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Abstract. The Southern Ocean (44-78) plays a critical  nual sea—air C®flux of —0.424-0.07 Pg C yr? for the 44—
role in the global carbon cycle, yet remains one of the most75° S region, is consistent with the0.27+0.13PgCyr?
poorly sampled ocean regions. Different approaches havealculated using surface observations. The circumpolar re-
been used to estimate sea—airDxes in this region: syn- gion south of 58S has a small net annual flux (model and
thesis of surface ocean observations, ocean biogeochemicaiversion median=0.04+0.07 Pg C yr! and observations:
models, and atmospheric and ocean inversions. As part 0f-0.04= 0.02 Pg C yr?), with most of the net annual flux lo-
the RECCAP (REgional Carbon Cycle Assessment and Proeated in the 44 to 58S circumpolar band (model and in-
cesses) project, we combine these different approaches teersion median—0.364+0.09 PgCyr! and observations:
quantify and assess the magnitude and variability in South—0.354 0.09 Pg C yr?l). Seasonally, in the 44-538 region,

ern Ocean sea—air GOluxes between 1990-2009. Using the median of 5 ocean biogeochemical models captures the
all models and inversions (26), the integrated median anobserved sea—air GOlux seasonal cycle, while the median
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4038 A. Lenton et al.: Sea—air CQ fluxes in the Southern Ocean

of 11 atmospheric inversions shows little seasonal change i
the net flux. South of 58S, neither atmospheric inversions
nor ocean biogeochemical models reproduce the phase an
amplitude of the observed seasonal sea—ais O, partic-
ularly in the Austral Winter. Importantly, no individual atmo-
spheric inversion or ocean biogeochemical model is capablé
of reproducing both the observed annual mean uptake and th
observed seasonal cycle. This raises concerns about projeg
ing future changes in Southern Ocean dxes. The me-
dian interannual variability from atmospheric inversions and
ocean biogeochemical models is substantial in the Souther
Ocean; up to 25% of the annual mean flux, with 25 % of
this interannual variability attributed to the region south of
58 S. Resolving long-term trends is difficult due to the large
interannual variability and short time frame (1990-2009) of
this study; this is particularly evident from the large spread
in trends from inversions and ocean biogeochemical models
Nevertheless, in the period 1990-2009 ocean biogeochem
ical models do show increasing oceanic uptake consistent
with the expected increase 6f0.05Pg C yrldecade?. In
contrast, atmospheric inversions suggest little change in the
strength of the C@sink broadly consistent with the results Fig. 1. Subregions of the Southern Ocean (44 t6 85used in this

of Le QLéré et al. (2007). paper are the circular region 44-58 (green, red and blue com-
bined) and the major ocean basins (Pacific, Indian and Atlantic)
in this band, and the circumpolar region from 58%%5(purple).
Overlain is the network of atmospheric observations ohbClhe
colour of the dot indicates how many inversions used data from that
location (dark grey: all or almost all inversions, light grey: around

Over recent decades, the ocean has taken up about 25 % ?)?If the inversions, white: one or two inversions). We note that the

th | anth ic G@missi to the at h emporal period over which the data was collected is not the same
e annual anthropogenic G@missions to the atmosphere in all the stations. Overlain on these figures, from north to south

from fossil fuel burning, cement production, and land-use e the mean positions of the major fronts subtropical front (STF),

change (Le Qéré et al., 2009), slowing the growth of at- supantarctic front (SAF) and the Polar Front (PF) following Orsi et
mospheric CQ@ and therefore the rate of climate change. al. (1995).

The Southern Ocean, defined here as the oceanic region
south of 44S, is a key region in the global uptake of
anthropogenic C@ (Caldeira and Duffy, 2000; Mikaloff depth (2-2.5km) water creates a unique connection between
Fletcher et al., 2006). This region accounts for about onethe deep ocean and the atmosphere, while the subduction
third of the total global ocean uptake of anthropogeniCO of mode and intermediate waters further north links the
(c.a. 0.7 PgCyrl), even though it covers less than 20 % of Southern Ocean with waters that resurface at low latitudes
the global ocean surface area (Mikaloff Fletcher et al., 2006 (Sarmiento et al., 2004). The connections between the sur-
Gruber et al., 2009). This uptake flux of anthropogeniCO face and ocean interior make the Southern Ocean an im-
is partially compensated by the degassing of naturap CO portant region for controlling ocean—-atmosphere carbon ex-
(Mikaloff Fletcher et al., 2007), so that the contemporary up-change and are a major influence in setting atmospheric CO
take is smaller than that of anthropogenic Clone (Taka-  levels (Sallee et al., 2012).
hashi et al., 2009). Projections suggest that the region will The Southern Ocean is comprised of a series of key zones
continue to be an important sink of atmospheric C@l- in terms of carbon dynamics (Fig. 1). These zones from north
though the efficiency of the sink may decrease (Roy et al.fo south are (i) the Subantarctic zone (SAZ) between the sub-
2011). Despite its importance, the Southern Ocean remaingfopical front (STF) and the Subantarctic front (SAF), nomi-
one of the most poorly sampled ocean regions with respecpally 40-50 S; (i) the polar frontal zone (PFZ), between the
to carbon dioxide (Monteiro et al., 2010; Fig. 2). SAF and the polar front (PF), nominally 50-°55; (iii) the

The Southern Ocean is dominated by the eastward flowAntarctic zone (AZ) between the PF and the Antarctic coast-
ing Antarctic Circumpolar Current (ACC). A northward line, taking in the marginal seas and the seasonal ice zone
Ekman transport at the surface of the ACC creates a di{SIZ).
vergence driven upwelling of carbon-rich water near the
southern boundary of the ACC. The upwelling of mid-

lamil Y

1 Introduction
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tral Winter, the net uptake of CQOn the PFZ and SAZ is re-
duced relative to summer, and in some areas a net outgassing
occurs as a result of deep winter mixing entraining carbon-
rich waters from the ocean interior into the surface mixed
layer. When integrated annually, these regions act as a strong
net sink of atmospheric GOwith the largest uptake occur-
ring in the SAZ and decreasing southward (Metzl et al., 1999,
2006; McNeil et al., 2007; Takahashi et al., 2012).

The AZ to the south of the PFZ contains a permanently
ice free region in the north that transitions poleward to wa-
ters covered seasonally by sea ice with some permanently
'"' R A5 Ll o e e S R ice-covered waters at high latitudes. The seasonal ice cov-
o <R , AN e e ered region in the south portion of the AZ acts as a sink of
g N 0 atmospheric C@in summer as sea-ice retreats and increased

%0 stratification of the upper water column and greater light
E 10 availability leads to an increase in the biological drawdown
- f 1o of carbon (Ishii et al., 1998; Bakker et al., 2008). Sea-ice
20 . - i %0 cover inhibits sea—air gas exchange in winter, although there
o ' / = 40 is considerable uncertainty as to how the ice cover impacts
hadn » : 72 Ci sea—air fluxes at high latitudes in winter months (e.g. Rys-
s TR gaard et al., 2011 and Loose and Schlosser, 2011). In the per-
manently ice free region of the A4CO; tends to be lower
;ﬁ R . R @, than.the atmpsphere in summer owing to net biological pro-
Number of Months duction (Ishii et al., 2002; Metzl et al., 2006; Sokolov, 2008)
and higher than the atmosphere in winter due to deep winter
Fig. 2. The upper figure shows the location of observations of mixing. Integrated annually, the observations suggest the AZ

oceanicpCO». Black dots indicate the database 1 million pCO, acts as a neutral or weak source of atmospherig (J@ka-
measurement) used for Takahashi et al. (2002); and red dots in:

dicate an additionat 3 million data points used for Takahashi et haIShl et al't’ 3009&' t theni f the South A
al. (2009). The lower panel shows the number of months of the yea n recent decades, a strengtn€ning ot the southern Annu-

for which observations exist. This data is the basis of the obser-Iiar Mode (SAM), driven by increasing greenhouse gases and

vational data used in this study (reproduced from Takahashi et al.?tr?tOSPh?riC ozone depletion, has re_sulted in a SOUtthﬁ_lfd
2009). shift and intensification of the zonal winds, and increases in

heat and freshwater fluxes over the Southern Ocean (Thomp-
son and Solomon, 2002). During this period, ocegr@O,

The available observations indicate that the seasonal cygrowth rates based on limited observations (Metzl, 2009;
cle is the dominant mode of variability in the surface partial Takahashi et al., 2009) and some atmospheric inversions
pressure of C@ (pCO,) and the sea—air exchange for the and ocean biogeochemical models (Leé@uet al., 2007)
Southern Ocean (Lenton et al., 2006; Thomalla et al., 2011)have suggested a decrease in the efficiency of the Southern
Oceanic uptake of C&from the atmosphere corresponds to a Ocean CQ sink in response to these physical changes. The
negative net sea—air GG@lux, and an oceanic source of GO strengthening SAM is believed to increase the upwelling of
to the atmosphere has a positive net sea—air flux. Increasethrbon-rich deep water that results in a decrease in the net
biological production in summer tends to reduce HeO, ocean carbon uptake due to a change in the sea—air gradi-
and increase the net ocean uptake ohbCiywer biological  entin pCO, (Le Queré et al., 2007; Lovenduski et al., 2007;
production and deeper mixing that entrains morex&ich Lenton and Matear, 2007; Lenton et al., 2009). The corre-
water into the mixed layer has the opposite effect in win- sponding changes in primary productivity are small relative
ter. Seasonal temperature changes offset the biological ani the response of ocean dynamics (Lenton et al., 2009). Fur-
mixing related effects on surfageCO, and act to mute the thermore, this change may have enhanced the outgassing of
variability in seasonal sea—air fluxes (e.g. Takahashi et al.natural CQ and had only a small effect on the uptake of
2002 and Takahashi et al., 2009). While the biological andanthropogenic C® (Lovenduski et al., 2008; Matear and
physical mechanisms driving this seasonal variability are rel-Lenton, 2008). Evidence for a reduced efficiency of the
atively well known, their magnitude and phase remain poorly Southern Ocean sink is not supported by all atmospheric in-
constrained (Metzl et al., 2006; Lenton et al., 2006). versions (e.g. Law et al., 2008). Analyses of long-running

In the austral summer the PFZ and SAZ act as strong sinkatmospheric C@ time series in the Southern Hemisphere
of atmospheric C@due to enhanced biological production and model simulations suggest that it may not be possible
(Metzl et al., 1999; Takahashi et al., 2009, 2012). In the Aus-to robustly detect a slowdown in the Southern Ocean sink

%
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from atmospheric C@measurements at present (Stephens e2.1.1 Observations
al., 2013). Furthermore, ocean observations also suggest the
changes in the sink efficiency may not be zonally uniform for The Southern Ocean remains one of the most poorly sam-
the Southern Ocean (Lenton et al., 2012). pled ocean regions with respect to carbon (Fig. 2), with
Different approaches have been used to estimate the tsS0me regions in the eastern South Pacific yet to be sam-
tal sea—air CQ fluxes (i.e. the anthropogenienatural (or ~ pled. To account for this paucity of sampling, Takahashi
pre-industrial)) in the Southern Ocean, including (i) syn- €t al. (2009) compiled more than 3 million measurements
thesis of surface oceapCO, observations with empiri- Of oceanicpCO;, globally, and corrected these to the refer-
cal gas exchange parameterizations, and using interpolatiofince of the year 2000. These values were averaged onto a
schemes applied to ocegriCO, observations to address global grid, and two dimensional advection-diffusion equa-
sparse data coverage; (i) prognostic ocean biogeochemicaions were used to interpolate spatially for each month (Taka-
models based on physical ocean general circulation modelBashi et al., 1997). Wanninkhof et al. (2013) used the Taka-
coupled with biogeochemical models; (iii) atmospheric in- hashi gridded data and Calibrated Multi-Platform Winds
version studies, based on the inversion of atmospherig CO(CCMP; Atlas et al., 2011) to generate a monthfyx11°
data; and (iv) ocean inversion models, based on ocean inclimatology of net sea—air C{fluxes for RECCAP. In our
terior measurements and ocean model simulations. Historsubsequent analysis and comparison with different models
ically, these modelling approaches have produced signifiand inversions, we define observations as this climatology.
cantly different annual mean estimates of Southern Ocean The steep meridional gradients in physical, chemical and
sea-air fluxes of carbon (e.g. Roy et al., 2003). A more re-biological properties of the Southern Ocean, as well as the
cent study suggests there is growing agreement in the magpatchiness of biological activities, means that the observed
nitude of the annual flux for the region (Gruber et al., 2009), COz values vary over a wide range in space and time. This
although substantial differences remain with regard to thecombined with errors associated with sparse data coverage,
meridional distribution. wind speed measurements and gas transfer coefficients (for
In this study we compare the total sea—airGiDxes inthe ~ more discussion see Wanninkhof et al., 2013 and Sweeney et
Southern Ocean derived from observations, atmospheric andl-, 2007) mean that the observationally derived fluxes con-
ocean inverse calculations, and ocean biogeochemical modain large uncertainties. Therefore, we conservatively esti-
els for the period 1990—2009. The oceanic exchange of COMated an uncertainty on all sea—air £@ux observations
with the atmosphere through sea—air gas flux is driven by thef =50 %, consistent with Gruber et al. (2009) and Schuster
difference inA pCO, between the ocean and the overlying €t al. (2013). There is insufficient observational data to as-
atmosphere and is a function of wind-speed. sess the longer-term (interannual to decadal) variability for
The goals of this work are to (i) quantify the annual sea—airthe entire Southern Ocean, and comparisons of model simu-
flux of COy; (ii) assess the sea—air flux and its relationship lations and observed fluxes are limited in the following sec-
with the annual mean uptake; (iii) quantify the magnitude tions to the annual and seasonal variability of the total (an-
of interannual variability in the Southern Ocean and investi-thropogenic and preindustrial) net sea—airGlOxes.
gate the long-term trends of ocean carbon uptake. This work , ,
is part of the REgional Carbon Cycle Assessment and Pro2-1-2  Ocean biogeochemical models
cesses project (RECCAP; Canadell et al., 2011) led by thel_he simulated sea—

Global Carbon Project, and this paper is part of a special vol- air Gfluxes come from five ocean

ume of papers assessing the variability in the global carbor%Jeneral circulation models coupled to ocean biogeochemi-
cycle over the period 19902009, cal models (Table 1). These models represent the physical,

chemical and biological processes governing the marine car-
bon cycle and the exchange of g@ith the atmosphere.

2  Methods All of these are z-coordinate models of coarse resolution that
do not resolve or permit mesoscale eddies. The simulations
2.1 Datasets were driven with observed reanalysis products for atmo-

spheric boundary conditions over the period 1990-2009. All
The regional sea—air GOlluxes described below use REC- of these models have been integrated from the pre-industrial
CAP “Tier 1" global CQ flux products (Canadell et al., to present day with the same atmospheric,®@tory. The
2011). These products include datasets ob@@xes from  physical models vary in many aspects such as the details of
observations, ocean biogeochemical models, atmospherighysical forcing, sub-grid scale parameterizations, and ex-
and ocean inversions. perimental configurations that are detailed in the reference
for each model in Table 1. In addition, the models incorporate
different biogeochemical modules, e.g. none use the phyto-
plankton growth model of Geider et al. (2007), which can
substantially influence the simulated fields of surface CO

Biogeosciences, 10, 40320654 2013 www.biogeosciences.net/10/4037/2013/
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Table 1. Ocean biogeochemical models used this the study, their respective surface areas bet@eandddS S, the periods over which
the data was evaluated, and the reference to each model.

Model Name Period Area (k)  Forcing Gas Exchange Ecosystem Limiting Nutrient Seaice Reference
structure

CSIRO 1990-2009 6.15410° NCEP-R1  Wanninkhof (1992) none (nutrient- P No Matear and Lenton (2008)
restoring model)

CCSM-BEC 1990-2009 6.10210 NCEP-R1 Wanninkhof (1992) 4 phytoplankten N, P, Si, Fe Yes Thomas et al. (2008)
1 zooplankton

NEMO- 1990-2009 6.21% 10/ NCEP-R1 Wanninkhof (1992) 2 phytoplankten N, P, Si, Fe Yes Le Qaré et al. (2007)

PlankTOM5 2 zooplankton

NEMO-PISCES  1990-2009 6.16210’ NCEP-R1 Wanninkhof (1992) 3 phytoplankten N, P, Si, Fe Yes Aumont and Bopp (2006)
2 zooplankton

CCSM-ETH 1990-2007 6.14010’ CORE-2 Wanninkhof (1992) 4 phytoplanktont+ N, P, Si, Fe Yes Graven et al. (2012)

1 zooplankton

* With a coefficient of 0.24 cmht 2 m—2.

2.1.3 Atmospheric inversions inversions account for interannual variations in atmospheric
transport.
An important consideration when interpreting the inverse

. . estimates is to understand the influence of any prior infor-
Inversions of atmospheric GOneasurements use an atmo- . . . . .
mation used in the inversion. For example, in almost all the

spheric transport model and an optimization technique to de- . . .
P P X q inversions considered here, ocean fDxes derived from

termine carbon fluxes that best fit the atmospheric measure—COZ measurements (e.g. Takahashi et al., 1999 or Taka-

ments. In most cases, a first guess or a priori flux based o X . .
. ) ashi et al., 2009) were used to constrain the sea—air fluxes,
independent datasets or models is also used to further con- ; A S i
. . so that the inversion is actually estimating sea—air fluxes that
strain the flux estimates. Here we use the same set of atmo- o . . .
. X . . : . are deviations from the prior Takahashi-based estimates. De-
spheric CQ inversions as described in Peylin et al. (2013). . : . ) )
. ; . ending on the spatial resolution of the inversion and the ad-
The inversions (Table 2) vary in many aspects, such as the at-.". ; : . :
: : . ditional constraints that have been incorporated into the in-
mospheric transport model, sea—air £fix resolution, so- . . ; !
X ST ; version, the basin-scale flux information may be strongly de-
lution method, a priori estimates and the atmospherie CO L . ;
pendent on the prior information rather than new independent

datasets. S , information derived from the local atmospheric £@ea-
In this study, we consider inversions that solve for carbonSurements

fluxes at a variety of different spatial resolutions, dividing the
Southern Ocean region into between 1 and 14 regions or, iB 1 4 Ocean inversions
some cases, solving at the resolution of the transport model

used in the inversion. In cases where inversions solved fofn this paper we use ten ocean inverse model simulations
regions that cross the 4& boundary used in this analysis, presented in Gruber et al. (2009) and the mean value across
a proportion of the estimated flux is used, based on any asthese simulations calculated from three periods: 1995, 2000
Sumptions about the flux distribution within a region. For the and 2005. As this technigue only solves for an annual mean
inversions solving at grid-cell resolution, those methods usestate, i.e. does not resolve seasonality or interannual vari-
a correlation length scale to ensure relatively smoothly vary-apility, these simulations are only used to assess the annual
ing fluxes. uptake. The specific details on methods and models used in
Figure 1 shows atmospheric-G@easurement sites south these ocean inversions are detailed in Mikaloff Fletcher et
of 30° S that were used by the inversions. Most sites wereg|. (2006, 2007) and Gruber et al. (2009).
used by all or almost all the inversions, while Amsterdam  Gruber et al. (2009) used a suite of ten different ocean bio-
Island (78 E, 37 S), Baring Head (175, 41° S) and ship  geochemical models to estimate the uncertainty of the flux
data (169E, 30" S) were used by only about half the in- estimates due to model transport, and weighted these models
versions (grey circles). There are three sites that are onlysing a skill score based on each model’s ability to accurately
used by one or two inversions. Many inversions use monthlyrepresent pre-bomb radiocarbon and CFCs when calculating
mean atmospheric concentrations derived from the pseudahe mean and standard deviations of the models. However,
weekly filtered data from the GLOBALVIEW-COdata  here we have chosen to give all of the models equal weight
product (e.g. GLOBALVIEW-CQ, 2011 and earlier annual jn order to be consistent with our analysis of ocean models

releaseS). Four inversions use “raw” data (le the inVErSion%nd atmospheric inversions, where no We|ght|ng scheme was
include flask observations at the appropriate sampling time);sed.

or hourly observations if these are available, though gener-
ally with some selection based on time of day. All but three

www.biogeosciences.net/10/4037/2013/ Biogeosciences, 10, 40542013
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Table 2. Atmospheric inverse models and periods over which data was evaluated in this study, the number of sites s6 8hmbael
resolution and the reference to each model.

Model Name Pericd Sitesused  Fluxres.in  Reference

30-90' S S Och
LSCEanv2.1 1996-2004 11 3.75¢ 2.5° Piao etal. (2009)
LSCEvarv1.0 1990-2008 14 3.75¢< 2.5° Chevallier et al. (2010)
C13.CCAM. law 1992-2008 14 14 Rayner et al. (2008)
C13MATCH_rayner 1992-2008 14 6 Rayner et al. (2008)
CTRACKERUS® 2001-2008 10 4 Peters et al. (2007)
CTRACKEREU 2001-2008 7 4 Peters et al. (2010)
JENA s96v3.3 1996-2008 13 %Bx 3.75  Rodenbeck (2005)
TRCOM.mean9008 1990-2008 12 1 Baker et al. (2006)
RIGC_ patra 1990-2008 12 2 Patra et al. (2005)
JMA_2010 1990-2008 15 1 Maki et al. (2010)
NICAM _niwawoaia 1990-2007 15 1 Niwa et al. (20ﬁ!2)

2 Period used for analysis. Inversions may have been run for a longer time.
b Longitudex latitude if inversion solves for each grid cell, otherwise number of ocean regions south f 44
€ CT2009 release.

Inversion method as this reference, except CONTRAIL aircrafp @&ta not used for RECCAP inversion.

The skill score weighting has a relatively minor influence fluxes from atmospheric inversions and ocean biogeochem-
on fluxes over most of the ocean. However, in the Southerrical models used data from all of the models and inversions
Ocean, the skill score weighting leads to a smaller net uptakéisted in Tables 1 and 2. The seasonality in the sea—ajr CO
of CO, by the Southern Ocean and a different distribution flux calculated from the individual models was compared to
of the uptake between regions. This is because some modet®et flux estimates from the surface ocean,Glimatology
used in the ocean inversion tend to overestimate CFC concerier the year 2000 using 2-quadrant Taylor diagrams (Taylor,
trations in the Southern Ocean relative to observations, an@001). This allows both the phase and magnitude of the sea-
also estimate substantially higher anthropogenie G@lake  sonal cycle for each model to be assessed individually along
in the inversion compared with other contributing models with the annual mean value. Finally, in the calculation of
(Mikaloff Fletcher et al., 2006). The skill score-weighting trends we only used model simulations in which 10 or more
scheme reduces the impact of these models on the weightegkars of output was available and assumed the trends were

mean and therefore leads to a smaller estimated sink. linear following Le Qe et al. (2007). The sea—air GBux
. into the ocean is defined as negative, consistent with REC-
2.2 Study region CAP protocols.

Following RECCAP protocols and its regional definitions,

we use the latitudinal boundaries of 44283and 58-75S 3 Results and discussion

to define two broad Southern Ocean subdomains (Mikaloff

Fletcher et al., 2006). The 44-58 circumpolar band in- The modelled and observational based sea-air fluxes ef CO
cludes a large part of the SAZ and the PFZ, while the southfor the Southern Ocean are evaluated at three scales of vari-
ern region includes the AZ. The region 4428Bis further  ability: (i) annual, (ii) seasonal, and, (iii) interannual for the
splitinto the three major ocean basins: Indian, Pacific and AtPeriod 1990-2009.

lantic (Fig. 1; Table 3). All together we consider 6 regions in

the Southern Ocean (Table 3): the five outlined above and ond-1 Annual uptake For 1990 to 2009

region comprising the total Southern Ocean south 61314 The median annual sea—air €fux between 1990 and 2009

2.3 Calculation and assessment of sea—air Gdluxes is first considered for the entire Southern Ocean (44Sj)5

for all available models. Two subdomains are then consid-
The sea—air Cefluxes for ocean models and inversions were ered, notably the region 44-58 that covers the parts of the
calculated as a median and the variability as a median absdSAZ and the PFZ, and the region south of S&hat includes
lute deviation (MAD; Gauss, 1816), consistent with Schusterthe marginal seas, sea-ice zone and open water regions of the
et al. (2013). The MAD is the value where one half of all AZ (Fig. 1).
values are closer to the median than the MAD, and is a use-
ful statistic for excluding outliers in datasets. The calculation
of the annual uptake and seasonal variability of sea—ay CO

Biogeosciences, 10, 40320654 2013 www.biogeosciences.net/10/4037/2013/
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Table 3.The annual CQuptake (negative into the ocean) from observations (with assumed 50 % uncertainty) and multi-model median uptake
(negative into the ocean) and median absolute deviation (MAD) from ocean biogeochemical models, atmospheric and ocean inversions, anc
all of the models. A, |, P refer to the Atlantic, Indian and Pacific Sectors of the Southern Ocean. All units are‘lig Cyr

Area (krr?)* Obs OBGC models Atm inversions Ocean inversions All models £6)
44-78 S 6.201x 10  —0.27+0.13 —0.43+0.38 —0.37+0.13 —0.42+0.03 —0.42+0.07
44-58 S 3.837x 10/  —-0.32+0.16 —0.264+0.20 —0.38+0.1 —0.35+0.02 —0.35+0.09
A:44-58S  9.237x10°  —0.09+0.05 —0.06+0.04 —0.13+0.07 —0.14+0.02 —0.13+0.04
I: 44-58 S 1.304x 10’  —0.1+£0.05 —0.04+0.12 —0.07+0.04 —0.12+0.01 —0.11+0.03
P:44-58S  1.610x10° —0.13+£0.06 —0.12+0.08 —0.15+0.06 —0.11+0.01 —0.11+0.04
58-7% S 2.364x 10’  0.04+0.02  —0.04+0.09 0.03:0.03 —0.07+£0.01 —0.04+0.07

* Denotes surface area from observed climatology of Wanninkhof (2012).

& & & (STF) at about 40S in some basins (Fig. 1). The inclusion
& & & & R © of the northern part of the SAZ would increase the Southern
7 ’ ’ Ocean CQ uptake in the global carbon cycle. For example,
the annual net uptake from observations nearly doubles from

i o —0.27+0.13Pg Cyr'to —0.47+0.24 PgCyr?, when the
: } 0 boundary is shifted from 44 to 4G.
T = %W'I -} LI {_ﬂ-p] 01 The largest median absolute deviation (MAD) in the an-
. 02 L= nual sea—air flux is for ocean biogeochemical models (Ta-
o0 §§ ble 3, Fig. 3). However, the small humber of ocean bio-
!l ©one 3 % geochemical models (5) compared to atmospheric inversions
ﬂ 4 0BGC Models e (11) can result in greater MAD values for the ocean models.
Atm Inversion 03 The spatial plots of the annual mean uptake for 1990-2009
ZIM;| 06 (Fig. 4) show that all the ocean models simulate a negative
07 sea—air flux or uptake equatorward of°™) The CCSM-
08 BEC, CCSM-ETH and CSIRO models have similar patterns

of sea—air fluxes as the values derived from observations with

areas of CQ flux to the atmosphere at high latitudes (pole-
Fig. 3. Annual median uptake from observations and the median ofward of 50 S) and areas of COflux into the ocean to the
ocean biogeochemical models, atmospheric inversions and oceatiorth of the Subantarctic front at about°38, however, the
inversions (Pg Cyr?). The error bars for each model represent the fluxes to the atmosphere from these models tend to be greater
median absolute deviation (MAD). Negative values represent fluxesthan the values from observations. The CSIRO model also
into the ocean. simulates a region of uptake in the eastern Pacific that is not
apparent in the observations, although this region has few
measurements to constrain the observational based estimates
(Fig. 2). The NEMO-Plankton5 and NEMO-PISCES models
simulate larger C@uptake at higher latitudes compared to
observations and other models, and do not resolve the transi-

-0.9

3.1.1 Total Southern Ocean 44—75S

The median annual sea—air g¢®uxes calculated from ob-
seor\glgnsé m(idfe Is tﬁnd mt\'l ersgonsthvary 8etweéh27_ andT tion in the flux at about 50S as the other models.

e gLyr=forthé entire Southern Lcean reg|on_( A" The different patterns of annual uptake shown in Fig. 4
ble 3 and Fig. 3). The flux estimates from ocean inver-

. d bi hemical models. althouah not si .{esults in a broad range in the cumulative annual fluxes
slons and ocean biogeochemical models, athough not signtiae -, (Fig. 5). The cumulative fluxes from 75 to 58

icantly diﬁerelr(‘t fr%:“ the other eS“mf"‘LeSH tend 0 i”fiéatiafor the CCSM-BEC, CCSM-ETH and the CSIRO models
Stronger Upta e. IS Is consistent with the results o ru erare 0.0,+0.06 and—0.04 chyrl, reSpeCtively, and are

et al. (2009) who used a subset of the ocean and atmosphergqm”(,ir to the observation-based value -50.05 Pg C yrL.

inversions considered here. The agreement in the sea—air ﬂu’i‘he NEMO-Plankton5 and NEMO-PISCES models predict a

estimates based on the different approaches is a significarétl,eater sea—air Calux into the ocean from 755 to 58 S of
improvement in recent years over previously published stud-_0 20 and—0.25 Pg Cyrl, respectively. A net flux of C@

|esT(he.g. R(t)g et akl)., 2033)' f the South o . t to the atmosphere between about SCand 60 S (positive
€ horthern boundary ot the southern ©cean Is se aﬁux; Fig. 4) results in maxima in the cumulative sea—air flux

44 Sto confom_] to RE(_:CAP protocols. This excluc_jes SOMe ¢ =0, at about 50S for the CCSM-BEC and CCSM-ETH
of the SAZ region, which extends to the subtropical front
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Fig. 4. Spatial maps of the annual mean uptake, in gCyr—1 from the five ocean biogeochemical models and observations; negative
values reflect fluxes into the ocean. The dashed line represents the RECCAP boundaf.at 44

models. This is only partially offset in these two models by
uptake in the SAZ and the resulting net annual sea—air flux at
44° Sis—0.04Pg Cyr! (CCSM-BEC) and+0.05PgCyr?
(CCSM-ETH) compared to the observation based estimate og
—0.27PgCyr?. &
The CSIRO model also simulates regions of net flux to theZ
atmosphere at high latitudes (Fig. 4), but these are largelyg = .
offset by other zones of uptake in the same latitudinal range;ic: A oo Obenaion +

CSIRO
CCSM-BEC
CCSM-ETH
NEMO-Plankton5
NEMO-PISCES

0.00 o

-0.40 -

o

resulting in only a slight maximum in the cumulative zonally & -1z
integrated flux for this model near 58. A band of high C@ i
uptake in the Subantarctic and subtropical waters produces _,,,
a cumulative uptake to 448 of —0.42PgCyr? for the ’
CSIRO model. The cumulative uptake for both NEMO mod- ) ]
els increases to 44 to—0.4 Pg Cyr—l (NEMO-Plankton5) Fig. 5. The cu_mulatlvg, zonally integrated, annual _meanzctfp—_

and —0.8 Pg Cyrl (NEMO-PISCES). The large deviation take (30—78 S integrating from the south) from the biogeochemical

in the annual uptake for the ocean biogeochemical model§_ o models and observations (dashed line) (Pg&yDverain
P 9 ; %lre the nominal positions of the major Southern Ocean fronts and
appears to be in part due to how the sea—air, GlOxes

- . ) > the RECCAP boundary at 48. Negative values reflect flux into
are simulated at latitudes poleward of°&B (discussed in  he ocean.

Sect. 3.1.3).
Atmospheric CQ inversions are usually constrained not
only by the atmospheric CQlata, but also by a first guess or

T T T T T T T T

65°S 55"§
Latitude

M
@
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apriori flux estimate. The estimated Southern Ocean flux wasolve for many regions may be susceptible to “overfitting”
not very sensitive to this prior information; across inversionsthe atmospheric measurements and thereby biasing the flux
prior annual fluxes were clustered arour@.35PgCyr?! estimates. This may be a particular problem for the South-
or —1.0PgCyrl, but this clustering is not maintained in ern Ocean as atmospheric €@riations between observing
the estimated fluxes from the inversions. This suggests thastations are very small, placing high demands on data quality
the observing network for this region may be sufficient to and a transport model’s ability to represent that data. This is
constrain the flux estimates. However, other differences beeonsistent with previous studies based on ocean inversions,
tween the inversions, such as the modelling of atmospherievhich have shown that this approach cannot robustly sepa-
transport, contribute to the range in atmospheric results. Forate the Indian and Pacific Ocean basins based available data
example, a transport model with vigorous mixing of higher (e.g. Mikaloff Fletcher et al., 2006, 2007).

COy concentration of air from the north would require a

larger Southern Ocean sink to maintain the north-south gra3.1.3  Southern Ocean 58-75

dient of CQ concentration than a transport model with ) o )
slower mixing of air from the north. The influence of this high latitude band (40 % of the total

The ocean inversions do not use a priori estimates, bupPuthern Ocean surface area) on the annual sea—aifiGcO

they may be sensitive to biases in the data based techniquds Smal realative to the 44-38 region, accounting for only

used to estimate the components of the observed dissolvedPOUt 10 % of the total Southern Ocean sea-air flux (Ta-

inorganic carbon in the ocean due to anthropogenic carbof?'€ 3)- Ocean biogeochemical models and ocean inversions

uptake and sea—air gas exchange (e.g. Matsumoto and Gripdicate that this region is a small net sink of atmospheric
. A

ber, 2005: Gerber et al., 2009, 2010). Like atmospheric in-C©O2 annually -0.04:0.09 and—0.07+£0.01PgCyr~),

versions, the ocean inversion is likely to be sensitive to bi-With atmospheric inversions and observations suggesting

ases in model transport, particularly in the Southern Ocean® Small net flux tol the atmospherer@.03+0.03 and

but the use of a suite of different models has been employed’0'04i 0'0_2 PgCyr )'_ ]

to help quantify this uncertainty. Although ocean £- Ocean biogeochemical models again show the largest

versions have been less widely used than atmospheric cO/@nge in fluxes (Table 3 and Fig. 3). This variability may

inversions, this approach thus far seems to be relatively in2€ due to (i) the representation of the sea ice and associ-
sensitive to the choice of inverse methodology (Gerber et al.2t€d gas exchange differs across models (e.g. Rysgaard etal.,

2010). 2011); and (ii) the coarse resolution of the models which pre-
cludes the proper representation of potentially important fea-
31.2 Southern Ocean. 44—3% tures such as polynas as well as other important coastal ocean

processes (Marsland et al., 2004). This part of the Southern
The median annual sea—air flux values for the different ap-Oc€an remains one of the most poorly sampled of all ocean

proaches varies betweerD.26 and—0.35 Pg C yr? for the regions (Fig. 2; Monteiro et al., 2010) and the uncertainty in
circumpolar region from 44 to 58. These values are sim- the flux estimates based on observations may be underesti-
ilar to the annual uptake for the entire Southern OcearMat€d.

(44-78 S), suggesting the majority of the net uptake oc- Thi§ region was regarded as a strong annua! sink of atmo-
curs in this latitude band, consistent with previous studiesSPNeric CQ based on summer data (Takahashi et al., 2002),
(Metzl et al., 2006; McNeil et al., 2007; Takahashi et al. while more recent observations (Takahashi et al., 2009) have

2009, 2012). suggested that the higher latitude Southern Ocean is neutral
The contributions of the Atlantic, Indian, and Pacific ©F @ Weak source of atmospheric gver the annual mean.
Ocean sectors to the annual uptake in the 44S58and These estimates are based more on open-ocean observations
are similar when all 26 models are groupeed(13+ 0.04 rather than data collected in marginal seas and coastal mar-
—0.11+0.03 and-0.11+ 0.04; Table 3). The ocean biogéo- gins of the Southern Ocean. These areas that have a high vari-
chemical models and observations do suggest that greater u@Pility in biological production (e.g. Sweeney et al., 2000;

take occurs in the Pacific sector, which is not apparent in the 12/es and Takahashi, 2004) and as a consequence have been
atmospheric or ocean inversion results. suggested to play an important role in the global carbon bud-

It is important to note that the flux values for all ap- 9€t (Arrigo et al., 2008). Amongst the approaches in this

proaches are associated with a large range, particularly oceatiudy. Only atmospheric inversions have the potential to cap-
biogeochemical models (see Sect. 3.1.1) and atmospheric if/r€ the integrated coastal, sea-ice and open-ocean responses
versions. This is most evident in the Indian and southeast Pal this region. That these inversions suggest that this region
cific oceans where ocean biogeochemical models differ in thdS Not & large net sink of COsuggests that either: (i) out-

sign of the flux (Fig. 4). For atmospheric inversions, the basind@ssing in the more nor.thward portion of this region offsets
split is dependent on the spatial resolution of the inversion;2Y Strong uptake, or (ii) the role of the coastal ocean and

inversions that solve for only 1 or 2 regions rely on their prior S€@-iC€ zone is not well captured.

information to determine the basin split, while inversions that

www.biogeosciences.net/10/4037/2013/ Biogeosciences, 10, 40542013
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cation, warming, and increased biologically driven Q-

Fig. 6. Seasonal cycle anomaly of the Southern Ocean sea—air COtake. Deeper mixing and lower production, offset to some
flux (Pg Cyrt) from observations, ocean biogeochemical and at- degree by surface cooling, results in a reduced flux into the
mospheric inversions for the Southern Ocean (44-S%ipper), the  gcean and potential outgassing of £i@ winter (Takahashi
region 44-58 S (middle) and the region south of 58 (lower). The gt 51 2009). All approaches tend to give similar estimates
shaded area represents the sea-aip @x uncertainty associated ;, gmmer, but the atmospheric inversions do not capture
with each approach. Negative values reflect flux into the ocean. the strong winter response evident in ocean models and esti-
mated from observations.

To explore the relationship between the seasonal cycle and
the annual mean uptake, we used a two-dimensional (2-D)

In this section we consider how the various modelling ap- 1aylor Diagram (Fig. 8a). The annual mean uptake and tim-
proaches represent the seasonality in the sea—air @0 N9 of the seasonal flux changes relative to observationally
change compared to observations. This provides insights intaSed estimates were compared for each ocean biogeochem-
the ability of ocean biogeochemical models to represent thdc@l model and atmospheric inversion. The analysis provides
complex interplay of physical and biological processes that® Synthesis of the ability of all models to capture the sea-
drive sea—air C@ exchange. The ability of a model to re- sonal and annual sea-air fluxes. In this analysis, we do not

produce the seasonal cycle also provides some indication qccount for the uncertainty associated with observationally
the ocean biogeochemical models ability to correctly repre-derived fluxes, which are associated with large uncertainties

sent climate sensitive processes that could influence long(S€€ Sect. 2.1.1). _ _ _
term projections of the ocean G@ptake. The multi-model The x-axis in each Taylor diagram is the normalized stan-
median seasonal anomalies of sea—aip @xes are shown dard deviation of the seasonal cycinbde/oobs); the closer

in Fig. 6, while the individual models and observations arethe value is to 1 (denoted as a red arc in Fig. 8) the better it
shown in Fig. 7. reproduces the magnitude of the seasonal cycle from the ob-

servations. The correlation of the model seasonal cycle with
3.2.1 Southern Ocean 44—75 observations is shown on the arc; models or inversions with

correlations of+1 (x-axis) will simulate the seasonality in
Figure 6a shows the median and MAD over the entire Souththe sea—air flux from observations. Models that lay in the
ern Ocean RECCAP region. Some ocean biogeochemicalght quadrant have positive correlation, while those in the
models do simulate the seasonal cycle in the sea—ajr COleft quadrant have negative, or anti-phase correlations. The
flux estimated from observations (Figs. 6 and 7). In sum-colours of individual symbols represent the difference be-
mer, a CQ flux into the ocean surface (negative flux) re- tween the annual sea—air flux based on observations and the
sults from the combined effects of increased surface stratifivalue for each model (i.e. observations — model/inversions).

3.2 Seasonal sea—air C&fluxes

Biogeosciences, 10, 40320654 2013 www.biogeosciences.net/10/4037/2013/
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to simulate even the seasonality, which is the largest scale of
variability in the Southern Ocean.

The reasons behind the poor seasonality in many atmo-
spheric inversions remain unclear, but two factors may con-
tribute. Firstly, the observed seasonality of atmospherig CO
in the Southern Ocean region is small, with roughly equal
contributions from the seasonality of local ocean fluxes and
from the transport of seasonal signals from sources and sinks
in other regions. Due to the strong role of fluxes from dis-
tant regions in determining the seasonal cycle in atmospheric
CO, at stations that observe the Southern Ocean, errors in
the fluxes estimated from other regions or in the modelled

transport of those fluxes to the high latitude southern hemi-
sphere could lead to biases in the seasonal cycle. Secondly,
some of the inversions that solve for smaller ocean regions
(e.g. C13CCAM . law) show very different seasonality be-
tween basins, suggesting some caution should be applied to
those results. Possibly, the greater flexibility in those inver-
sions to fit the atmospheric data makes them vulnerable to
any data quality or representativeness issues as well as trans-
port model errors. When inversions are solved for fewer re-
gions, the inversion compromises the fit across sites effec-
tively ignoring any poorly calibrated data. Conversely, in-
versions that solve for only a few regions could be missing
important spatial variability in the seasonal cycle, which can
lead to biases in the inverse estimates (Kaminski et al., 2001).
The representation of the seasonal cycle varies widely
0% across the ocean biogeochemical models (Fig. 7). If the sum-

mer warming is too strong in the upper ocean, the solubility

[ \\ &
o \\\}\ //t response can dominate over the biological productivity lead-

[ | . . . .
s s e 4 oo e Lo T ing to a peak in the sea—air flux that is several months out of
Normalised Standard Deviation phase with observations (Fig. 8a). The net primary productiv-

Fig. 8. Taylor diagram of the seasonal sea—airJ fdx assessed ity from the models (notshown) has asllmllar magnitude over
against the observations for ocean biogeochemical models (circlesjUMmmer. This suggests that changes in the seasonal temper-

and atmospheric inversion models (triangles). The upper panel repature and.mixed layer depth are Iikgly to be more impprtant
resents the region 44-755; the middle panel the region 44-58; than the differences between biological models in causing the

and the lower panel the region 5875, The colours represent the varied responses in the ocean models. Interestingly, capturing
difference between the total observed annual uptake and the modetfie seasonal cycle of the Southern Ocean is not a prerequisite
(see text for a comprehensive explanation). The annual mean differto reproducing the annual mean sea-air flux calculated from
ences (colour bar) are in Pg Ck. observations. However, the inability of the models to simu-

late the observation-based seasonality in the sea—aiflGO

does bring into question the ability of these models to realis-
Ocean biogeochemical models are represented as circleically project the response of the Southern Ocean @ix
while triangles represent atmospheric inversions. to climate change.

A diverse set of responses is evident in Fig. 8a. Many at-
mospheric inverse and ocean biogeochemical models under-
estimate the magnitude of the seasonal cycle. Several modei%z'2 Southern Ocean 44-58
and inversions appear to capture the magnitude and the phase
of the seasonal cycle, however these models tend to stronghs with the entire Southern Ocean, the median seasonal-
underestimate the magnitude of annual mean uptake (blugéy for ocean biogeochemical models and observations agree
symbols with large negative values for the observations mi-in terms of the phase and magnitude of the seasonal cycle
nus model difference). Some models and inversions do a poaffFig. 6b). The atmospheric inverse models simulate relatively
job at capturing the phase of the seasonal cycle, but show betveak seasonal amplitude. The similarity in the magnitude
ter agreement in the annual mean uptake. These results aend phase with the total response (44-38is consistent
particularly worrisome, given that some models are unablewith this region dominating the seasonality in the sea—air flux

T
6 1.2 0.8 0.4 0.0 0.4 0.8 1.2 1.6 2.0
Normalised Standard Deviation

) 58-755 Correlation
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for the Southern Ocean (Metzl et al., 2006; Takahashi et al. Southern Ocean sea—air fluxes. The detection of a long-term
2009, 2012). trend is difficult as observations tend to be most common in
The 2-D Taylor diagram for individual models (Fig. 8b) the austral summer and studies have shown that changes in
shows a diverse range of responses. Some models represesgta surface temperature and net production can cause con-
the observation-based phase and magnitude of the seasorstlerable variability in sea—air fluxes at regional scales dur-
cycle, but do a poor job in capturing the annual uptake. Soméng the summer months (Jabaud-Jan et al., 20048yiBre
models that do approximately represent the annual uptaket al., 2006; Borges et al., 2008; Brix et al., 2012). While a
can display poorer magnitude and phase of the seasonal cyew observational studies attempt to describe the longer-term
cle. While individual models may not represent both the sea-change of the carbon system, they focus on oceafi®,
sonal cycle and annual sea—air £flux, taking the median  rather than changes in sea—air £fuxes (Inoue and Ishii,
of multiple models (ensemble) agrees more favorably with2005; Lenton et al., 2012; Metzl, 2009; Midorikawa et al.,

the observed response. 2012; Takahashi et al., 2009) or are station studies that may
have local influences (Currie et al., 2009). Consequently, as
3.2.3 Southern Ocean 58-7P% we are focusing on sea—air G@luxes we only use atmo-

spheric inversion and ocean biogeochemical models over the
At high latitudes, the magnitude of the seasonal cycle in theperiod 1990-2009, rather than observations.
sea—air CQ flux is larger for fluxes derived from observa-
tions than for the ocean models and atmospheric inversion8.3.1 Southern Ocean 44—-755
(Fig. 6¢). While the annual median values (Table 3) are quite
low in this region, observations indicate a relatively large The simulated median interannual variability and associ-
summer flux into the ocean and a flux to the atmosphereated uncertainty in sea—air GGluxes from ocean bio-
in winter. Neither ocean biogeochemical models nor atmo-geochemical models and atmospheric inverse models are
spheric inversions show a well-defined seasonal cycle. Thehown in Fig. 9. The interannual variability in the period
atmospheric inversions show no evidence of a large summet990-2009 from ocean biogeochemical models and atmo-
CO, uptake (negative flux) associated with the coastal ocearspheric inversions are of similar maximum valyed(10 and
and marginal seas as suggested by Arrigo et al. (2008). +0.11 Pg Cyrl, respectively). This represents 20 % of the
The 2-D Taylor diagram showing the behaviour of the in- total median sea—air flux from ocean biogeochemical models
dividual models for this region is shown in Fig. 8c. The bio- and 35% of the median flux from atmospheric inversions.
geochemical models underestimate the seasonal cycle reldhe positive and negative flux anomalies are of similar mag-
tive to observations, but most capture the observed phase amidtude.
the models tend to agree on the magnitude of the seasonal The region 44-58S can explain about 75 % of the inter-
cycle, explaining the small range of the ocean biogeochemannual variability in the Southern Ocean sea—aipr@QX in
ical models in Fig. 6¢c. The smaller magnitude of the sea-the atmospheric inversions-0.07 Pg C yr1) and ocean bio-
sonal cycle in ocean biogeochemical models may well be regeochemical modelsH0.08 Pg C yr: Fig. 9b). The remain-
lated to the representation of the sea-ice zone as discussediimg 25 % of the interannual variability is attributable to the
Sect. 3.1.3. region 58-78S (Fig. 9¢). These results suggest that south
The atmospheric inversions show a diverse set of re-of 58 S, the median interannual variability from ocean bio-
sponses in this region. Consistent with the median, we segeochemical modelsH0.03 Pg Cyr?) and atmospheric in-
that the majority of these models underestimate the seasonakrsions 0.07 Pg Cyrl) can be as large as the net annual
cycle relative to observations. Clearly most of the modelssea—air CQflux (Table 3). In this region the range in sea—air
do a good job capturing the phase of the seasonal cycle biftux for ocean biogeochemical models is lower than in the at-
do poorly at representing the annual mean uptake. Howevemospheric inverse models (consistent with Sect. 3.1.3). The
some models, while capturing the annual mean uptake welllarge interannual variability poleward of 58 may be due
show very little or poor seasonality. Some inversions producdo biogeochemical responses to changes in heat and fresh-
a semi-annual cycle. These results again highlight that a wellwater fluxes, wind stress and sea-ice cover. This could indi-
represented seasonal cycle is not a prerequisite for capturingate that sea—air COluxes in this region are more sensitive
the annual mean uptake in atmospheric inverse models welko climate than previously believed. The sea—air,GlOxes
This is also confirmed by the negligible a posteriori corre- in the 44-58 S and 58—75S regions are correlated, which
lations between seasonal anomalies and the mean in atmds consistent with the interannual variability being driven by

spheric inversions (e.g.d®flenbeck, 2005). large-scale Southern Ocean climate variability such as the
Southern Annular Mode.
3.3 Longer-term variability There are some common features across the atmospheric

inversions and ocean biogeochemical models, e.g. most
Understanding and quantifying interannual variability in the showing large ocean uptake in 2003. However, in the case
Southern Ocean is key to projecting the future response obf atmospheric inversions some caution is required as the
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Fig. 9. The oceanic interannual variability in sea—air £f@ix from
ocean biogeochemical and atmospheric inverse models in the period
1990-2009. The upper panel represents the region 44;7he  response to continuing atmospheric emissions 0f.Clhe
middle figure is the region 44-3% and the lower region 58-75.  median of the atmospheric inversions shows no increase in
The sh.aded area represents thg sea—aj it uncertaipty associ- CO, uptake over the study period. However, our confidence
ated with each approach. Negative values reflect flux into the ocean, these long-term trends is low, given the magnitude of the
interannual variability and the relatively short period of sim-
ulations.
magnitude of these variations may well reflect over sensitiv- Figure 10a and b depict linear decadal trends computed as
ity to some of the atmospheric measurements. For example function of time using a 10 yr sliding window centred on the
the strong negative flux in 2003 may be driven by the atmo-reported year, following Lovenduski et al. (2008). The ocean
spheric record at Jubany (58/, 62° S), which has periods biogeochemical models produce mostly negative trends, with
in 2003-2004 when the CGQOconcentration is 0.7-1.0 ppm the exception of decades centred in the mid-1990s. Atmo-
lower than at nearby Palmer Station {64, 65° S). Conse-  spheric inversions in contrast show mostly a positive trend in
quently, those inversions that include this data give largerthe decades centred in the 1990s, and a negative trend from
fluxes in 2003 than those that do not. It is interesting that2000 onwards; however, these trends are very variable both
this sensitivity occurs for inversions that span the range ofacross inversions and within individual inversions, due to the
flux resolution that the inversions solve for (i.e. one or manylarge interannual variability in estimated fluxes (see Fig. 9a).
Southern Ocean regions). The positive and negative anomazalculating the linear trend in Southern Ocean fluxes over
lies in 1997-1998 and 2000 are harder to attribute. Similarthe maximum period available from any given ocean biogeo-
though larger, anomalies are also seen for Southern Hemiehemical model (18-20yr) or inversion (13—-19yr and ex-
sphere land regions (Peylin et al., 2013, Fig. 6). This sug-cluding those with less than 10yr of output) yields a me-
gests that the atmospheric data may be insufficient to clearlygian and MAD trend of—0.094 0.04 Pg Cyr!decade?!
differentiate land and ocean flux anomalies due to the usualor biogeochemical models andt00.03 Pg C yr! decade?
practice of selecting atmospheric measurements to be reprder the inversions. This enhanced uptake in ocean biogeo-
sentative of well-mixed air masses and thus removing datahemical models is consistent with the expected uptake of
that has had recent contact with land. —0.05PgCyrldecade?! of the Southern Ocean sink (Le
The median of the ocean biogeochemical models showfuéré et al., 2007), due to the increasing atmospherie CO
a larger sea—air C£flux in 2009 relative to the start of the concentration. Conversely, the inversions are more consis-
study period in 1990 (Fig. 9). This is expected as the, CO tent with a reduction in the strength of the Southern Ocean
gradient between the atmosphere and ocean has increaseddimk reported by Le Qaré et al. (2007), but the range is
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large across inversions-0.06 to 0.08 Pg C yr! decade?) other studies (e.g. Metzl et al., 1999; Boutin et al., 2008; Mc-
and previous work (Law et al., 2008) has shown that the in-Neil et al., 2007; Barbero et al., 2011; Takahashi et al., 2012).
version trends are likely quite sensitive to atmospheriep CO Therefore, while we focused on the comparison between the
data quality, with atmospheric G@radients being close to four different techniques presented here, a more comprehen-
measurement uncertainty (Stephens et al., 2013). This sugsive analysis of individual regions needs to be undertaken
gests that linear trends in model output over periods less thaim future studies. Such studies would be timely, particularly
20yr are unlikely to provide a statistically meaningful state- in light of recent work highlighting the heterogeneity of the
ment about the very small changing rate of Southern Oceamnthropogenic carbon transport out of the Southern Ocean
CO, uptake. This is supported by the results of McKinley et (Sallee et al., 2012).
al. (2011) for the North Atlantic. At seasonal times scales, the fluxes estimated from obser-
vations and the median of the ocean biogeochemical mod-
els capture a well-defined seasonal cycle in the sea—air CO
4 Conclusion flux. Atmospheric inversions showed only very weak or lit-
tle seasonality in all regions of the Southern Ocean. All ap-
The Southern Ocean, despite the important role it plays inproaches tend to show enhanced flux into the ocean in the
the global carbon budget remains under sampled with rebiologically productive summer period. The largest season-
spect to surface ocean carbon. In response to these limiteality was found in the region 44-88 for both ocean biogeo-
observations, different approaches have been used to estthemical models and based on observations. South°ds 58
mate total net sea—air G@xchange of the Southern Ocean neither ocean biogeochemical models nor atmospheric inver-
and understand different scales of variability: (i) synthesis ofsions were able to capture the magnitude of the observed sea-
surface ocean observations; (ii) atmospheric inverse modelsonal cycle. These differences between models and observa-
(iif) ocean inversions; and (iv) ocean biogeochemical mod-tional estimates may reflect the model formulation and a poor
els. The goal of this study is to combine these different ap-understanding of the high latitude carbon cycle. None of the
proaches to quantify and assess how well the models repmodels were capable of simulating the magnitude and phase
resent the mean and variability of sea—air{flDxes in the  of seasonality and the annual mean sea—air flux at the same
Southern Ocean in comparison to flux estimates derived fromime in any of the regions. This raises serious concerns about
observations. We used the recalculated sea—ajr fll® cli- projecting the future changes in Southern Ocean @@ake.
matology of Wanninkhof et al. (2013) as our observational Interannually, ocean models and atmospheric inversions
product: five different ocean biogeochemical models drivenshow that the variability in the Southern Ocean sea—ais CO
with observed atmospheric GQ@oncentrations; eleven at- flux can be as large as 25 % of the annual mean. Atmospheric
mospheric inverse models using atmospheric records colinversions tend to produce a larger spread in the interan-
lected around the Southern Ocean; and ten ocean inversaual variability of the sea—air flux than ocean biogeochem-
models. ical models. Both modelling approaches suggest that about
Our results show that the median annual sea—air flux from25 % of the total interannual variability can be explained by
all four approaches applied in the entire Southern Ocean rethe region south of 58S. This implies that this variability
gion (44-78 S) is between-0.27 and—0.43 Pg Cyr!, with can be as large as the net annual mean sea—airfldOin
a median value for all 26 models 6f0.42-+0.07 Pg C yrl. this region.
We see that the observation-based annual net uptake is nearly Resolving long-term trends is difficult due to the large in-
doubled to—0.47 Pg Cyr! if the boundary is shifted from terannual variability and the short time frame (1990-2009) of
44 to 40 S, bringing the observations and ocean biogeo-this study; this is particularly evident from the large spread
chemical model results into closer agreement. The regiorin trends from ocean biogeochemical models and inversions.
44-58 S dominates the annual flux with a median of all Reliable detection of Southern Ocean trends from atmo-
models of —0.3540.09 Pg Cyrl. Ocean biogeochemical spheric inversions requires careful assessment of the atmo-
models show the greatest mean absolute deviation in thepheric CQ measurements input to inversions and their cal-
modelled flux, which may be in part due to the RECCAP ibration over time; the provision of high quality atmospheric
boundary at 424S and the proportion of the important SAZ datasets from remote locations in the Southern Ocean is
included in this calculation. In the region south of 8 both ~ both challenging and vital. Nevertheless, in the period 1990—
ocean biogeochemical models and ocean inversions show 2009 atmospheric inversions do suggest little change in the
small net CQ flux into the ocean (negative flux), while at- strength of the C@sink broadly consistent with the results
mospheric inversions and estimates from observations showf Le Quéré et al. (2007). In contrast, ocean biogeochemical
a small net flux to the atmosphere (positive flux). We see lit-models show increasing oceanic uptake consistent with the
tle evidence in the atmospheric inversions for the strong sinkexpected increase 6f0.05 Pg C yr! decade?! (Le Quéré et
of COy suggested by Arrigo et al. (2008) for this region. al., 2007) due to increasing atmosphericCO
The choice of the RECCAP boundary at&lwas prob- Of all the approaches in this paper, it is only ocean bio-
lematic in comparing our results with published values from geochemical models that are prognostic in nature. If we are

Biogeosciences, 10, 40320654 2013 www.biogeosciences.net/10/4037/2013/



A. Lenton et al.: Sea—air CO fluxes in the Southern Ocean 4051

to have confidence in the projections of Southern Ocean seaBaker, D. F., Law, R. M., Gurney, K. R., Rayner, P., Peylin, P.,
air fluxes of CQ, it is important that the models used to un-  Denning, A. S., Bousquet, P., Bruhwiler, L., Chen, Y. H., Ciais,
derstand the response of the carbon cycle over the historical P.. Fung, I. Y., Heimann, M., John, J., Maki, T., Maksyutov,
period not only capture the annual mean flux but also the sea- S- Masarie, K., Prather, M., Pak, B., Taguchi, S., and Zhu,
sonal cycle associated with this flux. Potentially, techniques igrtT:sgzgor:rrirsm\cl)irstlﬁg ;Eig:gﬁr:up::”\?grri];t)l?itsag:‘ cr);g;i?r?asl-
such as water mass analysis may play an important role in X

helping understand the behaviour ofpthe Southfe)rn Ocean car- €O, fluxes, 1988-2003, Global Biogeochem. Cy., 20, GB1002,

. . doi:10.1029/2004gb002432006.
bon cycle (ludicone et al., 2011). Such models are the integ 1er D C. E. H%ppem: M. Sdder M. Geibert W. and

gration of all of our knowledge and our ability to reproduce 4 Baar, H. J. W.: A rapid transition from ice covered £0
observations remains a key test of our understanding of the rich waters to a biologically mediated G@ink in the eastern
earth system (Falkowski et al., 2000). Weddell Gyre, Biogeosciences, 5, 1373-1386, ldb5194/bg-
5-1373-20082008.
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