thermal effects are dominant over entrainment in inducing
temperature changes, which is consistent with the results of
Verdy et al. [2006].

[14] The propagation speed of SST anomalies matches
that of CO, anomalies. Despite a decay timescale of a few
months, anomalies are occasionally found to persist for
several years; the interplay between mean oceanic advection
and random heat flux forcing is thought to explain the long
persistence [Verdy et al., 2006, and references therein]. We
also find a hint of propagation of MLD anomalies in the
GCM (Figure 4a) that is likely to result from the same
mechanism since temperature and stratification are both
affected by heat flux variability. In turn, propagation of
the MLD signal explains the persistence of CO, and O,
anomalies, which during some periods, are found to last for
up to 5 years (Figure 3). Successive years of anomalously
large or weak entrainment seem to reinforce air-sea flux
anomalies generated in the previous winter.
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Figure 3. Air-sea flux variability of (a) oxygen and (b) carbon dioxide from the GCM simulation. The
time-longitude diagrams show deviations from the mean seasonal cycle, for the period 1993-2003, along
a geostrophic streamline. Positive values indicate fluxes into the ocean.

[15] The large-scale patterns of variability along other
streamlines in the region of the ACC, extending roughly
from 55° to 65°S, are very similar to the ones presented
here. Farther south, the simulated variability is more com-
plex, and since nearshore processes are not well resolved in
the model, it is not discussed here; farther north, air-sea flux
anomalies are weak and do not propagate eastward.

3. Modes of Air-Sea Flux Variability, ENSO
and SAM

[16] The spatial patterns of variability are identified by the
first three empirical orthogonal functions (EOF) of air-sea
flux of CO, and O, south of 30°S. To focus on interannual
variability, time series are filtered with a 12 month running
mean. We then examine the influence of two modes of
climate variability, ENSO and SAM. The spatial patterns are
presented in Figure 5; the associated time series, shown in
Figure 6, are compared to indices of ENSO and SAM
variability. The Nifio3 index is calculated from the SST

averaged between 5°S and 5°N, from 150° to 90°W [Cane
et al., 1986]. For the SAM index we use the time series of
the NOAA Climate Prediction Center, constructed by pro-
jecting the 700 hPa height anomalies poleward of 20°S onto
the leading EOF mode of mean 700 hPa height, consistent
with Thompson and Wallace [2000].

[17] The first three EOFs of oxygen fluxes are associated
with 29, 16, and 14% of the variance, respectively. The first
mode (Figure 5a) appears as a wide zone of ingassing over
most of the South Pacific basin and a narrow band of
outgassing centered on Drake Passage. It is associated with
SAM, the time series having a correlation coefficient of r =
0.75 (no lag). The second EOF (Figure 5b) reflects the
influence of ENSO. It shows outgassing in the eastern
Pacific; the maximum correlation occurs for a 3 month
lag, the correlation coefficient being » = 0.75. These values
are significant at the 99% level. The third EOF is not
significantly correlated to either SAM or ENSO. In
Figures 6a and 6b the time series corresponding to the first
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Figure 4. Time-longitude diagrams of anomalous (a) mixed layer depth and (b) sea surface temperature
(SST), along a geostrophic streamline. Positive values indicate deep mixed layers and high temperatures.

and second EOFs are overlain on the SAM index and Nifio3
index, also smoothed with a 12 month running mean.

[18] The first three EOFs of carbon dioxide fluxes are
associated with 31, 22, and 17% of the variance, respectively.
The spatial patterns for the first and third modes of variabil-
ity shown in Figures Sc and 5d are similar to the patterns of
O, variability described above. The second EOF, not shown,
is not significantly correlated to SAM or ENSO. The first
mode is once again linked to SAM; with a 3 month lag, the
correlation coefficient » = 0.71 is significant at the 95%
level. The third mode appears to indicate ENSO-related
variability, the maximum correlation occurring for a 6 month
lag; the correlation coefficient with Nind3 is 7 = 0.80, which
is significant at the 99% level. The time series are shown in
Figures 6¢ and 6d together with indices for SAM and ENSO.

[19] Although the fraction of variance explained by the
ENSO-related EOF is less than that explained by the SAM-
related EOF, the magnitude of the induced fluxes is com-
parable. Both flux patterns have a dipole structure in the
Pacific basin, a feature that is also seen in Figure 3. This
reflects the spatial patterns of atmospheric forcing induced
by SAM and ENSO: both are associated with anomalous

winds over the Southern Ocean that cause surface fluxes of
sensible and latent heat. During the positive phase of the
SAM and during El Nind events, surface pressure over the
South Pacific is anomalously low; the resulting zonal
pressure gradients drive meridional winds and thus heat
fluxes which, in turn, induce changes in solubility and
convective mixing. The ENSO and SAM heat flux patterns
are shown by Verdy et al. [2006] and are discussed in
relation to their role in generating SST anomalies. In the
case of SST both surface heat fluxes and oceanic Ekman
advection of heat contribute to the observed variability; in
contrast, the role of Ekman advection in driving gas flux
variability is found to be small compared to that of surface
heat fluxes (an explanation is given in section 4.2).

4. Mechanisms
4.1. Diagnostic Framework

[20] DIC and oxygen are biologically active tracers
affected by air-sea fluxes, entrainment, biological produc-
tion, advection, and dilution by evaporation and precipita-
tion. Averaged over the depth of the mixed layer, the time
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Figure 5. Spatial patterns of the leading empirical
orthogonal functions (EOF) for air-sea flux variability of
(a, b) oxygen and (c, d) carbon dioxide and fraction of the
total variance (VF) associated with each mode. Southern
Annular Mode (SAM) is associated with the first EOF of O,
and CO, fluxes; El Niflo—Southern Oscillation (ENSO) is
associated with the second empirical orthogonal function
(EOF) of O, fluxes and the third EOF of CO, fluxes. The
second EOF of CO, fluxes, not shown, is not correlated
with SAM or ENSO.

development of the tracer concentration C can be described
by the following simple differential equation [see Williams
and Follows, 1998]:

DC F 10h 1
FI_Z+A(C[’1_C)EE—’_Z(E_P)C—'—B’ (2)
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where 7 is the mixed layer depth, F is the air-sea flux, £ and
P are the evaporation and precipitation, respectively, B is
the biological production, and D/Dt = 0/0t + u - V is the
Lagrangian derivative. Here the value of B is tracer-
dependent, as biological production produces O, but uses
DIC.

[21] Equation (2) is an idealized description of the pro-
cesses that change the concentration of dissolved gas,
following a parcel of fluid. Each term on the right-hand
side expresses a mechanism through which an amount of
tracer is added to or removed from the surface waters. The
first term represents fluxes to the atmosphere. The second
term represents the entrainment from the thermocline when
the mixed layer is deepening; Cy, is the concentration in the
thermocline, and A is a heaviside function; we set A = 1
when 0h/0t > 0, i.e., when the mixed layer is deepening,
and 0 otherwise because shoaling of the mixed layer does
not affect C. The rate of change of 4 can be related to the
surface heat fluxes and wind stress [Kraus and Turner,
1967]. The third term accounts for dilution of the tracer
concentration by addition of freshwater; the fourth term
represents uptake or release of tracer resulting from biolog-
ical activities.

[22] When the tracer in the mixed layer is at equilibrium
with the atmosphere, its concentration is equal to the
saturation concentration C*'. Departures from this equilib-
rium are defined as

AC=C—C™ (3)
and drive the air-sea flux, which can be written as
F = —KAC, (4)

where K is the gas transfer coefficient. F' is defined as
positive when the flux is into the ocean.

[23] Assuming that the saturation concentration is a
function of temperature only allows some simplifications
to be made. This is a reasonable assumption in the case of
oxygen, and although alkalinity strongly affects the solu-
bility of DIC, in the ACC region its effect appears to be
small compared to the effect of temperature [Lovenduski et
al., 2007]. For the two tracers in Southern Ocean conditions
the dependence of solubility on temperature is close to
linear. As done by Takahashi et al. [1993] we write

DCs  9C*t DT DT
= — R a—
Dt oT Dt Dt

(5)

Lo
hot’

DT H

= A ATH-T
Dt pcph+ (Tin )

(6)

where T is the sea surface temperature, 7, the temperature
in the thermocline, « is a negative constant (resulting from a
linear approximation of the reduction of solubility with
increasing temperature) that is tracer-dependent, H is the
sum of sensible and latent surface heat fluxes, and p and ¢,
are the density and heat capacity of seawater, respectively.

[24] Because we are interested in diagnosing the air-sea
gas fluxes, it is convenient to derive an equation for AC,
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Figure 6. Principal components associated with the EOFs of Figure 4 along with (a, c) the SAM index
and (b, d) the Nifio3 index. All time series are filtered with a 12 month running mean and normalized.
Figures 6a—6d show the lagged correlations (right) between the time series (left); for positive lags the

climate index leads.

which is directly related to the flux according to (4). We
substitute (3) into (2) and, making use of (5) and (6), obtain
a prognostic equation for the disequilibrium concentration:

DAC F 1 Oh
[ T _ 7222
Dt h A(C GT)h ot
1 +1(E P)C+B (7)
a1 (E—
pcpyh b '

where we have defined X' = X — X, the anomaly relative to
the thermocline value. In addition to the four mechanisms
involved in changes to the tracer concentration that
appeared in (2), changes in solubility resulting from heat
fluxes and entrainment also affect the disequilibrium
concentration.

4.2. Lagrangian Model

[25] We now address the relative importance of thermo-
dynamics, entrainment, advection, dilution, and biological
production in generating the air-sea flux variability de-
scribed in section 2. We substitute (4) into (7) to obtain
an equation for the air-sea flux from which we remove the
mean seasonal cycle. With a view to reducing the complex-
ity of the model as much as possible we assume a constant
value for K. This yields

OF' K 1 on)’
Z 4u-VF = ——F +K|A(Ct —aTh) = =
o TV B HKA(CT = aTl) 5
!
+Ka " —5[(E—P)C]’— KB —u' - VF,
pcyh h

(3)
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where primes denote deviations from the seasonal cycle, U
is the mean flow velocity, and VF is the mean seasonal
gradient of the flux. We have expanded the Lagrangian
derivative and linearized the advection term, assuming that
anomalies are small compared to the seasonal cycle. As a
result, we are left with the local rate of change, mean
advection, and anomalous advection terms. Of these the first
two are written on the left-hand side in (8); they represent
the rate of change of the flux into a parcel of fluid following
the mean flow. The anomalous advection term is moved
to the right-hand side since it acts as a forcing mechanism
for particles following the mean flow, through advection of
the mean disequilibrium tracer concentration by anomalous
Ekman currents.

[26] Monthly averaged anomaly fields from the GCM
(e.g., heat fluxes, mixed layer depth, and biological
production) are used to estimate the forcing terms in
(8), which is then solved numerically for F'. We consider
the variability of fluxes following a particle traveling
around Antarctica, along the geostrophic streamline
shown in Figure 2. For the mean advection velocity we
take the value of the mean geostrophic flow speed in the
ACC, u = 8 cm/s [Verdy et al., 2006]. The timescale for
equilibration of dissolved gases is a function of the gas
transfer coefficient, mixed layer depth, and, for carbon,
seawater chemistry. For a mixed layer depth of 75 m
and a gas transfer coefficient of K = 3 x 107> m/s the
e-folding timescale for oxygen equilibration is about
1 month. Carbonate chemistry causes the equilibration
timescale for carbon to be about an order of magnitude
greater, and so here we impose a timescale of 1 year by
setting K = 2.5 x 107° m/s.

[27] The fluxes estimated from (8) are compared with the
fluxes calculated from the GCM. Figure 7 shows the
nonseasonal air-sea gas fluxes following a particle that
was located at 0° longitude in January 1993 and travels
along the ACC (as depicted by the dashed line) until
December 2003, at which time it is situated at 36°E. In
Figures 7b and 7c, solid black lines show results from the
idealized model (8), which will be referred to as the
Lagrangian model; the solid gray line shows results from
the GCM. The magnitude and broad patterns of the vari-
ability are captured well, given the simplicity of the model
and the assumptions made. The agreement is particularly
good for the oxygen fluxes, which exhibit mostly high-
frequency variability, in concert with heat flux anomalies.
Carbon fluxes simulated with the Lagrangian model capture
the low-frequency variability of the GCM field; fluctuations
on shorter timescales are filtered out by the Lagrangian
model as a result of the parameterized slow equilibration
time of the tracer. The fast variability found in the GCM
probably results from dynamical processes not taken into
account in our simple Lagrangian model: For instance, the
mixed layer is assumed to be actively mixing at all times,
and advection is only crudely represented.

[28] By solving (8) for other initial longitudes we recreate
the time longitude diagrams of Figure 3 with reasonable
agreement (not shown). Following a single particle allows
us to compare the magnitude of the fluxes induced by the
different mechanisms. Figure 7 shows the thermal (dashed
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line) and entrainment (circles) components of the flux.
Clearly, entrainment is the dominant forcing for both CO,
and O,. Thermodynamic effects are small in comparison,
and other forcing terms in (8) have a negligible impact on
the fluxes simulated with the Lagrangian model. Ekman
advection of tracer is, to leading order, balanced by the
advection of temperature, such that u’ - C ~ u’ - Cs; thus
the anomlaous advection of disequilibrium tracer concen-
tration, the last term in (8), is small. Indirectly, gas fluxes
also result from meridional Ekman currents as they ex-
change heat with the atmosphere, but this is included in
the thermal solubility term. Evaporation and precipitation
effects are highly variable in time and in space; consequently,
they are mostly filtered out by the simple model. Finally, we
find that the Southern Ocean region of our GCM simulation
exhibits very little interannual variability in biological
productivity, and the diagnosed B’ is negligible. Other
studies also find that the effects of biology on interannual
variability in ocean pCO, and air-sea fluxes of CO, are
small [Le Quéré et al., 2003; Lovenduski et al., 2007,
Lenton and Matear, 2007].

4.3. Further Simplifications to the Diagnostic
Framework

[20] These results suggest that the large-scale patterns of
oxygen and carbon dioxide flux variability can be
accounted for by entrainment of deep water into the mixed
layer and depleted in oxygen; interannual variability in the
strength of this mixing causes anomalous air-sea gas fluxes.
In light of these findings we consider the equation for the
disequilibrium tracer concentration (7) in the absence of
dilution and biological production. We then have

DAC 1 DT 1 Oh
W—*;AC*QEJFA(Cm*C)%Ev 9)

where we have defined an equilibration timescale 7 =
(h/K): This is the time taken for the decay of disequili-
brium concentrations through air-sea fluxes. There are two
limit cases.

[30] 1. In the first case, 7 — 0: The tracer equilibrates
rapidly, and thus AC — 0, and the rate of change of AC can
be neglected. The balance is primarily between the air-sea
flux and the forcing: AC ~ {DT/Dt, Oh/Ot}. The timescale
of tracer flux variability approaches that of heat flux
variability since heat fluxes are responsible for changes in
SST and MLD. This is what we find for oxygen.

[31] 2. In the second case, 7 — oo: The tracer equilibrates
slowly, and thus air-sea fluxes can be neglected. The
balance is then between AC/Dt and the forcing terms:
AC ~ {T, h}. For carbon dioxide we find an intermediate
response in between these two limit cases. Although carbon
dioxide has a finite equilibration timescale, it responds
slowly compared to the timescale of SST and MLD vari-
ability; this explains the similitude of CO, fluxes with SST
and, to a certain extent, MLD as discussed in section 2.

5. Conclusions

[32] We have used results from a physical-biogeochemi-
cal model to examine the variability of carbon dioxide and
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Figure 7. Variability of air-sea fluxes following a particle along a geostrophic streamline. (a) Trajectory
of the particle starting at 0°E in January 1993 and propagating eastward. Years indicate time of passage at
the corresponding longitude; note that longitudes 0°—~36°E are repeated, with vertical line indicating 0°E.
(b) O, fluxes and (c) CO, fluxes obtained using GCM (solid gray line) and obtained using equation (8)
(solid black line). Contribution is due to thermal fluxes (dashed line) and entrainment fluxes (circles)
from equation (8). Fluxes resulting from dilution (£ — P), biological production, and Ekman advection
are small and are not shown. Time axes are aligned in Figures 7a—7c such that spatial location of the air-

sea fluxes can be inferred from Figure 7a.

oxygen air-sea fluxes in the Southern Ocean. As with earlier
studies [Lenton and Matear, 2007; Lovenduski et al., 2007]
we find a strong link between carbon dioxide flux variabil-
ity and the Southern Annular Mode (SAM). However, not
emphasized in previous studies, we also find a strong
correlation with ENSO. This suggests that both SAM and
ENSO should be taken into account when addressing the
ocean’s response to atmospheric forcing; an analogous
conclusion was reached from analyzing the Southern Ocean
SST variability (see Verdy et al. [2006, Figure 10] for the
SST response to ENSO and SAM).

[33] In the region of the ACC we find that ocean circu-
lation strongly impacts the nonseasonal variability of CO,
and O, air-sea fluxes in the GCM. This highlights the

importance of capturing the physical processes accurately
in models of the ocean biogeochemistry. By incorporating
observations from many different sources the ECCO state
estimation aims at obtaining simulated dynamical fields that
are close to the true ocean state.

[34] On the other hand, the time series available are
relatively short, and our analysis relies on only 11 years
of simulated fields. It is possible that the spatial patterns of
ENSO and SAM variability would be different for other
time periods. We do, however, find our results to be
consistent with the SAM and ENSO patterns of CO,
variability in the model of McKinley et al. [2003], which
uses the MIT general circulation model flow fields and a
biogeochemical model similar to ours in a simulation that
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extends to the period 1980—1998. The same Pacific-inten-
sified patterns with a dipolar structure appear in both
models.

[35] We have also used a simple Lagrangian representa-
tion of CO, and O, flux variability. It captures the main
features of the variability simulated with a higher-complexity
GCM,; this is quite remarkable given the simplicity of the
framework. Many assumptions have been made in deriving
the Lagrangian model; we would not argue that it captures
the true variability of tracer concentrations in the mixed
layer. It does, however, serve the point of giving an
estimated order of magnitude for the air-sea fluxes induced
by different forcing mechanisms. The Lagrangian model
allows us to examine the leading order causes of the large-
scale variability and suggests that at least in this simulation,
biological effects are small compared to the entrainment of
deep water into the mixed layer. Thermal effects have a
small but not negligible effect on the variability, especially
for CO, with its longer equilibriation timescale. Other
processes are found to have a negligible impact on the
large-scale patterns of variability. Our analysis being
restricted to the ACC region, we acknowledge that the
mechanisms in other parts of the Southern Ocean might
be quite different, in particular in coastal regions.

[36] If entrainment and thermal solubility are the main
drivers as suggested in this study, one can derive an elegant
expression for disequilibrium gas concentrations in the
surface waters (equation (9)) involving air-sea heat fluxes
and the mean geostrophic flow. These may be deduced from
satellite data and, along with mixed layer depth variability
estimated from a mixed layer model forced with remotely
observed heat fluxes and winds, could provide a means to
estimate some aspects of the variability of air-sea CO, and
O, fluxes from space.
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