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Abstract

9 The knowledge of chlorofluorocarbon (CFC11, CFC12) cone¢ions in ocean
surface waters is a prerequisite for deriving formatiorsaif, and water mass ages
in, deep and bottom waters on the basis of CFC data. In the&it@oastal re-

12 gion, surface-layer data are sparse in time and space, nifirdae to the limited
accessibility of the region. To help filling this gap, we éadrout CFC simula-
tions using a regional ocean general circulation model (®Br the Southern

15 Ocean, which includes the ocean-ice shelf interaction.slinelated surface layer
saturations, i.e. the actual surface concentrationsiveltt solubility-equilibrium
values, are verified against available observations. Theé Dput fluxes driven

18 by concentration gradients between atmosphere and oceatoairolled mainly
by the sea ice cover, sea surface temperature, and saktotyever, no uniform
explanation exists for the controlling mechanisms. Here,present simulated

21 long-term trends and seasonal variations of surface-lsgration at Southern
Ocean deep and bottom water formation sites and other kéynsegand we dis-
cuss differences between these regions. The amplitudée sEasonal saturation

2 cycle vary from 22% to 66% and their long-term trends rangenf.1%/year to
0.9%/year. The seasonal saturation maximum lags the i@ comimum by two
months. We show that ignoring the trends and using insteaddturations actu-

27 ally observed can lead to systematic errors in deduced iomebased formation
rates by up to 10% and suggest an erroneous decline with time.

Key words: tracers, chlorofluorocarbons, gas flux, Antarctic Bottontéf/sSouth-
s ern Ocean, numerical model, formation rate, tracer inugnto
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1 Introduction

Ocean tracer observations are a powerful tool to understenfbrmation and spread-
ing of water masses. Sampling for the chlorofluorocarbonSXlFand CFC12 has
become a routine on many physical oceanography cruisestingsin a large number

of observations, in particular since the WOCE period (Otsile 2002). Often, only

tracer measurements highlight the spreading paths ofljreshtilated water masses,
which stand out as spatially limited regions with tracer@amtrations higher than in
the surrounding waters.

Compared to the "classical” tracers, like oxygen and natsiganthropogenic CFC11
and CFC12 have the advantage to be chemically inert. CF@s #& ocean by gas
exchange across the ocean-atmosphere interface. Siricdirdteappearance in the
1930s and up to around the turn of the millennium (Walker gt24100), the atmo-
spheric concentrations increased (Fig. 13a), which isateftein the temporal evolu-
tion of their concentrations in the ocean. This transiegai allows one to derive for
tracer-carrying water masses

e tracer ages, for example, Weiss et al. (1985); Thiele andhigato (1990);
Doney et al. (1997),

e age/transit time distributions (TTD), for example, Bemiand Roether (1996);
Hall et al. (2002); Waugh et al. (2002, 2003),

e formation and subduction rates, for example, Broecker.gt1809); Orsi et al.
(1999); Meredith et al. (2001); Smethie and Fine (2001);iRkeal. (2002).

Table 1 lists observed mixed layer saturations in highud#s, where the CFC
saturation is defined as the ratio of the actual concentratiche concentration in
equilibrium with the atmospheric CFC partial pressure. é@eper waters, similarly,
one uses the term “apparent saturation”, the referencesodration being the concur-
rent equilibrium concentration at the ocean surface at tieeiwved temperature and
salinity. This saturation is termed apparent, since it igedhe fact that, when the wa-
ters actually descended from the mixed layer, the equilibrtoncentration was lower
than the concurrentone. Consequently, the apparent Satuiglower than the actual.

On the microscopic scale, CFC uptake occurs by diffusionutfh the oceanic skin
layer on top of the mixed layer. The process is rather slowi(igation time scale for
a 100-m deep mixed layer is on the order of one month) so teadtual CFC uptake
is controlled by mixed layer processes, essentially thénaxge between the mixed
layer and deeper layers (mixed layer entrainment/detraint)n The resulting under-
saturation (Table 1) defines the air-water CFC gradient, hichkvthe CFC uptake is
proportional. Consequently, the sequestration of fluihngeasonal thermocline and
variations in the depth of mixing are primary factors (Haane Richards, 1995), which
need to be adequately represented for a realistic simalafizacer concentrations and
inventories in deep and bottom waters (Doney and Jenki@&8)1®ertical mixing and
other dynamical factors in the upper ocean are also esktoti realistic simulation
of the Southern Ocean’s hydrographic structure and seaoeerage (Timmermann
and Beckmann, 2004).



Region Saturation Source Abbr.

Year [%0]
Shelf water mass at Antarctic's Periphery
unspecified 40-60 Orsi et al. (2001)
Ross Sea
1984 CFC11: 64  Trumboreetal. (1991); and R1
1984 CFC12: 79 Smethie and Jacobs (2005) '
1994 CFC11: 74 . )
1994 CEC12: 79 Smethie and Jacobs (2005) R:2
1994 60-70/90 Orsi et al. (2002) R:3
2000 CFC11: 84 . .
2000 CEC12- 90 Smethie and Jacobs (2005) R:4
2000/2001 72-95 Rivaro et al. (2004) R:5
Wilkens Land
1994 70 Orsi et al. (2002)
Amery Ice Shelf, Prydz Bay
1994 70 Orsi et al. (2002); Haine et al. (1998) Al
Central Weddell Sea
1987 90 Mensch et al. (1996) W:2
1992 65 Siltenful? (1998)
1996 85 Siltenful? (1998) W:3
Western Weddell Sea
1992 55-85 Mensch et al. (2000) W:1
1996 65 Sultenful3 (1998) wW:4
2004 68-70 Huhn et al. (2008) W:5
Southern Weddell Sea, in front of the Filchner Ice Shelf
1985 85 Mensch et al. (1996) F:1
1987 65 Mensch et al. (1996) F:2
1987 70-75 Schlosser et al. (1991) F:3
1993 85-90 Gammelsrad et al. (1994) F.4
Labrador Sea (Northern hemisphere)
1986 60 Wallace and Lazier (1988)

Smethie et al. (2000); and
1988-1992 60-70  Smethie and Fine (2001)
1988-1992 66 Terenzi et al. (2007)

1997 CFC11: 988
1997 CEC12: 959 Azetsu-Scott et al. (2005)

Table 1: Observed CFC saturations in the ocean mixed layerabbreviations of the
last column are for reference further below. Separatelgntep values for CFC11 and
CFC12 are indicated.
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In the Southern Ocean, the interaction with sea ice, thehietvas, and the atmo-
sphere transforms local water masses into deep and botttensv®n broad continen-
tal shelves the accumulation of High Salinity Shelf WateB@YV) due to brine release
by sea ice formation initiates two known mixing processesyely:

e The Foldvik- or ISW-process (Foldvik et al., 1985): HSSW ftointo ice shelf
caverns where it is modified to Ice Shelf Water (ISW) due tanieraction with
the ice shelf base.

e The Foster-Carmack process (Foster and Carmack, 197&il\.émrmed HSSW
mixes with pycnocline waters penetrating onto the contialeshelf.

Both mixing products descend along the continental slogkeuantrainment of ambi-
ent water masses to form deep or bottom water, dependingeaentinainment rate.

During the transition from winter to summer, melting sea fiocems a seasonal
halocline at 2050 m depth (Carmack, 1974). The Antarctida8e Water (ASW)
above it has temperatures and salinities ranging fron?€lt® 2.0°C and from 33.0
to 34.3, respectively. The deeper layer, called Winter Waté\) (Carmack, 1974),
maintains the characteristics of the Winter Mixed Layer (WMith temperatures near
the surface freezing point.

Since the beginning of CFC observations in the Southern @oeaginal seas in
1985 (Mensch et al., 1996), observations, which have piiyniagen collected during
the austral summer, remain sparse in space and time. Theréfbas been common
to assume a time-invariant saturation on the basis of thiahl@data (Table 1).

Surface-water saturations can be converted into air-s€afl0kes using published
parameterizations of gas exchange (Liss and Merlivat, 1@@&6&ninkhof, 1992; Asher
and Wanninkhof, 1998; Wu, 1996), and the effects have bagfiest in various nu-
merical modeling efforts (England et al., 1994; Heinze gtl&198). The most compre-
hensive comparison between simulated flux rates is founduiaypet al. (2002) who
compare the CFC distributions in thirteen global OGCMs. Ha framework of the
GOSAC (2002) project cumulative CFC fluxes were determimedHe world ocean.
A strong motivation is to apply the results to determine retand/or anthropogenic
carbon fluxes between the atmosphere and ocean (Terenzi2z@f; Takahashi et al.,
2002).

Since existing CFC observations in surface waters are dan fiesolving the sea-
sonal to interannual variability, we use a numerical regiatean model (Section 2) to
obtain more detailed information concerning the oceani€ @Qptake. The CFC input
function can be expressed as a product of the unknown swsédceation together with
the well-known atmospheric concentration history and Isitity (Warner and Weiss,
1985). The model validation follows in section 3, which indés a detailed description
of the available observed surface-water CFC saturaticai(® 3.2) and the simulated
CFC surface saturation distribution (Section 3.3). Thergjth of seasonal saturation
cycles and long-term trends in the presence of sea ice aressddl in Section 4. We
analyze the processes that drive the CFC fluxes across tlosgltiere-ocean interface
and present correlations and multi-linear regressionyaralbetween a variety of pa-
rameters and the CFC fluxes to confirm our findings (Sectio 5The discussion
includes the effects of a time-dependent versus an invas&@nration on bottom/deep
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water formation rates based on CFC inventories (Section &2l the paper ends with
concluding remarks (Section 6).

2 The model

Our model is the regional ocean circulation model BRIOS-&A.®ersion of the s-
coordinate primitive equation model SPEM (Haidvogel et 8091), adapted to the
Southern Ocean by adding the major ice shelf cavities and ititeraction with the
ocean (Beckmann et al., 1999). The domain comprises thenspolar ocean between
50°S and 82°S, has a resolution of.5° x 1.5° cos ¢ in the Atlantic Sector, which
increases gradually t6.75° x 1.5° cos ¢ outside the Atlantic, and has 24 terrain-
following vertical coordinates to better represent botkxedilayer and near-bottom
processes. The model is forced by fluxes obtained from a akamel sea ice-mixed
layer model for the same area using a climatological yeaedas ECMWF data of
the period 1985-1997. The model is integrated for 20 modats/to reach a quasi-
stationary dynamical state, thereafter the CFC simulagiarts with year 1940.

According to Beckmann et al. (1999), who present detailhefrhodel setup, the
lateral diffusivity (/r,s) depends linearly on the grid sizA) and local flow field. It
resembles an upstream scheme acting along geopotenfedesir At the surface and
the bottom a background diffusivity @ f*gk = A2-10"2 ms~! was added to represent
enhanced levels of turbulence in the boundary layers and-imiduced, near-surface
mixing.

The parameterization of the vertical mixing in the South®aean is critical for
a realistic representation of the observed hydrographictre (Timmermann and
Losch, 2005; Timmermann and Beckmann, 2004; Beckmann &©94819) and certainly
influences the uptake of tracers, as shown by Doney and J(1988) and Haine and
Richards (1995). The vertical viscosity and diffusivityeartomputed as Richardson-
number-dependent functions according to Pacanowski aitdnigler (1981). An ex-
plicit scheme was employed for vertical diffusivity, whighthe most critical value as
sensitivity studies of initial parameters revealed. Thakw&ratification in the salinity-
dominated regime reacts very sensitively to large vertidflisivities, which unreal-
istically homogenize rapidly the Weddell Sea down to 2000aptd. Therefore, the
maximum diffusivity iss = 0.01 m?s~" in case of small or negative Richardson num-
bers. Under the assumption of a continuous forcing, thisimam vertical diffusivity
is analog to convective processes, which homogenize wétltay a water column of
30 m thickness. This is a reasonable assumption for a gredddihundreds to thou-
sands kilometers.

The used sea ice concentration climatology &grees on the large scale reasonable
well with satellite and ULS data (Timmermann, 2000); dstail the coupled sea ice-
ocean model version are described by Timmermann et al. {2002

The tracer input is implemented as a flux boundary conditmoaling to Asher
and Wanninkhof (1998). Itis controlled by the concentnaticadient across the air-sea
interface, with the wind velocity modulating the flux rateglvinkhof, 1992). Since
sea ice prevents gas exchange, the flux is reduced by theagyidaztion covered with
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ice (4) according to England et al. (1994). The gas exchange isreutas
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wherek, is the piston velocity — derived from bomb-produced radiboa invasion
rates into the ocean and, hence, includes implicitly then8¢hnumber for'4C —
(England et al., 1994)...., the temporal evolution of the atmospheric concentration
(Walker et al., 2000)qs the solubility (Warner and Weiss, 198%),44, the equilib-
rium concentrationg,, the surface concentration, afd the Schmidt number (Zheng
et al., 1998). The wind influence is considered by using a edatpspatial seasonal
cycle of squared windsuf,), which represents a climatological mean state. In the
northern relaxation zone, the subsurface CFC concentisaéice nudged towards zero,
considering that the water masses that flow towards the dekpattom water forma-
tion sites have negligible CFC concentrations (Roethet.e893). Further details
about chlorofluorocarbon boundary conditions and CFC stor results are found
in Rodehacke et al. (2007).

The saturation in each grid box is obtained as the ratio aftbéeled concentration
driven by the flux boundary condition (Eq. 1) and the modeliitaa which the ocean
surface concentration is held at a solubility equilibriur.,,

Cw (t> = Qs (G(t)v S(t» patm(t) = €100% (t> (2)

This boundary condition implies a nearly infinite gas flux wieesurface grid box is
under- or oversaturated. To ensure identical conditionalferacers regardless of their
boundary condition, we performed all tracer simulationsugtaneously.

3 Model Validation

The validation of the dynamical model setup is described bgkBnann et al. (1999)
a nd is partly recapitulated here. The flow field reproducesktiown circulation fea-

tures: the eastward flowing Antarctic Circumpolar Currex@C), the cyclonic Wed-

dell, Ross and Kerguelen Gyres as well as the Antarctic @b&strrent, where ob-
served rates agree with the simulated transports of bottd@#ke@yre cells. Simulated
annual mean fields of temperature and salinity (Figs. 9a &nith Beckmann et al.

(1999))along the Joinville Island-Cap Norvegia sectioprogluce well the observed
doming (Figs. 7a and 7b in Fahrbach et al. (1994)).

A unique feature of this model is the integration of majorsbelf caverns including
the ocean-shelf ice interaction. Each cavern has its owmasige in the®-S-space
(Rodehacke et al. (2007), Fig. 4). Furthermore, the cavamas source of relatively
cold and fresh water masses, which change, in particulamptbperties of the near-
surface layers. These are distinctly fresher (up-t22) and cooler (up to-1.5°C)
(Figures 13a and 13b in Beckmann et al. (1999)). Since therpater column of the
western Weddell Sea is stabilized by these lighter wateseg£onvection is reduced
which preserves the warmer and saltier deep water masses.
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As the©-S-diagram shows, the model reproduces the linear mixing &etwSwW
and WSDW. On the continental shelf in front of Filchner-Renge Shelf (FRIS)
observed and simulated hydrographic properties and hediaturations, which are
strongly determined by the addition of glacial melt due teac-ice shelf interac-
tion, indicate that the model reproduces the general hydpiucstructure and the ISW
outflow. Furthermore, the analysis highlights the impactaaf the ocean-ice shelf in-
teraction but also suggests that model resolution mighbbeobarse to prevent warm
and salty water masses from penetrating onto the contihgmeif (Rodehacke et al.,
2006). Nevertheless, a comprehensive treatment of thécsudlrelf environment and
the related freshwater fluxes seems to be important for aguade representation of
observed local and large-scale hydrographic conditiordlifier, 2004).

For the model setup used here, the spread of CFC-carryirey wettsses indicates
the paths of freshly formed deep and bottom water (Rodehetcide, 2007). In agree-
ment with observations (e.g. Baines and Condie (1998))mbdel reproduces the
main deep and bottom water formation sites in, e.g., the Beasand the southwestern
Weddell Sea (Rodehacke et al. (2007), Fig. 8). These aredscated on the continen-
tal shelves with depths commonly shallower than 500 m. Tipeup00 m of the water
column are thus represented by nine (seven) layers for & @¢p00 m (1000 m).

Along two sections following the Greenwich Meridian (Rodeke et al. (2007),
Fig. 10) and the WOCE SR4 section from Joinville Island to Napvegia (Rodehacke
et al. (2007), Fig. 9), the vertical simulated CFC distribns show a well ventilated
upper mixed layer, which is separated from lower water nsbge sharp concentra-
tion gradient. The simulated gradient seems to be strohgerthe CFC observations
suggest. Along the coast wind induced downward Ekman pugnéepens the mixed
layer, which is in accordance with observations. In additi@FC-inventories along
the Greenwich Meridian (Rodehacke et al. (2007), sectidi, 6hich are dominated
by mixed layer concentrations, agree reasonably well witeovations from the years
1992, 1996, and 1998 (Rodehacke et al. (2007), Section lddyever, the simulated
CFC distribution has deficiencies, i.e, the ventilation atev masses below1580 m
is underestimated. The model does not reproduce subswiaes clearly separated
from the surface mixed layer, and the cores are in generalide, probably caused
by an insufficient horizontal model resolution (Rodehadkale 2007), but the latter
agrees with the results from models of similar resolutiolgy.(Eichefet and Goosse
(1999); Doney and Hecht (2001); Dutay et al. (2002)).

Profiles of CFC concentrations at several locations nortithefWeddell Gyre
(Rodehacke et al. (2007), Fig. 13) show that the verticailcttire agrees reasonable
well with observations. However, the observed CFC conegiotr at profile 7 in the
center of Drake Passage penetrates unusually &8P m, which seems to be associ-
ated with the Polar Front (Roether et al., 1993). Since thdahdoes not resolve the
frontal system, the model cannot reproduced this featuoeléRacke et al. (2007)).

3.1 Mixed layer depth along the Greenwich Meridian

Since the temporal evolution of the mixed layer depth (MLif)juences the CFC up-
take (Tab. 6), we validate simulated MLDs against observezso The comparison is
restricted to the repeatedly sampled Greenwich Merididmchvallows us to infer the
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deduced MLD uncertainty. Beginning at the surface, a dgimsitrease by 1% defines
the pycnocline, which is the base of the mixed layer.

The observed MLD (Fig. 1) generally amounts to 50-200 m aadhes the sea
floor south of Maud Rise66°S). A MLD equal to the bottom depth does not neces-
sarily imply a homogenized water column. Since both cryis®8 XI11/3 and ANT
XV/4, occupied the Greenwich Meridian in May/June, their défezes might be re-
lated to natural variability. In addition, neighboring elpgations also show distinct
depth variability, like duringANT XII1/3, in the range of 75-140 m &0°S or during
ANT XV/4 ranging from 600 m to 4800 m &7°S. The latter might be attributed to the
local conditions above Maud Rise, which will be discusseskiction 5.1 (Fig. 18).
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Figure 1: Observed and simulated mixed layer depth alongtleenwich Meridian
(logarithmic ordinate). Symbols represent deduced vdiume observed bottle data
for the listed cruises (see also Table 2), while simulatédessfor different months are
represented by lines for a sequence of several years. Ifasereed mixed layer depth
equals the depth of the deepest observation, its symbohibiced with a gray star.
For clarity, observations are grouped in band$fThe model topography is added as
grey thick line and the model layers south7af S are located underneath the Ekstrom
Ice Shelf. The seamount Maud Rise is marked.

The simulated MLD (Fig. 1) ranges from 45 m to 180 m, which isd=eth the upper
two model layers of enhanced background diffusivit?f’gk, Section 2). The sequence
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of the MLD against latitude from February to August reveh the depths are nearly
temporally invariant from February to April when sea ice liss@nt or melting. With
the beginning of winter sea ice formation releases salt inéosurface layer, which
decreases the density gradient between surface and degpes hnd thus increases
the MLD. Since the stratification is weak, the mixed layer oeach the bottom at the
southern edge of the section.

The simulation agrees with the observed mixed layer depsith rof 54°S and
south of60°S. Although in the south the model tends to underestimatd/tte, the
natural variability along the complete section is largertthe mismatch. The simu-
lated MLD local minimum around5°S, while the observed MLDs decrease towards
north, is only manifested in the logarithmic depiction. Tdteserved ANT X/4, ANT
XI11/3, andANT XV/4) and simulated surface temperatures and surface sadioiie-
cide along the Greenwich Meridian, except for salinity bew54°S-60°S. Here, the
simulated surface salinities decrease smoothly towardh mdile the observed salin-
ities stay nearly constant up §6°S where they decrease abruptly by 0.1-0ANT
XI/3, ANT XV/4). This is probably related to the front which separates theadled
“cold regime” and “warm regime” (Gordon and Huber, 1984; ®der and Fahrbach,
1999).

The difference between observed and simulated surfagetgas strongly related
to the coarse model resolution, which does not resolve di@ystems. If we would
replace the simulated surface salinities with observatithe MLD difference between
54°S and60°S would vanish completely, emphazising the in general reslsle repre-
sentation of the subsurface density stratification in oudehol he impact of the mixed
layer difference on the CFC saturation along the Greenwiehidiain is discussed be-
low (cf. Fig. 6).

3.2 Comparison of modeled and observed surface-layer satations

Validating the modeled CFC surface-water saturationgsgabservations is a crucial
step in our analysis. One has to consider that the modebhisrdly a recurring annual
cycle, so that the forcing does not include the observeegmés of, for example, sea
ice concentration or wind speed. Furthermore, since wecalspare observations at a
single point with simulated, averaged values of a model lgoixi we cannot expect to
obtain a perfect match. In fact, the modeled CFC11 satura({igig. 2) appear system-
atically high for the observed lower saturations and fatirslof the supersaturations
of up to 110% (cruisé11/5). To assess this situation, we address the distribution of
the model-data discrepancies in the model’s Weddell Searsed/e deduce an ob-
jective criterion for the inherent or natural CFC satunatspread in the upper surface
layer, based on the maximum differences among the obserk¥€1 Csaturations at
each profile down to 55 m (Fig. 3). Under the most valid assionghat the upper
55 m of the water column are well mixed, the CFC variabilityobserved CFC sat-
urations in the upper 55 m represents the natural spreadwbsians. We interpret
this quantity as natural uncertainty and call it “spreadhieh represents the “error
bar” of the observed saturation within a homogenized watkmon during a cast. This
variability or spread is much larger than the accuracy ofsusmment and represents
the allowed/acceptable mismatch between single observatid simulation. For clar-
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Figure 2: Simulated versus observed CFC11 saturationseinmitied layer for the
period 1990-1998. The gray thick line represents the latiogl while he thin dashed
lines consider a difference of 15%. (For cruise details s##er?).

ity, we also check the differences in sea ice concentrateiwden observations and
simulation.

3.2.1 CFC11 saturation spread ranges and model-data biases

For the model’'s Weddell Sea sector, the spatial distrilbutbCFC11 saturation dif-
ferences between observations and simulation are showigime=3 (upper left). If
the absolute saturation difference is below 5%, the staionarked by a green star
("*"). Departures of more than 5% are tagged by either a eifdbserved saturations
are higher than the simulated one) or squares (observatieriewer than the simula-
tion), where the symbol size is proportional to the differefsee legend). If more than
one observation exists at any position, all differences/beh these observations and
the simulated values are displayed. The sea ice concemtidifferences (Fig. 3, lower
left) show a somewhat similar distribution, although dégancies near the southern
margin tend to be higher. Shown are the differences one nmithto the observa-
tions, considering that the air-sea equilibration take®is# weeks and the maximum
simulated saturation occurs two months after the sea iceerdration minimum (Sec.
4.1). The grid size of the observed sea ice concentratianida&5< 25 km. The ac-
curacy of total sea ice concentratia() is approximately 5% (Cavalieri et al., 2005),

10
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Figure 3: Spatial distributions of observed minus simwlatalues for the period 1990-1998 (left side). CFC11 satmalifference
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left). The observed sea ice concentrations are based orcéimnf®g Multichannel Microwave Radiometer (SMMR) and SaleSensor
Microwave/lImager(SSM/I) data using the NASA Team algarithFor the considered period the data set is derived from DIA&P
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2005). Difference of observed values, termed spread ramigfgin the upper 55 m from all observations at each cast (rsge). The
upper, middle, and lower right figures show the spread of tRE€X1 saturation4Satrci1), salinity (AS), and temperature©),
respectively. The location of each cast is indicated by an Green stars (*') denote differences or spreads below 2%4trc11,
AA) and spreads of temperaturtd® < 0.05°C) and salinity AS <0.001). Bold red stars£') depict extreme temperature and salinity
spreads. Further details are provided by the correspometjemds (lower right of each figure).
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but might be lower when melt ponds exist, in view of approxiehal5% accuracy in
the Arctic during summer (Cavalieri et al., 2005).

In order to characterize the spread of the observed dataresemmt for each station
the maximum difference among the observed saturationsnititle upper 55 m (Fig.
3, upper right). If only one observation is available at dista the spread is unknown
and the corresponding station is marked by an 'x’. For statiof more than two
observations, all combinations of differences betweersgdiobservations are shown,
where the symbol size is proportional to the variabilityradi¢ated by the legend. For
comparison, also the corresponding spread ranges oftgadimil temperature (Fig. 3,
middle and lower right) are presented, where we restriccomparison to those depths
where temperature, salinity, and CFC data are simultamgoakected.

Along the Greenwich Meridian, the simulated CFC11 satarstideviate by up to
+20% absolute (observed saturation minus simulated $Btr@&.,s — Ssim); Fig. 3,
upper left, Fig. 6) from the corresponding observed valeesafl cruises ANT X/4,
ANT XII1/4, ANT XV/4, andM11/5, Tab. 2) which took place between February and
June. The extreme mismatches between -48% and +16% abgubstrvation minus
simulation) are predominantly located at the dynamicadiyve edge of the Weddell
Gyre (coastal current, polar front, and sea ice edge). Théma CFC11 spread is, in
general, less than 5% absolute and reaches 18% absoluteithitythe coastal current
(Fig. 3, upper right side). East of the Greenwich MeridiaNT XI11/4, M11/5, and
S04i), the differences are mostly lower than +10% absolute andad@xceed +20%
absolute, while the spread reaches values of up to 6% abstiuhe sea-ice free Drake
PassageM11/5) the saturation differences are between -22% and +16%wleseith
a spread below 12% absolute, whereby large differencesighagpread do not always
coincide. In the southern Weddell Se&NT XI1/3), the spread is below 16% while the
differences are between -23% and +37% absolute. Herepalalbbservations tend
to show a better agreement with the simulation. A vast regidarge discrepancies
and high spreads is clustered east of the tip of the AntaPeitnsula (Fig. 357°S to
66°S, 32°W to 60°W). The saturation differences range from -48% to +16% altsol
whereas the spread reaches values of up to 30% absoluteerilyjdhe model-data
differences consistently exceed the data spreads acgdaour criterion.

In the upper 55 m, the CFC saturation spread is, in gener@—20% absolute
(Tab. 2). A higher spread often occurs in profiles for which dibserved temperature
and salinity spread is also high (Fig. 3, right side). Thididgates that the assump-
tion of a homogeneous CFC concentration in the upper 55 mtrhiggmvalid at some
locations because of distinct vertical temperature andisagradients (Fig. 3). The
gradients might be caused by melting sea ice, which fresthengpper water column
and splits the winter mixed layer (WML) into Antarctic SuwwéaWater (ASW) and
WW (Carmack, 1974). Since WW has no contact with the atmasplaedistinct CFC
undersaturation developed during the preceding winterasgrved. In contrast, dise-
quilibrium within the ASW is reduced by gas exchange acrbesocean-atmosphere
interface and by solar heating, which reduces the equilibrtoncentration. There-
fore, shallower samples have a higher saturation than tepedenes. However, not
all profiles with a high CFC saturation spread are relatednt@rshanced spread in
temperature and/or salinity nor does a high temperaturéoasdlinity spread cause
an increased saturation spread. Thus, a clear relatiohshigen CFC saturation and

12
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Figure 4: Observed vs. simulated CFC11 saturations resdrio casts with sea ice

concentration differenceg\(A : observation- simulation) of less than 15% absolute
as described in the text (upper left). Upper (lower) righgides the observed vs. simu-
lated saturation for sea ice concentration differencesdrigower) than 15% absolute.
Large symbols represent depths less than 20 m while smabaigndepict deeper ob-

servations (20 m-55 m). Locations of the casts are presantbd lower left figure.
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temperature or salinity spread does not exist.

In the simulations, the maximum spread of the CFC conceotrstcomputed for
the period of observations, is only 2.5%, and the corresipgn@mperature and sa-
linity spreads are 0.2€ and 0.047, respectively (Tab. 2). Furthermore, the oleserv
strong stratification is not reproduced, in particular ie theep basins. This might
be caused by the vertical extension of the two uppermost hiagers, set to 0.46%
and 0.59% of the entire water column. Hence, for a depth oD5860n the central
basins the two uppermost layers are 25 m and 32 m thick. Thisseovertical res-
olution together with elevated mixing in shallow layersgedo the representation of
wind-induced turbulence, causes smaller spreads compatled observations.

The discrepancy between observation and simulation isrgiyligher for deeper
samples, which are potentially located in the lower sabar&/W. Furthermore, if the
upper ocean is highly stratified and if observations are awmbjlable at the standard
depth of 50 m below the ASW, these observations may insuffigigepresent the
saturation at the ocean surface. Therefore, our compabistween simulation and

14
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Cruise Date Overall Maximum | At max (A*S) | At max (A*©) | Mean  Std | Correlation | No. | PI

Name Year  Month| A's A'© A'S | A's A© | A's A*S Avs  Avs | A'© A'S

ANT XI1/3 1995 2-3 | 16 12 058 14 03 | 13 0.25 95 50| 24 52 | 10 | WR
M11/5 1990 2-3 | 12 44 026 3 0.7 | 10 0.06 58 6.1 | 76 22 | 19 | WR
WOCESMp | 1992 3 38*) 13 045|39% 11 | 31 033 | 254 16.4| 92 99 | 3 | JB
JCR10 1995 4 29 1.0 053] 27 1.0 | 27 052 | 102 11.8| 57 72 | 14 | AW
WOCE 04 1996 6 6 01 032 6 001 | 3 0.04 12 18| 30 92 | 9 | WS, MW

ANT XII1/3 1996 4-6 8 0.15 0.13 2 0.06 2 0.03 1.8 1.4 19 16 60 | WR
ANT XV/4 1998 4-6 30 0.2 090 23 0.24 | 23 0.90 6.1 8.1 70 92 40 | WR
ANT X/4 1992 6-8 16 0.25 0.03 5 0.1 4 0.002 15 2.8 38 54 32 | WR
DOVETAIL 1997 8-9 6 0.2 0.04 3 0.2 3 0.53 0.7 1.0 20 42 65 | WS
Observation | 1990-98 2-9 | 38/30 4.4 0.58| 39/27 11 31 0.9 3.5 3.8 32 75 | 252

Simulaion | 199098 29| 3 02 005] 2 02 | 3 004 | 01 006] 67 78 | 252

Table 2: List of considered data sets (cruises) for modédl&ibn and spreads based on at least two observationsfiteprof the water
column’s upper 55 m. The columns show spreads of the CFCutasi@in A" s, potential temperatur&“©, and salinityA*.S. Compiled
are the maximum observed spread (Overall Maximum), regasddf location, and maximum spreads for the cast whereitga(At
max (A"*S)) or temperature (Amax (A“©)) have their maximum spreads. The columns “Mean” and “S&t’fér each data set its mean
saturation Aus) and the related standard deviatiak*§). Correlations are between the deduced CFC11 saturatibteamperature or
salinity spread of each cruise. The column “No.” notes thmler of available casts with at least two values; for the WQ@lses
D4p and D4i we only use a subset of the data sets. The difference betwe€dLCand CFC12 saturation spread is mostly within 5%
and always below 9% except for the two marked cases for WOQEe&804p. Here, CFC11 and CFC12 saturation spreads ére:
CFC12: 28% and#) CFC12: 22%. The last column “PI” lists the principle investiors (AW = A. Watson, JB = J. Bullister, MW = M.
Warner, WS = W. Smethie, WR = W. Roether).
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observations, which for some cruises predominantly ctetsisf deeper observations,
might be biased, which might partly explain the deviatiommmzn observation and
simulation.

3.2.2 Bias in sea ice concentration discrepancy

To address the effects of sea ice concentration further4rsnows model-data com-
parisons like in Fig. 2, but subdivided according to mode$ervation discrepancies
in sea ice concentration (i.e., observation minus simuatone month earlier (see
above). The neglect of sea ice drift should introduce snratire. Strong sea ice
concentration gradients are unlikely within large-scaa &e fields as sea ice and
the upper surface waters flow nearly parallel (Kottmeier &aimann, 1996), and the
rate of displacement is small. The observed mean sea idevadticity amounts to
0.2 cm/s = 5.2 km/month (Kottmeier and Sellmann, 1996), pkaéthin the coastal
current where the velocity reaches 6 cm/s = 155 km/monthresponding to a dis-
placement of six grid cells in the sea ice concentration sleta

Selecting only data with sea ice discrepaneid$% (Fig. 4, upper left), the CFC
saturation discrepancies fall mostly within +10% and -20%h an average near to
-10%. A similar result is obtained for even more negativeigalof the sea ice dis-
crepancy (Fig. 4, upper right). For more positive sea icerdgancies (Fig. 4, lower
right), however, the saturation discrepancies show a kecgtter and average apprecia-
ble lower (approximately -20%). During tH@OVETAIL cruise (1997, month 8-9) the
observed sea ice concentration one month prior to samplsgw to 76% higher than
in the simulation. Upstream, at the tip of the Antarctic Penia, the simulated sea
ice cover vanishes earlier than observed, because the ramdemperatures are too
high, amplifying sea ice melting and enabling an enhanced Qptake of the north-
ward flowing water masses. This causes the simulated CFCatians to be higher
than observed. On the other hand, if the observed sea icewtration is lower, the
corresponding observed saturations are sometimes digtimgher than the simulated
ones, for example in front of Filchner-Ronne Ice Shelf (FRISNT XI1/3).

A higher simulated saturation for locations of higher s@adancentrations seems
to contradict our expectation (Fig. 4, upper right). Thisurs predominately along the
Greenwich Meridian south of the ACC (Fig. 5). One month priofFigs. 3 and 6) and
at the time of (Fig. 6) the CFC observations, the sea ice curatéon in the model is
higher than observed. So any sudden local sea ice meltingnaimdent CFC fluxes
can be excluded to account for the difference.

East of the Greenwich Meridian sea ice retreats early andbkialy during the
summer. The region is characterized by the inflow of CFC @edcsurface water
masses from the year-round ice-free ACC. Since the modslwoiaesolve the frontal
system which clearly separates the surface layers of thel®le@yre from the ACC,
higher saturated surface water masses can penetrategrggrihat its northern edge. In
addition, a tongue of elevated CFC saturated surface waxézads toward the Green-
wich Meridian along the Antarctic coast, as it is even seea fimean field (Fig. 8). In
the coastal current the saturation difference increasemime 20% and changes sign
under still high sea ice concentrations differences (FigTGerefore, in the model the
inflow of higher saturated surface waters compensateséathected lower CFC sat-
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Figure 8: Simulated mean CFC11 saturations in the mixed ktytbe time of observa-
tions (1990-1998). The Filchner-Ronne (FRIS), Larsen (LRiser-Larsen (RLIS),
Amery (AlS), and Ross (RIS) ice shelves are hatched.

uration under a stronger than observed sea ice cover. Tgaslglshows the influence
of local differences in the CFC-uptake controlling paraenen the difference between
observed and simulated saturation and highlights the reedture adequately the
contribution of tracers remotely exchanged between athrergpand ocean.

A final item is the model/data CFC saturation differences amation of season
(Fig. 7). Beyond appreciable scatter, one finds a trend ofsédwiscrepancies in austral
summer (February) and generally higher ones during thasitian from austral winter
to spring (August/September), differing by close to 25%l. l&ige differences are re-
lated to cruises operating in the northwestern Weddell $eathe sea ice edgaNT
X/4 end of July, ANT XII1/4 end of MayANT XV/4 begin of April, DOVETAIL). How-
ever, at the northern tip of the Antarctic Peninsula the rii®dea ice concentration is
too low because sea ice melts too early (Timmermann et @2)2Which permits an
unrealistic strong uptake of gaseous tracers causing sixeesirface saturations.

3.3 Simulated spatial distribution of the CFC surface satuation

The simulated mean saturations of the surface layer (Figte3alculated for the pe-
riod covered by all measurements in Table 2 and represedbpri@antly summer
conditions. A comparison with the observed distributiogiieen by Rodehacke et al.
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Figure 9: Spatial distribution of the difference betweeratved (1990-1998) and sim-
ulated CFC11 saturations in the mixed layer down to 55 mn@liexlinear interpolation
of ASatrci11 = Satrcii,0Bs - Satrcii,smv). The contour interval of thin black lines
is 10% and the contours of -15%, 0% and 15% are highlighteaviyea dashed-dotted
lines. Crosses represent observations and the gray thiek éire the coastlines.

(2007, Fig. 5).

In parts of the Antarctic Circumpolar Current, the mixeddaig saturated by up to
103% (Fig. 8), caused by temperature-related processesd$&.1), while in a small
band around Antarctica the saturation drops below 95%, esiping the retreating
winter sea ice. Starting at the Greenwich Meridian, a torgfurgher saturated waters
spreads westwards to the southern Weddell Sea. Saturbgtmg 60% cover the area
from the Filchner-Ronne Ice Shelf (FRIS) to the Larsen IcelS{LIS) and extend
into the central Weddell Sea. Also in front of the Ross IcelfSlRdS) saturations are
low with 70%-80%. The saturation drops below 55% in ice shalferns (Section
4.3). In general, the saturation decreases towards Aitayeind regions covered with
perennial sea ice are characterized by lower saturations.

3.4 Summary of the comparison between observed and simulate
CFC saturations

The comparison reveals certain biases between observesihanidted saturations, su-
perimposed on an appreciable scatter. There appears todreeagibias of simulated
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saturations being too high by about 10 % (Fig. 4, upper ladtraght; Fig. 9), with the
exception of regions with low simulated sea ice concerratiompared to the obser-
vations (Fig. 4, lower right). These regions appear to béiqudarly problematic. A
seasonal trend also exists (Fig. 7); however, the relatedrghtions have been taken
at the northern tip of the Antarctic Peninsula known to haeettigh simulated satura-
tions (Fig. 9), whereby the orange spot northeast of ther&titaPeninsula is strongly
determined by the high densiBOVETAIL observations (65 observations at this loca-
tion, Tab. 2, compare Fig. 3, lower left). Sea ice appearst@sa principal control,
modulating the ocean’s uptake of gases by suppressing ftugas. Therefore, much
of the biases and the scatter appear to be related to theessariulations. Since the
model is forced with a recurring seasonal climatologicaleydifferences between the
actual and climatological sea ice concentration have toxpeated.

Since the model uses as a vertical coordinate the terrlowiog s-coordinate,
layer thicknesses depend on water depth, resulting in datg-thickness of up to
25 m in the deep basins. The presence of enhanced wind-iddud®ilence homog-
enizes the concentrations within the two upper-most maagdrs. This and the in-
adequate vertical resolution in the deep basins cause affionsnt representation of
the separation of the WML into ASW and WW during summer. Hosvethe slightly
underestimated mixed layer depth along the Greenwich Néarid.atitude rangé4°S
and60°S, Fig. 1) does not cause the detected difference obserdeiranlated surface
saturation. Since for some cruises only observations in\hé layer are available,
which are generally lower in saturation than for the top ASAelr, our comparison
might be biases by too low reference values. If we (a) redinie comparison to the
upper 20 m, (b) consider differences in sea ice concentratgdore and at the time of
the measurements, and (c) apply an uncertainty of 10%-26#ived from the CFC
saturation spread in the upper 55 m (Figs. 3, 9), we obtairitarbmatch between ob-
servation and simulation to a limited degree only. The obestate might be better
represented when using a higher vertical resolution and r@ swphisticated mixing
scheme for the mixed layer. Further sources for errors @&adglect of extremes in
the forcing fields and the comparison of point measuremeittsspatially-averaged
simulated values. However, an improvement regarding thes is outside the scope
of the present work.

For the Atlantic sector of the Southern Ocean, observedatadns (upper 55 m)
taken at section cross-overs show typical differences of B%o6 absolute in open-
ocean regions and of 10%—-20% absolute in perennial seavegenbregions (Fig. 3).
This strong variability appears to be controlled by the actinvironmental conditions
before and during the field measurements. A temporal trepdrizka seasonal varia-
tion cannot be extracted from the available CFC observation

When interpreting the simulations, as addressed in thevillg, one has to keep
in mind the limitations and uncertainties the presentedetiddta comparison has re-
vealed. However, the comparison showed that the simum@proach reality to a
meaningful degree.
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4 Seasonal and long-term evolution of the simulated CFC
surface saturation

We evaluate the seasonal and long-term temporal evolufidtheosimulated satura-
tions in the vicinity of the main deep and bottom water forimasites of the Southern
Ocean, located in the Ross Sea, Prydz Bay in front of the Aneerghelf (AIS), and
southwestern Weddell Sea (Baines and Condie, 1998; Rokielkaal., 2006, 2007).

4.1 Seasonal cycle of the CFC saturations

For the all-season ice-free areas, the simulated surfacetan shows a distinct sea-
sonal cycle with values between 87% and 105%. Triggered aycseformation, the

continental shelf in front of FRIS (hereafter called FRISBhareas are defined in
Fig. 10) is homogenized by winter convection, primarily imé and July. This process

transports surface waters to greater depth and mixes thémawibient water masses

of lower concentration and saturation. On the broad contaieshelves deep convec-

tion initializes the formation of HSSW, which contributesthe formation of deep and

bottom water and causes reduced sub-surface saturationmced to surface values.
Highest amplitudes of the seasonal saturation cycle exisbnt of FRIS and RIS

(Tab. 3, Fig. 11a, d). For the FRIS Shelf, the CFC11 satunatiwies at the surface and

in the whole water column by 28% and 2% (Tab. 3), respecti{@nulated surface

values are those of the top layer, while whole water colunmotis a grid box volume
weighted top-to-bottom average). In the Ross Sea, the srreling values amount
to 66% and 2%, respectively. The high surface value is duéedcstrong seasonal

cycle of sea ice concentration combined with convectioriclvbentrains low saturated

water masses into the surface layers. The maximum satmragerlaps in time with

an increasing sea ice concentration that stops a furtheexatibn of the concentration
disequilibrium (Fig. 11a—d). In general, the saturaticactees its maximum two month
after the sea ice concentration minimum (Fig. 11a—d).

From September to November the surface layer and water cosaturations in

front of FRIS are virtually equal, because during winter avanass transformation

homogenizes the water column (Fig. 11a). In front of RIS tese layer values fall
even below the water column mean (Fig. 11d), because lowatatliwater masses,

which flow out of the RIS cavern, are mixed into the surfacefas will be discussed
for the FRIS cavern below (Sec. 4.3), the saturation of watesses decreases while

passaging through the cavern with inflow at the bottom anflavutn the upper layers
(Fig. 14). Since a high sea ice concentration in the soutRess Sea during winter
inhibits CFC uptake from the atmosphere (Fig. 15), the flowvafer masses from

the RIS cavern into the (open ocean’s) surface layer redtsssaturation below the

corresponding water column mean.
The seasonal evolution is different for the areas Weddell I8kand Prydz Bay.

A large fraction of the water column of Weddell Sea I/11 is wirtectly ventilated and

remains mostly stratified during the year. Here, a signifideaction of the water
column is characterized by old and, hence, less saturatésr weasses. These are

ventilated by slow diffusive transports (mixing) eithewrin regions of deep convection,
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FRIS Cavern
RIS Cavern

Figure 10: Definitions of selected areas and locations meetl in this study. The
areas Weddell Sea | (grey area) and Weddell Sea Il (dashelthegdboth comprise
completely the FRIS Shelf area (green hatched). Dark bleasarepresent ice shelf
caverns, FRIS: Filchner-Ronne Ice Shelf, RIS: Ross IcefShiS: Larsen Ice Shelf.
Additional areas like Maud Rise, Amery/Prydz Bay, Ross $@al, Pacific Sector are

shown in grey.
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Area Surface Water column| sea ice conc.

Scrci (%] | Scrciz [%] | Screir (%] A [%]
min  max | min  max | min max min  max
FRIS cavern 31 32 29 30 33 34 100

FRIS shelf 47 75 | 45 73 | 45 47 659 96.3
Weddell Sea |l | 64 86 | 62 85 | 35 36 46.1 96.4
Weddell Sea Il| 69 85 | 67 84 | 35 36 50.3 95.7

RIS cavern 25 27 | 24 26 | 29 29 100
Ross Sea 25 91 | 24 90 | 30 32 |203 96.0
Prydz Bay 40 95 | 40 94 | 22 34 | 4.83 94.0

Total surface 83 97 82 97 47 62 5,52 30.2

Table 3: Extreme values of seasonal (1995) mean CFC satifati the surface and
whole water column in selected areas together with maxirdan@inima of the spatial
mean sea ice concentration CFC11 and CFC12 saturations are virtually identical
for the whole water column (Fig. 11a—d). Areas are definedjiré 10 and text.

like the FRIS Shelf, or from the Antarctic Coastal Currendlascribed for the Weddell
Gyre by Hoppema et al. (2001).

In the model, the Prydz Bay area is continuously flushed byctiastal current,
which carries freshly ventilated waters from sources Itke Ross Sea, Wilkes Land,
and Adélie Coast (Rodehacke et al., 2006, 2007). Sinceceaatireats relatively early
upstream of Prydz Bay, the surface layer comes relativelyecto equilibrium during
summer (Fig. 8, 11c). Enhanced coastal Ekman pumping inrtian Ocean (Fig.
16), driven by katabatic winds, and winter convection teiggd by sea ice formation
both ventilate also deeper levels of the coastal currenivéder, the missing seasonal
cycle in the deep water column and a negligible long-termdri&ec. 4.2) indicate that
a constant supply of older water masses overwhelms thecgurfluence and reduces
the seasonal-cycle amplitude at depth.

The saturation of the “Total surface” in Tables 3 and 4 aredti@ box volume
weighted mean of either all ocean surface grid boxes (tadllenm: Surface) or all
grid boxes from the surface to the bottom (table column: Wetdumn). In summer
the high saturation of the total surface has three causeSinag the sea ice retreats
considerably during summer around Antarctica (e.g. Gerees al. (1992)), the mean
summer sea ice concentration is low (Fig. 15). This pernmterghanced CFC uptake
(Fig. 15), in particular, in the transition zone betweenyhbar-long ice-free ACC and
Antarctica’s margin. b) For northern grid boxes the mixgetlaeaches an equilibrium
concentration in summer (Fig. 8), because stable sumnagifisttion suppresses wa-
ter mass exchange with lower saturated deeper layers. cg $ie volume ratio of
the grid boxes at latitudes 58:65°S:70°S is 1.88:1.2:1, the northern higher saturated
boxes dominate the volume weighted mean.

Along the path of freshly ventilated water masses from thehRier Trough to the
South Sandwich Islands, the seasonal cycle is only prorezlinear the deep and bot-
tom water formation sites (Fig. 12), where also the satomais highest. A detailed
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Figure 11: Seasonal cycle of the simulated CFC11 and CFGuL2asians for the sur-
face (top model layer) and water column (a) in front of FRIS,the Weddell Sea Il,

(c) Prydz Bay, and (d) the Ross Sea. For each region the uppet phows the tem-
poral evolution of the sea ice concentration. Please n&dliffierent scales for sea
ice concentration and saturation. Observations are dmply vertical bars (range of
values), wherént X11/3 is in front of FRIS and represent its mean value and standard
deviation (Tab. 2). The abbreviations for the other crugsedisted in Table 1. If values
are outside of the time axis, they have been adjusted by impgptlye simulated linear
annual mean saturation increase (Tab. 4).

description of the spreading of CFC-containing, freshlgtitated waters is given by

Rodehacke et al. (2007). Further downstream and down thieaial slope (beyond

station 10 in Fig. 12) the saturation drops. The enhancesbs@acycle and the slightly

elevated seasonal mean saturation between position 2(Bzaré Pelated to the forma-
tion of water masses in front of LIS, which is confirmed by ipdedent observations
(Huhn et al., 2008; Fahrbach et al., 1995; Weppernig et 8861 The seasonal cycle
vanishes and the saturation settles to a constant valueaf 86% as the flow reaches
the northern tip of the peninsula and advances to the Souttiv8eh Islands.
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Figure 12: Simulated path of freshly ventilated water massed the seasonal sat-
uration cycle in the Weddell Sea bottom layer in 1998. Theeugganel shows the

CFC11 saturation for each month in the bottom layer (sofidd) and the correspond-
ing layer depth (green line). The lower left panel depicessbasonal amplitude (max-
imum - minimum) of the saturation along the path (originadl @moothed with a 15-

points moving average) and the standard deviations (seeduhel legend). The lower
right panel shows the distribution of CFC11 concentratiothie bottom layer of the

south/western Weddell Sea with depth contours 500, 100@0,28000, and 4000 m.

In all panels numbers in grey squares represent positiemg dhe path. LIS: Larsen

Ice Shelf, So O: South Orkney Island, So S: South Sandwielndis.
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Area scroin [%] | Ascreir | scroiz [%] | Ascrerz | sgBel,  sakel,
Year| 1990 1998 [ygm] | 1990 1998| [y [%] [%]
FRIS cavern 23.7 35.1 1.4 23.7 32.9 1.2 0.7 0.7
FRIS shelf 50.2 57.0 0.9 49.3 551 0.7 0.2 0.2
Weddell Seal | 66.0 69.6 0.5 65.2 68.6 0.4 54 55
Weddell Seall| 68.6 72.4 0.5 679 714 0.4 4.2 4.3
RIS cavern 222 27.2 0.6 22.1 26.7 0.6 0.3 0.2
Ross Sea 63.6 64.6 0.1 62.6 63.6 0.1 -10.3 -9.9
Prydz Bay 79.0 80.0 0.1 78.2 79.2 0.1 -6.3 -5.9
Total surface 88.8 89.6 0.1 88.5 89.3 0.1 1.0 1.1

Table 4: Simulated mean CFC saturatioiRgc at the surface for selected areas in
January for the years 1990 and 1998, i.e., in the southemisphere summeRscrc

is the mean rate of change per year. The yearly mean satuiciobe obtained by
addings&ket | or sefet ,, respectively, to the presented January-1-saturations.
The offset is based on the year 1998; the temporal evolufitimeooffset is negligible
for the period 1990-1998 (Fig. 11).

4.2 Long-term evolution of the CFC saturation

The simulated saturations are rising steadily, apart fremesvhat variable values prior
to 1950 (Fig. 13). The near-exponential growth of the atrhesis concentrations after
1960 coincides with a reduced increase of the surface s@tusawhich grew again
around 1978 when the atmospheric rate of increase becamly hie@ar. After 1990
(1995) the atmospheric CFC11 (CFC12) concentrations agpex a constant level
which induced even slightly higher saturation growth ratethe surface layer.

Early on, the CFC12 saturation exceeded that of CFC11 bedab€11 was re-
leased to the atmosphere several years later (1937 vs. 1@4fer et al., 2000) so
that its relative growth rate was larger, but during the XXh@ differences vanished.

Saturation growth rates (Tab. 4) are high where surface ertrations are low,
often related to a compact ice cover (FRIS and RIS caverns)hugh, year-round sea
ice concentrations (FRIS Shelf; Fig. 11, Tab. 3) that impsdsea exchange. Another
factor might be the mixed layer entrainment that bringsgrgmoor water to the surface.
The latter reduces the concentration and saturation atuttiece, both controlled by
growing atmospheric tracer concentrations up to the tuthemillennium.

The comparison of the simulated surface saturations witlesed ones (Tab. 1)
reveals that in front of FRIS the latter are (slightly) higttean simulated. However, in
1985 the observed sea ice concentration (Gloersen et 8R) W& s partly less than the
average sea ice concentration that drives our model, whioWwed exceptional high
saturations of 85% (Mensch et al., 1996) compared to sirdiaftapproximately 50%.
The observed saturation in the central Weddell Sea is oagbtoy the model for both
Weddell Sea I/ll, although we compare point measuremertigharange from 65%
to 90%, with simulated areal means. The observed saturati86% in the Filchner
Trough (Schlosser et al., 1991) and the late summer surfe€@4 C saturations in the
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Figure 13: Long-term temporal evolution of the CFC11 and CE@ean saturation
for (a) in front of FRIS, (b) the Weddell Sea Il, (¢c) Prydz Band (d) the Ross Sea.
In (a) and (b) the upper panels show the temporal evolutiatrabspheric CFC con-
centrations. Saturations are given at the turn of the yeae (@vo) seasonal cycle(s)
of CFC11 (CFC12) surface saturation are inserted for coisqarsee also Figure 11.
Please note the different scales for saturation and théiaaliinformation in Table 4.
Observations (e.g. ) are depicted by vertical bars and ndaa&eording to the abbrevi-
ations in table 1 (cf. Fig. 11). Since the curves are base@oualy values, the obser-
vationes of other months (predominantly in February) haenbadjusted by the simu-
lated saturation difference between the time of obsematimd January: F:1,2=14%,
F:3,4,5=18%, W:1=11%, W:2=6%, W:3,4=18%, W:5=0%, A:1=9%%1,5=0%, and
R:2,3,4=18% (Fig. 11).
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evolution CFC11 of surface, water column, and bottom lagéurations.

Ross Sea of 72%-95% in 2000/2001 (Rivaro et al., 2004) als®agth our simulated
values of 68%—91% for the period February-1999 to May-1%9§.(11d) even if we
add the deduced trend (Tab. 4) of 0.1%/year. Additional sensaturations (Tab. 1,
Smethie and Jacobs (2005)) observed in the Ross Sea rangé4f6 (CFC11) to 79%
(CFC12) in January/February-1984 (February-1994: 74%&-@ad February/March-
2000: 84%—-90%). These values are reproduced by our siduBE€11 and CFC12
saturations of 61%—79% in January/February 1984, 78%—80B¢&lhruary 1994, and
(extrapolated from January 2000) 82%—-92% in February/Maeo0.

4.3 Saturation beneath the Filchner-Ronne Ice Shelf

Weddell Sea shelf water masses carry the CFC signal intoRh® Eavern driven by
the so-called "ice pump” (Lewis and Perkin, 1985). The CF@isdion and its sea-
sonal cycle are largest near the bottom indicating that théehinflow occurs mainly
at depth (Fig. 14b), which is in agreement with hydrograptbiservations of Nicholls
(997a); Nicholls et al. (2001); Nicholls and Makinson (1998he inflow mixes with
water masses of lower CFC concentration/saturation. Atesher depth the reduced
amplitude of the seasonal cycle and the lower saturatiom duaracterize an outflow
which is a mixture of different water masses formed at previgmes with lower satu-
rations. The FRIS cavern shows the highest mean saturatbovttyrate of 1.4%/year
(Tab. 4), which even exceeds the corresponding seasonalafyt% (min—max) abso-
lute (Tab. 3).

5 Discussion

To understand the processes governing the simulated Bahsave inspect the CFC
uptake fluxes. First we describe qualitatively the spaittithution of the CFC fluxes
during the year. We also investigate processes which campally cause high fluxes
and complete the flux analysis by presenting correlatiohsden fluxes and thirteen
parameters. Ultimately, we show to what degree the assamgtia constant saturation
instead of the simulated temporal evolution can cause eousiresults by inspecting
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Figure 15: Monthly means (October, January, April, and Julfy CFC11 fluxes

(m pmol/s/kg) for model year 1999-2000; (a) spring, (b) swennic) autumn, and
(d) winter conditions (positive = uptake, flux into the ocgafhhe black contour lines
represent the sea ice concentration of 20%, 50%, and 80%édardnsidered month.
The blurred ring masks the model’'s northern buffer zone.

exemplarily deep/bottom water formation rates based aetriaventories

5.1 CFC-Flux and its dependence on physical parameters

Wherever dense surface water masses sink and are replalosdbgncentration/saturation
sub-surface water masses, a surface saturation below thkbegm is produced,
which supports a CFC flux. Therefore, high CFC fluxes marksavdzere deep and
bottom water might be formed or intermediate water mightuisdsicted.

The flux in the southeastern Pacific west of Drake Passag&endry the seasonal
cycle of the sea surface temperature (SST). Rising summgreatures reduce the
equilibrium concentration so that saturated water massesrbe supersaturated. This
triggers a CFC escape flux from the ocean to the atmospheageX5). Conversely,
declining SST during winter increases the equilibrium @nteation, supporting a flux
from the atmosphere into the ocean.

Sea ice formation triggers convection and thus downwartspart along Antarc-
tica’s periphery, resulting in a distinct seasonal cyclghaf saturation in the mixed
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Figure 16: Seasonal mean of Ekman force (transport). Resrilues indicate up-
welling, unitl% =103N.

layer (e.g., Fig. 11). The downwelling is amplified by a yeaund Ekman transport
(Fig. 16) which is, however, minor in some coastal areas@fthcific Ocean.

5.1.1 Correlation between CFC fluxes and environmental panaeters

The CFC flux is controlled by a complex interplay of severalgesses. Table 6 lists
correlations between potentially relevant parametersthadsimulated CFC fluxes.
These are based on calendar month-means averaged oveatsidnpitoperties of the
years 1998-2000.

The Pacific sector (cf. Fig. 10), located far away from Antiaeg is characterized
by a high correlation between CFC uptake and SST (Fig. 17§ éXteptional high
CFC variability compared to surrounding areas (Fig. 15nituenced by advective
flow across the 100—m depth level (mixed layer depth: 75-1p0me upwelling rate
(44 cm/day in January — 47 cm/day in June) is driven by the sdace salinity (SSS),
which is controlled by the fresh water/salt fluxes (corielabetween salt flux and SSS
-0.73). The upwelling seems to be amplified by wind-induckoh&n transport in the
months March—June, but its correlation with CFC11 (CFC1®) i§ only 0.46 (0.47).
We conclude that the CFC fluxes in the Pacific sector are dliyehe seasonal cycle
of the SST, shifting the surface saturation (correlatio83) and by the water mass
exchange across the pycnocline, caused by the salt flux at&en surface (Fig. 17).

At Maud Rise, the spring melting of sea ice initiates a highCGkix into the un-
dersaturated surface waters. The correlation between CkG@ifld SSS rates or salt
flux (Fig. 18) are -0.93 and +0.81, respectively (Tab. 6). M&ise is located at the
transition between westerly and easterly winds. The daecg brings low-saturated
deep waters into the mixed layer year-round supportingigendilibrium. This is con-
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Figure 17: CFC11 flux across the atmosphere-ocean interfasalt flux 671, left)
and surface temperatur®(right) for the Pacific sector for 1998-2000. The arrows
indicate the sense of temporal evolution while the small bers at the data points
indicate the month (1 represents January).

firmed by the multi-linear regression analysis, because 8b#%e CFC11 variability
is explained by SSS changes, wind velocity, mixed layerldeptd its temporal evolu-
tion (Tab. 5). However, the correlation between CFC11 (CHGhturation and wind
velocity amounts to only 0.08 (0.1). Apparently, high seadoncentrations minimize
CFC fluxes and thus maintain the existing undersaturatitireagurface caused by the
upwelling of deep water masses. After the sea ice meltetl, QiEC fluxes persist (see
Section 4.1) until sea ice growth again suppresses the gasege. This is confirmed
by independent simulations of the complex flow regime at MRiseé (Beckmann et al.,
2001) and by observed upwelling of subsurface water mab&esnch et al., 2001).

For a subset of the parameters, which are assumed to beilidemendent, a multi-
linear regression analysis (von Storch and Zwiers, 2003) peaformed to determine
the order of the multiple parameters and the extent to winefs tan predict the simu-
lated variability (Tab. 5). The single parameter of highregression is first determined
and then we add consecutively the parameter which causedrtrgest increase in
regression (Fig. 19). Since we consider the combined edfieitte most important pa-
rameters and a constant element, the order should be differéhe one of decreasing
correlations, because the latter describes the strengitte dihear relation between the
CFC flux and a single parameter.

For the FRIS Shelf the CFC flux is highly correlated with theface salinity and
thus surface density, because for low temperatures thacgudensity is determined
by the SSS. Upwelling (advective flow) across the 100—m lawel sea ice concen-
tration exhibit the second largest correlation (Tab. 6)e Thulti-linear regression of
the three most important parameters — salinity, temporaptrature changes, and
sea ice concentration — explains 98% of the simulated CF@hiéity (Tab. 5). For
Weddell Sea | the correlation with sea ice concentratioighést, even higher than on
the FRIS Shelf. The second highest correlation exists fdasa salinity. In contrast,
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Figure 18: CFC11 flux across the atmosphere-ocean inteviaclt flux 671* left)
and mixed layer depthl{,, right) for Maud Rise (1998-2000). The arrows indicate
the sense of time evolution, while the small numbers inditia¢ months.

Weddell Sea Il shows the highest correlation with the vattdvective transport and
with the temporal evolution of the SST. This indicates theleis ability to reproduce

the observed upwelling of Warm Deep Water (WDW) in the cémifeddell Sea (Orsi

et al., 1993). The latter is confirmed by the multi-linearressgion of the four leading
parameters — temporal temperature changes, SSS, and tkd layer depth and its
temporal evolution (Tab. 5) — which explains 97% of the Viility.

The main difference between Weddell Sea | and Weddell Sesttiat the former
covers the area in front of the Riiser-Larsen Ice Shelf wha¢the beginning of spring
a tongue of higher saturated surface water advances tovRliSl {Fig. 8). Weddell
Sea | undergoes a higher variability in the sea ice concmira A = 50.3%, which
causes a higher seasonal variability in its saturafioipci; = 22% (Weddell Sea
Il: AA = 45.4%,Ascrci; = 16%). The multi-linear regression for Weddell Sea
indicates as the decisive parameters, sea ice concenteattbits temporal evolution,
which account for 90% of the variability. It also confirms tiéerence in the relation
between saturation and sea ice concentration variabdgitywéen Weddell Sea | and II.

In the Ross Sea the CFC flux is controlled primarily by the etioh of the SST
and, secondly, by the mixed layer depth, sea ice concemtrati salt flux. Anincreas-
ing mixed layer depth is accompanied by the entrainmentepee lower-concentrated
waters. The temporal evolution of the mixed layer depthiggyered by changes of the
mixed layer density (preferably via salinity). The multi¢ar regression analysis also
determines the evolution of the SST as most significantvi@hbby sea ice concentra-
tion, the vertical velocity across the 100—m depth levet| eamporal changes of SSS
(96% variability).

Since salinity only has a minor effect on the CFC equilibrioomcentration, its
main effect is to induce density changes. These triggeraxiion that entrains lower-
saturated waters into the mixed layer and causes salirity koghly correlated with the
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CFC flux. If we would restrict the multi-parameter regressimalysis to parameters
detectable by satellite — magnitude and temporal evolwfd®ST (Barron and Kara,
2006), SSS (Michel et al., 2005; Maes and Behringer, 200@3ea ice concentration,
Spreen et al. (2008); Comiso et al. (1997)) as well:3s, (wind velocity, Bentamy
et al. (2003)) — and if their measurement precisions wouldligh enough, we could
infer 79%—99% of the simulated CFC11 flux variability. Fumtktudies, however, have
to be performed to verify the potential of satellite baser @stimates, which is beyond
the scope of this article.

5.1.2 Comparison of CFC fluxes with published simulated distbutions

A validation of modeled CFC fluxes proves to be difficult bessameasurements are
virtually unavailable so that we have to restrict a commari® available ocean general
circulation model (OGCM) simulations. However, since thpsovide an inconsistent
picture of the spatial distribution of fluxes and their rate® restrict ourselves to a
qualitative comparison.

The most comprehensive account is found in Dutay et al. (0880 compare
the CFC distributions in thirteen global OGCMs. These mee@eghibit high fluxes in
similar areas of the Pacific and at the periphery of Antaacliice in our model, but
differences in the spatial distribution and strength atestantial. In fact, the majority
of the models show high fluxes at the same locations as ourlmode
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Table 5: Multiple linear regression analysis between th€ CFfluxes and eleven parameters. The first row shows for eagbrr the
parameter and value of the highest regression (Rsquareewhsability =/Rsquare, 95% confidence) in percentage (%), while the
following ones display the added parameter with the totghast regression (cf. Fig. 19). We consider the followingapeeters:o, S,
00/0t, 0S/0t, Da, A, dDa/0t, DA/ Ot, wioom, Uiom» Ve.s, described in the caption of Tab. 6. The gray shaded areasmegkession
changes by less than 1%, which are insignificant. Pleasege®t furhter details.
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Table 6: Correlations in percentage (%) of monthly-mean @B&zs with properties of the mixed layer for 1998—2080;sea surface
temperature (SST)$: sea surface salinity (SSS); sea surface density),;: mixed layer depthA: sea ice concentrationyigg m:

advective transport across the 100-m depth levelzapd10-m wind speedS¥!"* is the salinity flux across the ocean surface (in ice free
areas it is salinity times evaporation minus precipitati®(F — P); in partly ice covered areas the salt input by growing/melgea ice
is included). The vertical mixing coefficientig s (Pacanowski and Philander, 1981). Partial fractions data@ toot = 1 month. The
maximum correlation is indicated by a gray box for each anddle correlations higher/lower than 80%/-80% are showhadid. The
95% uncertainty range of the correlations are presented.cdlrelations between CFC11 and CFC12 fluxes are betwe6é%98laud
Rise) and 99.99% (Pacific Sector). Areas are defined in Fig. 10
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In the framework of the GOSAC (2002) project cumulative CR&dls were de-
termined for the world ocean. High cumulative flux rates wienend for the ACC
in the Pacific Ocean between the Ross Gyre and the South Sandsiands, east
of the Greenwich Meridian, and within the Kerguelen Gyg@°E). Our simulation
supports high fluxes east of the Greenwich Meridian and atbagouthern edge of
the Kerguelen Gyre (Fig. 15 b). Our CFC flux estimates for theifie sector are
also consistent with the results of Hense et al. (2003), wimavsentrainment of, in
their case, nutrient-rich water from below, which leadshi® dbserved phytoplankton
bloom (Fig. 6 of Hense et al. (2003)). It is outside the scofpthis work to analyze
whether satellite detected phytoplankton blooms mightdezluo assess mixed layer
entrainmaint/detrainment and its consequences for gasesers.

We have to consider that some of the models use a salinitgriegtto ensure
an adequate formation of deep and bottom waters. The chbibe oelaxation zones
certainly determines the spatial distribution of high CRfake regions. In this context,
our model results are more plausible than those that useificiarSSS restoring.

5.2 CFC inventory based deep/bottom water formation rate ds
mates and their dependence on the temporal evolution of CFC
saturations

It is common to assume tracer surface saturations to beitivagiant due to the lack

of observation-deduced saturation histories. Since thisteries are fundamental for
obtaining tracer-based quantities, we address the effexineglected temporal evo-
lution by analyzing exemplarily the formation rate of deel dottom waters based
on tracer inventories] ¢(¢) dV. In view of mass conservation, one assumes that the
inventory in the abyssal ocean is proportional to both thamfermation rate ) and

the integrated history of the tracer inputy( [ (S(¢))patm (t) dt)):

f C(trcf) dV
s i (S (1)) Pt () dt”

whereasg is the solubility functionp..,, the atmospheric CFC history, affl(¢)) the
spatial mean saturation at the formation site for tinf@g., equation on page 94 in Orsi
et al. (1999)). The ocean is assumed to be in steady-stajehardfore, temperature,
salinity, and ultimately the solubility of the formed wataasses do not change and are
assumed to be temporal invariant. Since water masses imodictsis marginal seas are
primarily formed during winter, winter time undersatucats are imprinted as surface
water masses are transformed to deep and bottom watersefdtersince summer
values are improper to describe the conditions during #esformation, only winter
conditions can to be considered in the dominator of equ&8in

To estimate the systematic error of this approach, we exa@FC11 in front of
FRIS. This area is believed to be the dominant formationisitdne Atlantic sector,
in which 60% of all Southern Ocean’s deep and bottom waterssapposed to be
formed (Orsi et al., 1999). The error can be expressed asatleeaf the formation
rates, considering a constant saturatift,.¢; (S(t..f)) = const) and the temporal

P(trcf) = (3)

37



110

1051 ' i

P(t;[30= const) / P(t; (3(t)0 [%)]

85 - 1 ; 1 4 1 .
1970 1980 1990 2000
tlYearl

Figure 20: Temporal evolution of the ratio of deep water fafion rates calculated for
a constant saturation at the time of observation/refergpcand a temporal evolution
of the saturation (Eq. 4). CFC11 surface saturation in fofriERIS is considered at
the turn of the year (Fig. 13a) starting ig=1947 when CFC11 was released to the
atmosphere. For the standard run the actual saturation= 0) is used while forAt
=5, 10 years only the saturation is shifted Ay into the past. Vertical lines and bars
highlight the times when both estimates agree.
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evolution of P(t,.r; (S(¢))):

=const

P(tref7 <S(tref)>) _ f:oref <S(t)> Patm (t) dt (4)
P(trer, (S(t))) (S(trer)) - jz)f Do (t) dt

where values above (below) 100% represent an over-estimatier-estimate) of the
formation rate.

In the case of a constant saturation we use the simulated aathe time to which
the inventory refersit(.;) while in the other case we consider the entire saturation
history up tot,.r (Fig. 13a). For example, if the reference time is 1998, theoapheric
CFC11 history covers the entire period up to that year, wihiéeconstant saturation
(S(tref = 1998)) is 57% (Tab. 4).

We find that ignoring the temporal evolution induces a syst#rerror of up to
10% for the year 2000. The inventories are always underagtiin but the deviation
is smaller at earlier times because their relative atmasphereases were largest so
that much of the tracer was concentrated along the sprepdihgear to the formation
site, i.e., the inventory was very young. The non-lineat@ion in Fig. 20 reflects the
addition of remotely ventilated waters in the model. Therégalso includes results
when the saturation refers to a time 5 and 10 years prior tmtteaitory reference time.
Formally, the deviations become lower because the acttizatins increase in time,
but the differences between the curves are quite non-lifi@arthe tracer inventory of
1998, e.g., the saturations were observed 5 (10) yeargreai., in 1993 (1988)with
(S(tobs = 1993)) = 53% ((S(tons = 1988)) = 49%). However, the selection of a time
shift is a rather arbitrary matter.

Other fundamental objections have been raised (Hall e2@07) concerning the
estimation of formation rates via (4), because it neglé&tsrhportant role of horizontal
mixing. Here, we illustrate the effect of evolving surfaeésation on commonly made
formation rate estimates. Such evolution would also affleetestimates of the more
general 'ventilation-rate distribution’ from tracers,discussed in Hall et al. (2007).

6 Conclusions

Using a regional OGCM, we conducted for the first time a detbdtudy of the CFC
(surface) saturations and the dependence of the CFC fluxesrmus parameters for
different regions, including the major deep and bottom wétemation sites in the
Southern Ocean, which are important contributors to théhation of the global abyss.
We found that the simulated saturations of the surface kaygesubject to a pronounced
seasonal cycle, and that the time lag between the sea icematton minimum and
the saturation maximum amounts to two months.

Due to water mass formation by deep convection on contihsh&dves, the sea-
sonal saturation signal penetrates to great depths. Aloagpreading path of the
freshly ventilated water masses, the seasonal cycle bexernded by mixing and the
entrainment of ambient, CFC-poor waters. In addition toshasonal cycle, all ana-
lyzed areas exhibit a significant long-term increase of tinfase saturations, 0.1%/year—
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0.9%l/year (in the 1990s). Near deep and bottom water foomaites, saturation in-
creases are present in the whole water column including ¢tter layer, and also
further away in the deep and bottom waters as the newly fonvadrs spread out.
The long-term increase of the CFC saturation is strongestiwthe FRIS cavern
(1.4%lyear). The increasing atmospheric CFC mixing ratsoppression of gas ex-
change by the ice cover, and mixture of freshly ventilatetstill undersaturated wa-
ters combined with a multi-year composition of very low sations, cause this strong
temporal increase.

In ice-free regions the equilibrium concentration/saioraand hence the flux de-
pends strongly on the SST. When surface water looses bupyaifficiently, low-
saturation waters are entrained into the mixed layer, érigg a flux from the atmo-
sphere to the ocean. However, areas characterized by higfatks are not necessarily
deep and bottom water formation sites, such as the Pacificrssud Maud Rise.

In ice-covered areas low mixed layer saturations arise femnainment of low-
concentration deep waters while the ice cover suppresses)gdange. This leads
to a strong tracer flux into the ocean when the sea ice retré@&ts Maud Rise area
demonstrates that high CFC fluxes are not necessarily confindeep and bottom
water formation sites, since here the interaction of the flathy topography lifts deeper
water masses to be entrained into the mixed layer.

In summary, sea ice dominantly influences the gas exchartgeé&e atmosphere
and ocean. Other factors are SST, SSS, salt flux, and mixed depth. These pa-
rameters can be divided into two groups. SST, SSS, densitlysalt flux control the
dynamics of the mixed layer, while the mixed layer depth @spnts a reaction to dy-
namical processes in an integrated sense. Since the fitgb gfgparameters has, in
general, the highest correlation with CFC fluxes, a closatical between these fluxes
and the formation of deep and bottom waters exists.

Assuming the area in front of FRIS to be representative ferftmmation of deep
and bottom waters (e.g., Weddell Sea Bottom Water, WSBWhéSouthern Ocean,
the deep and bottom water formation rates based on tracentiories are underesti-
mated by up to 10%, if time-invariant instead of realistie (i temporally increasing)
saturations are used (Fig. 20). Since the discrepancyasesen (calendar) time, the
method using constant surface saturation suggests areeusiecline of the forma-
tion rate with time. Therefore, any noted reduction of watass ventilation based on
tracer inventories should be critically questioned.

Further model studies with an improved representation ®ftixed layer should
be performed to confirm our results. In addition, a comparisetween model runs
conducted with climatological and daily forcing should berfprmed to deduce the
influence of varying environmental conditions on the resplesented here. Since a
realistic tracer input is essential for other deduced prtigselike transient time dis-
tributions (Beining and Roether, 1996; Hall et al., 2002;ugla et al., 2002), further
tracer simulations for all deep and bottom water formatiemell as subduction sites
should be performed to provide a complete set of CFC surfaiteation histories.
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