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Abstract

The formation of deep and bottom waters along Antarctica’s perimeter is deter-
mined by ocean interaction with the atmosphere, sea ice, ice shelves, and bottom
topography. It initiates a chain of processes that contribute to the ventilation of
the global abyss. To identify the formation sites and investigate the combined ef-
fects of the local forcing mechanisms on water mass transformation and spreading
in the Southern Ocean, chlorofluorocarbon (CFC) simulations with the regional
ocean circulation model (BRIOS-1) were performed. The model uses terrain-
following vertical coordinates to better represent both near-bottom and mixed layer
processes, and includes an explicit formulation of the ice shelf-ocean interaction.
In agreement with observations, the results show the main deep and bottom water
formations sites to be located in the Ross Sea, Prydz Bay, and southwestern Wed-
dell Sea. The Ross Sea ventilates the South East Pacific and Australian Antarctic
Basins. Both Ross Sea and Prydz Bay ventilate via the Antarctic Coastal Cur-
rent the Weddell-Enderby Basin. The latter signal is overprinted by sources in the
Weddell Sea which ventilate the South Scotia Sea and also the Weddell-Enderby
Basin. Despite the general agreement between observed and simulated quantities
like bottom layer CFC distribution and inventories along the Greenwich Meridian,
the model tends to underestimate the ventilation of the abyssal ocean like other
models with coarse resolution.
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1 Introduction

In the Southern Ocean deep and bottom waters are formed at the rim of broad conti-
nental shelves (e.g. Baines and Condie (1998)), which are fringed by large ice shelves.
The four major contributing areas are located in the southwestern/western Weddell Sea
near Filchner-Ronne/Larsen Ice Shelf, the Ross Sea in front of Ross Ice Shelf, Prydz
Bay off Amery Ice Shelf, and the Adélie coast region at the transition between the Pa-
cific Ocean and Indian Ocean (for locations see Fig. 8). Here, water mass formation is
controlled by ocean interaction with ice shelves and with the atmosphere resulting in
growth and decay of the mainly seasonal sea ice cover, and the mixing of water masses
of different characteristics and origin. The two processes, identified to form deep and
bottom waters, include the mixing of Modified Circumpolar Deep Water (MCDW)
with:

• High Salinity Shelf Water (HSSW), which results from brine release during sea
ice formation on the continental shelf (Foster and Carmack, 1976, 1977),

• Ice Shelf Water (ISW), which originates from the modification of HSSW at ice
shelf bases and thus carries the glacial meltwater signal (Foldvik et al., 1985a,b).

The mixing products descend along the continental slope while entraining ambient
lighter water masses. Depending on the entrainment rate, the final water mass stabilizes
at different depths to become either deep (e.g. Weddell Sea Deep Water, WSDW) or
bottom water (e.g. Weddell Sea Bottom Water, WSBW).

During contact with the atmosphere, the ocean exchanges gases like the anthro-
pogenic chlorofluorocarbons (CFC) which leads to increased concentrations in the sur-
face layer. As a result of enhanced sea ice formation on the continental shelf, deep
convection homogenizes the water column, i.e., transports CFCs downward. The CFC
signatures are transferred to the abyssal ocean as newly formed dense water masses
descend along the continental slope.

To investigate the role of the Southern Ocean and, in particular, of the Weddell
Sea in the ventilation of the deep ocean, a realistic CFC input was added to a regional
ocean circulation model for the Antarctic marginal seas including the major ice shelf
caverns (BRIOS 1.0, Beckmann et al. (1999)). Rodehacke et al. (006a) analyzed the
spreading of deep and bottom waters carrying the ISW signal based on steady state
tracers, the noble gases helium and neon. In this study the integral effect of both
formation processes is considered using transient tracers with time-dependent input
functions.

The paper is structured as follows: Section 2 describes the model and the tracer
implementation. Validation of the CFC input (Section 3) is followed by the inspection
of the horizontal spreading paths of freshly ventilated water masses (Section 4) and the
comparison of the results with observations along two sections (Section 5) which cross
both Weddell Gyre cells. The investigation of the vertical CFC distribution focuses
on the penetration depth and the model’s ability to simulate deep cores of elevated
tracer concentrations (Section 6). For a quantitative comparison, modeled and observed
inventories are calculated along the Greenwich Meridian. In Section 7, the modeled
flow of deep and bottom waters into the Scotia Sea is used to explore the spreading
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paths beyond the Weddell Sea and to validate the results. The paper concludes with a
summary.

2 The model

The regional ocean circulation model BRIOS-1 is a modified version of the s-coordinate
primitive equation model SPEM (Haidvogel et al., 1991; Beckmann et al., 1999). It
comprises the circumpolar ocean between 50◦S and 82◦S with a higher resolution of
1.5◦ × 1.5◦ cosφ in the Atlantic Sector. Outside of the Atlantic, zonal grid spacing
increases gradually to 6.75◦ × 1.5◦ cosφ (Fig. 1 in Beckmann et al. (1999)). More
details of the physical model are provided in Beckmann et al. (1999).
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Figure 1: Atmospheric CFC concentration histories in the southern hemisphere (after
Walker et al. (2000)).

The model is initialized using data from the Hydrographic Atlas of the Southern
Ocean (Olbers et al., 1992). It is forced using a climatological year, derived from
the stand-alone sea ice-mixed layer model BRIOS-0, which in turn was driven with
ECMWF re-analysis data for the period 1985–97. The model was integrated for 20
years to reach a quasi-stationary state (Beckmann et al., 1999). From this state the
tracer simulation started in CFC-year 1940 with atmospheric CFC11 and CFC12 con-
centrations of 0 ppt and 0.3 ppt, respectively. This is when atmospheric concentrations
(Fig. 1) of both CFCs began to increase exponentially (Walker et al., 2000) and before
both CFCs contributed significantly to the CFC water column inventories.

2.1 Tracer boundary condition

The tracer input at the atmosphere-ocean interface is implemented as a flux boundary
condition according to Wanninkhof (1992) and Asher and Wanninkhof (1998), assum-
ing that the flux of slightly soluble, non-reactive gases depends on the concentration
gradient at the interface. Since stronger winds enhance turbulent mixing in the upper
mixed layer, which leads to an increased gas flux, the wind influence is considered by
using a computed climatology of squared winds (u 2

10 m). In contrast, a sea ice cover can
significantly reduce the air-sea fluxes. Therefore, according to England et al. (1994),
the boundary condition includes the flux reduction by the grid box fraction covered by
sea ice (A). The complete formulation of the gas exchange is:

FG = k0(αspatmos − cw)(1 − A)
u2

10 m√
Sc

, (1)
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where k0 is the piston velocity — derived from bomb produced radiocarbon invasion
rates into the ocean and, hence, includes implicitly the Schmidt number for 14C (Eng-
land et al., 1994), cw the surface concentration, and patmos represents the temporal evo-
lution of the atmospheric CFC concentration (Walker et al., 2000) which is assumed
to be spatially constant. We presume a mean atmospheric total pressure of 0.98 atm
(992.94 hPa), use the solubilities αs(Θ, S) of Warner and Weiss (1985), and the de-
scription of the Schmidt number (Sc) according to Zheng et al. (1998). The sea ice con-
centration A, as part of the forcing fields — a climatological year based on the above
mentioned re-analysis data from 1985 to 1997 — agrees well with satellite-derived sea
ice concentrations (R. Timmermann, pers. comm.).

Within the northern relaxation zone of the model subsurface CFC concentrations
are nudged towards zero because for water masses flowing from the Antarctic Circum-
polar Current (ACC) to the deep and bottom water formation sites one can assume
the CFC concentrations to be negligible. For example, in 1990 CFC concentrations in
Drake Passage for depths greater than σ2 = 38.8 were below the detection limit of
0.01 pmol/kg (Roether et al., 1993).

3 Validation

101 [m/s] 103 [m/s]

MinimumMaximum

Figure 2: Velocity vectors in the bottom layer at Antarctica’s perimeter (model year
60). For better visualization, small and large values are omitted. Ice shelve edges are
marked by dashed lines.

The validation of the dynamical model setup is described by Beckmann et al. (1999)
and is recapitulated here. The flow field (Fig. 2), described by the streamfunction (Fig.
3), reproduces the known circulation features: the eastward flowing ACC, the cyclonic
(clock-wise rotating) Weddell, Ross and Kerguelen Gyres as well as the Antarctic
Coastal Current flowing westward close to the Antarctic margin. Transports across two
sections compare well with reported rates across the Greenwich Meridian of 60±10 Sv
(Schröder and Fahrbach, 1999) and across the Joinville Island-Cap Norvegia section
of 30±10 Sv (Fahrbach et al., 1994) (sections follow the green lines in Figure 3). The
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Figure 3: Annual mean of the streamfunction of model year 60 in Sverdrup
(1 Sv =106 m3

s ). Model results are compared with observations along sections indi-
cated as green lines. Considered ice shelves are (hatched in red): Filchner-Ronne Ice
Shelf (FRIS), Ross Ice Shelf (RIS), Amery Ice Shelf (AIS), and Larsen Ice Shelf (LIS).
SA is South America.

simulated annual mean fields of temperature and salinity (Fig. 9a and 9b in (Beck-
mann et al., 1999)) along the Joinville Island-Cap Norvegia section reproduces well
the observed doming (Fig. 7a and 7b in Fahrbach et al. (1994)). The simulated bottom
temperatures are slightly too warm, which might be related to an insufficient transport
of freshly ventilated water masses into the depth (as we will show later). The salinity
agrees well but the subsurface maximum is too large in horizontal and vertical extent.

A unique feature of this model is the integration of major ice shelf caverns includ-
ing the ocean-shelf ice interaction. Each cavern has its own signature in the Θ-S-space
as the Θ-S-diagram shows (Fig. 4). Furthermore, the caverns are a source of relatively
cold and fresh water masses, which changes, in particular, the properties of the near-
surface layers. These are distinctly fresher (up to −0.22) and cooler (up to −1.5 ◦C)
(Figures 13a and 13b in Beckmann et al. (1999)). Since the upper water column of the
western Weddell Sea is stabilized by these lighter water masses, convection is reduced
which preserves the warmer and saltier deep water masses. As the Θ-S-diagram shows,
the model reproduces the linear mixing between ISW and WSDW, but the annual mean
lacks HSSW (> 34.75) at the surface freezing point. On the continental shelf in front
of Filchner-Ronne Ice Shelf (FRIS) observed and simulated hydrographic properties
and helium saturations, which are strongly determined by the addition of glacial melt
due to ocean–ice shelf interaction, indicate that the model reproduces the general hy-
drographical structure and the ISW outflow. Furthermore, the analysis highlights the
importance of the ocean-ice shelf interaction but also suggests that model resolution
might be too coarse to prevent warm and salty water masses from penetrating onto the
continental shelf (Rodehacke et al., 006a). Nevertheless, a comprehensive treatment of
the sub-ice shelf environment and the related freshwater fluxes seems to be important
for an adequate representation of observed local and large-scale hydrographic condi-
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tions (Hellmer, 2004).
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Figure 4: Annual mean of the temperature vs. salinity relation for model year 60.
Red dots represent water masses within ice shelf caverns of the Weddell Sea with each
cavern having its own Θ-S characteristic; FRIS: Filchner-Ronne Ice Shelf, LIS: Larsen
Ice Shelf, and ES: Eastern Ice Shelves (Riiser-Larsen Ice Shelf Complex). The blue
dots represent the Weddell Sea while green dots stand for the remaining grid boxes
outside the Weddell Sea. The horizontal dark-red line depicts the surface freezing
temperature Tf as a function of salinity. The hydrographic ranges of water masses
are highlighted by yellow boxes; AASW: Antarctic Surface Water, CDW: Circumpolar
Deep Water, HSSW: High Salinity Shelf Water, ISW: Ice Shelf Water, LSSW: Low
Salinity Shelf Water, WDW: Warm Deep Water, WSBW: Weddell Sea Bottom Water,
WSDW: Weddell Sea Deep Water, and WW: Winter Water.

3.1 CFC11 surface saturation

In this article we only present results for the tracer CFC11 because they are almost
identical with those for CFC12, and our simulation covers the complete CFC11 his-
tory. The modeled CFC input into the ocean is validated by comparing observed and
simulated CFC11 degrees of relative equilibrium with the atmosphere (saturations) in
the surface mixed layer. For the validation only the saturation is assumed to be constant
in time for the observation period (1990–1998), which is a common assumption due
to the lack of observations to resolve seasonal to interanual variability. The simula-
tion driven with an annual cycle shows a distinct annual cycle in the mixed layer CFC
saturation which is discussed below (Fig. 7).

The compilation of CFC11 saturations of the upper 55 m in the water column (Fig.
5a) bases on observations which were measured during the period 1990–98. In general,
the saturation decreases from north to south. East of the Greenwich Meridian (20 ◦E –
30◦E) surface water with higher saturation penetrates southward. This coincides with
the southward deflection of the ACC and defines the eastern boundary of the Weddell
Gyre (e.g., Schröder and Fahrbach (1999)). The reduced saturation above Maud Rise
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Figure 5: Observed a) and simulated b) CFC11 saturation in the ocean surface mixed
layer. Observations in the Weddell Sea (dots) are based on cruises ANT X/4, ANT XII/3,
ANT XIII/3, ANT XV/4, JCR10, JCR40, M11, WOCE-campaigns S04I and S04p, and
values from Ice Station Weddell (Mensch et al., 2000). Simulated values represent the
mean of the modeled CFC11 saturation fields at the time of the observations, which
have a strong summer bias. The blow-up b) focuses on the Weddell Sea including its
ice shelf caverns (hatched in red).
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(Greenwich Meridian) is caused by topographically induced upwelling of less satu-
rated deep waters (Rodehacke et al., 007b; Muench et al., 2001). Lowest values occur
in the perennial ice-covered southwestern and western Weddell Sea, whereas off FRIS
and in the central Weddell Sea single saturations range from 50% to almost 100%. In
Drake Passage, however, single observations exceed the equilibrium saturation with
values of up to 110%. This may be caused by warming of the surface mixed layer
which decreases the equilibrium concentration before gas exchange can re-establish
the equilibrium — Within the upper several tens of decimeters radiation heats instan-
taneously the ocean while matter has to travel from the atmosphere-ocean interface to
an arbitrary point in the water column. In addition, molecular diffusion in the ocean
skin layer controls the exchange rate which is two orders of magnitude higher for heat
(O(10−7) m2/s) than for matter (O(10−9) m2/s). Judged from repeat measurements
within profiles and at nearly the same time and location, the derived mean values have
an uncertainty of 5%–10% for open ocean and 10%–20% for partially ice-covered seas.
The temporal fluctuation (for the period 1990–98) at selected stations also reaches 10%,
most likely related to the variations in sea ice extent (Gloersen et al., 1992).

The modeled CFC11 saturation (Fig. 5b) shows a small band around Antarctica
with values below 95%. This is due to the slow retreat of the sea ice cover which
has not completely disappeared by March/April (time of most of the observations). A
tongue of higher-saturated water spreads from the Greenwich Meridian with the coastal
current into the southern Weddell Sea (blow-up). In front of FRIS and Larsen Ice Shelf
(LIS) the saturation drops below 60% because of the perennial sea ice cover. Lowest
saturations (< 55%) occur in the ice shelf caverns where the thick ice prevents a gas
exchange with the atmosphere while mixing with less saturated shelf waters continues.

Since the variability of the simulated concentrations corresponds to observed fluc-
tuations of the saturation, by considering that the solubility function (α s(Θ, S)) is al-
most constant because temperature and salinity do not significantly change, the esti-
mated uncertainty of the spatial saturation distribution is ≤10% for the investigation
period. Between 1990 and 1998 the simulated mean saturation increases in front of
FRIS and in the Weddell Sea by 7.2% and 4%, respectively (Rodehacke et al., 007b).
Therefore, the observed and simulated saturations are equal within the range of uncer-
tainties. The relatively large observed uncertainty is caused by small scale processes
and reflects interannual variations of environmental conditions which strongly influ-
ence the spatial saturation distribution.

If the CFC surface concentration and saturation were exclusively controlled by the
gas flux across the atmosphere-ocean interface, we would obtain excellent agreement
between observations and simulation, as the flux boundary condition and its driving
parameters (here A, Θ, S, u2, and patmos) would be comparable between observations
and simulation. However, mass exchange between the mixed layer and deeper lay-
ers (mixed layer entrainment/detrainment) alters the mixed layer hydrography, tracer
concentration, and saturation. The time scale ratio between mass exchange across the
mixed layer base and the gas exchange through the atmosphere-ocean interface de-
termines whether the entrainment/detrainment impacts the surface gas concentration.
The entrainment/detrainment alters the surface concentration unless the gas exchange
would be faster. Therefore, an adequate representation of the mixed layer subsurface
interaction is essential for a realistic simulation of tracer concentrations and inventories
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in deep and bottom waters (Doney and Jenkins, 1988). In particular, both the seasonal
cycle of the mixed layer dynamics (Haine and Richards, 1995) and the sea ice concen-
tration (Rodehacke et al., 007b) control surface concentrations and CFC fluxes between
atmosphere and ocean.

The continental shelf area in front of FRIS is a vital deep and bottom water for-
mation site in the Southern Ocean (Fig. 8) where the sea surface density is essentially
controlled by the sea surface salinity (SSS). Here, these both parameters have the high-
est negative correlations (−0.94 (Rodehacke et al., 007b)) with the CFC11 flux (Fig.
6), because a lower/higher SSS is related to a lower/higher sea ice concentration (sea
ice melting/formation), which allows a higher/lower CFC flux. The correlation be-
tween the CFC flux and the sea ice concentration is −0.75 (Rodehacke et al., 007b).
In contrast, convection triggered by sea ice formation deepens the mixed layer, which
entrains less saturated water and, ultimately, increases the flux driving concentration
gradient between surface layer and atmosphere (Eq. 1). Since the flux reduction as a
result of the sea ice cover overwhelms the enhanced concentration gradient, a deeper
mixed layer causes a reduced CFC flux (correlation of CFC flux/mixed layer depth
−0.66 (Rodehacke et al., 007b)). Due to the complex interplay between the temper-
ature/salinity dependence of the equilibrium concentration, penetration of CFC-poor
water masses onto the continental shelf, and a reduced gas flux due to sea ice cover-
age, sea surface temperature (SST) and salinity flux are not strongly correlated with the
CFC flux (correlation 0.2 and 0.5, respectively (Rodehacke et al., 007b)).
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To capture the seasonal variability of the simulated CFC11 saturation, we inspect
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its spatial distributions during the seasonal minimum and maximum (Fig. 7) for the
year 1998. Maximum saturation, based on values of the summer months March and
April, occurs in the ACC during March while further south it appears a month later. The
retreating sea ice delays the onset of devaluated surface saturations. For all regions in
the Southern Ocean covered by perennial sea ice the maximum CFC saturation lags two
months behind the minimum sea ice concentration (Rodehacke et al., 007b). Maximum
saturations range from 50% to 103% with lowest values in the Ross Gyre (85%) and in
the western Weddell Sea (50%).

Minimum saturations (Fig. 7) occur at the end of winter in October and November.
They appear at Antarctica’s periphery where subsurface water masses rise to the sur-
face while sea ice blocks the gas exchange. Extreme low saturations are found in the
southwestern Weddell Sea and, in particular, in the coastal regions from the Ross Ice
Shelf to the Indian Ocean and near Maud Rise where deep water masses are brought to
shallower levels.
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The pattern of maximum and minimum saturations around Antarctica is strongly
controlled by the sea ice distribution. During summer the lowest saturations in the
southern Weddell Sea are caused by persisting high sea ice concentrations, which sup-
press the gas flux over highly undersaturated water masses. During winter, the north-
ernmost extent of the sea ice edge marks, like in the Ross Sea and eastern Indian Ocean,
the northern boundary of low surface saturations. A detailed analysis of the seasonal
and long-term evolution of the CFC11 and CFC12 saturations as well as the correlation
between CFC fluxes and various parameters is given in Rodehacke et al. (007b).

4 Horizontal spreading structures

The simulated CFC11 concentrations in the bottom layer around Antarctica (Fig. 8)
reveal three distinct regions of high values, the Ross Sea in front of the Ross Ice Shelf,
Prydz Bay in front of Amery Ice Shelf, and the southwestern Weddell Sea where high-
est concentrations appear near Berkner Island. In addition, high values are also found
along the coasts of Adélie Coast and Wilkes Land.

Freshly ventilated water masses from the Ross Sea continental shelf spread with
the cyclonic Ross Gyre to split into two branches at Cape Adare. One follows the
cyclonic circulation ventilating the Southeast Pacific Basin, while the other mixes into
the Antarctic Coastal Current to advance toward the Indian Ocean.

High concentrations also exist in front of Adélie Coast and Wilkes Lands. On the
short way from the formation sites to the continental shelf break, the freshly venti-
lated water masses mix with ambient water of the westward flowing coastal current.
Due to a coarser resolution outside the Atlantic sector, the model fails to represent the
observed tongue-like spreading (Orsi et al., 1999) of freshly ventilated water masses
from the continental shelf off Adélie Land, an important source for the ventilation of
the Australian-Antarctic Basin (?). A detailed analysis with artificial/numerical tracers
(not shown) indicates that at greater depth the Kerguelen-Plateau blocks the westward
spreading of freshly ventilated water masses. However, these waters flow northward
and contribute to the ventilation of the Australian-Antarctic Basin. At the northern rim
of Prydz Bay in front of Amery Ice Shelf additional CFC-containing water masses are
mixed into the current. At the transition from the Indian Ocean to the Atlantic Ocean,
marked by the Gunnerson and Astrid Ridges, the freshly ventilated water masses start
to meander following f/h contours.

In the Weddell Sea more CFC-enriched shelf water, in particular that from the
broad southern continental shelf including ISW from the FRIS cavern (Rodehacke
et al., 006a), is added to the coastal current as it follows the continental shelf break
towards the northern tip of the Antarctic Peninsula.

Here, the path splits into two branches of different depth. The shallow branch
crosses the South Scotia Ridge to either spread eastward within the Weddell-Scotia
Confluence or westward towards Drake Passage where, after passing, it contributes to
the Antarctic Coastal Current. This current flows westward, hardly affected by the
high-concentrated waters in the Bellingshausen Sea which apparently remain on the
continental shelf, to provide a limited contribution to the ventilation of the deep ocean
in the Southeast Pacific. By entering the eastern Ross Sea, the coastal current closes
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the circumpolar transport of CFC enriched waters. The deeper branch at the tip of
the Antarctic Peninsula flows eastward with the gyre circulation and continues to split
while losing its CFC signature. Between the South Orkney and South Sandwich Is-
lands, for example, it enters the Scotia Sea to become incorporated in the lower portion
of the ACC. An examination of the simulated CFC outflow into the South Scotia Sea
and beyond and a comparison with observations is given below (Section 7).
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Figure 8: Simulated CFC11 concentration in the bottom layer in April 1998. The con-
tour lines represent the bottom topography in 500 m intervals. The edges of ice shelves
are depicted as red dashed lines, the green lines indicate the location of the Greenwich
Meridian and Weddell Sea cross sections. The abbreviations are Bellingshausen Sea
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The high CFC concentration on the Falkland Plateau (Fig. 8) represents a subduc-
tion of water masses. However, it might be a model artifact due to the vicinity of the
northern restoring zone. But, parts of the ACC leave the model domain in this area and
CFC subsurface concentrations are nudged to zero at the northern boundary. There-
fore, this feature might represent the subduction of either South Atlantic Mode Water
or Antarctic Intermediate Water (Talley, 1996, 1999; Miranda et al., 1999).

5 Vertical CFC structure

In the following, the two repeatedly sampled sections shown in Fig. 8 crossing the
central Weddell Sea and continuing along the Greenwich Meridian are addressed.

5.1 Weddell Sea cross section

Our interest is focused on the only completely sampled central Weddell Sea section
of 1996 (ANT XIII/4). A detailed description of this and further sections in this area,
covering the period from 1992 (ANT X/4) to 1998 (ANT XV/4), is provided by Hoppema
et al. (2001).
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Figure 9: Vertical section of CFC11 concentration across the central Weddell Sea for
1996; a) observation from ANT XIII/4 and b) simulation. The track is shown in figure
8.

Due to contact with the atmosphere, highest CFC concentrations are found in the
surface mixed layer, separated by a strong gradient from the underlying water where
concentrations gradually decrease with depth (Fig. 9a). Near the coast, water masses of
the mixed layer descend to depths of 250 m (northwest) and 800 m (southeast), caused
by wind-induced Ekman pumping (Fahrbach, 1993) while the upper water column is
strongly stratified due to freshwater from sea ice melting. Characteristic features of
this cross section are the extremely high concentrations at the entire continental slope
off the Antarctic Peninsula and the core at 3500 m depth off Cap Norvegia. The former
feature mainly results from newly formed deep and bottom waters triggered by deep
convection on the southern (Carmack and Foster, 1975; Foster et al., 1987; Fahrbach
et al., 1991) and western (Fahrbach et al., 1995; Weppernig et al., 1996; Gordon, 1998;
Huhn et al., 2006) Weddell Sea continental shelf and consecutive sinking and spread-
ing. The latter indicates ventilation of the deep ocean by an eastern (upstream) source
(Hoppema et al., 2001; Schodlok et al., 2001; Klatt et al., 2002).

As observed, the highest concentrations occur in the model’s surface mixed layer,
which is separated from the water beneath by a sharp gradient that seems to be stronger
than the non-continuous CFC observations suggest (Fig. 9b). Nevertheless, this gra-
dient indicates an adequate parameterization of vertical mixing; the importance of this
parameterization in seasonally ice-covered regions was emphasized by Timmermann
and Beckmann (2004). At both continental slopes covered by the cross section, an
extended layer of CFC-enriched water exists encompassing the surface mixed layer.
Concentration as well as horizontal extension of these layers rapidly decrease with in-
creasing depth within the upper 500 m. Below 500 m, concentrations slightly decrease
but horizontal extension increases with depth for concentrations ≤ 0.5 pmol/kg. The
simulated and observed eastern cores both have a concentration > 0.5 pmol/kg. How-
ever, the former is located at 1000 m instead of 3500 m as observed. This indicates the
model’s deficiency to transport freshly ventilated water masses to great depth.

At the western continental slope the observed concentration at 2250 m depth ex-
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ceeds 2 pmol/kg, while the simulated one is only 1 pmol/kg. This discrepancy might
be due to a larger horizontal extension of modeled high concentrations. In addition,
in a narrow region (magenta colored line on top of Fig. 9b) the model tends to pro-
duce “secondary” cores that are also documented by measurements of Hoppema et al.
(2001). The layer of high concentration further downslope as present in all available
measurements is not reproduced by the model. This is further evidence for the model
not sufficiently ventilating the abyss. Nevertheless, the model is able to capture the
general tracer distribution across the central Weddell Sea: high subsurface concentra-
tions at the continental slopes, in the east an outreaching but too shallow branch of
elevated concentration, and a minimum beneath the mixed layer.

5.2 Section along Greenwich Meridian
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Figure 10: CFC11 concentration along the Greenwich Meridian for 1998. a) Observa-
tion during ANT XV/4 and b) simulation. The track is shown in Figure 8. For a better
comparison we use for both figures the model topography which includes the northern
edge of Fimbulisen Ice Shelf.

The general structure along this section did not change over a period of 14 years
(1983-1998) (Klatt et al., 2002), implying limited interannual fluctuations. Again, the
high concentrated surface mixed layer is separated from the waters below by a strong
concentration gradient (Fig. 10a). Due to wind-induced Ekman pumping, the mixed
layer extends to greater depth near the coast. At the continental slope (south), a core
exists at about 3000 m, in proximity to increased concentrations on top of Maud Rise.
The latter was first detected by the measurements in 1996. Two CFC-features are
located at the Mid-Atlantic Ridge (north), a core at the slope’s foot in 4000 m depth
and a plume of elevated concentrations extending from the surface mixed layer down
to the crest of the ridge.

In agreement with observations, the model’s mixed layer is separated from the wa-
ter masses below by a sharp concentration gradient at the center of the gyre (Fig. 10b).
However, the simulated concentration minimum does not extend as far north as the
observed one. Over the Midatlantic Ridge a “curtain” of high concentrations, attached
to the surface mixed layer, extends with slightly decreasing values to great depth. The
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model does not reproduce the southern core, but for the observed core on the continen-
tal slope at about 3000 m the simulated concentrations of 0.6 pmol/kg – 1.0 pmol/kg
agree with the measured ones of 0.8 pmol/kg. The second maximum on top of Maud
Rise is missing, although the model shows slightly higher concentrations to the east
of this section. Above the Mid-Atlantic Ridge, simulated concentrations are too high
mainly due to the disintegration of the strong gradient between surface mixed layer
and deep ocean and of a too shallow stratification of tracer-carrying water masses (see
below). Furthermore, the maximum at the slope does not exist and the simulated con-
centration (0.3 pmol/kg) is much lower than the observed one (0.7 pmol/kg).

5.3 Discussion of the two cross sections

While many features, for example, the CFC-saturations and their temporal evolution
(Rodehacke et al., 007b) as well as CFC-inventories along the Greenwich Meridian
(Section 6.1) agree reasonably well with the observations, the model has obvious de-
ficiencies. Namely, it does not reproduce subsurface cores clearly separated from the
surface mixed layer, and the cores are in general too wide, probably due to insufficient
horizontal model resolution. Given the small spatial scales of the observed cores (less
than 1◦ – 3◦) on the slope off the Antarctic Peninsula (Hoppema et al., 2001), one can-
not expect to find these features in a 1.5◦ × 1.5◦ cosφ model. It is even surprising that
the simulated concentrations along the Greenwich Meridian are that close to the ob-
servations of Klatt et al. (2002). In addition, the model does not stratify the inflowing
and outflowing freshly ventilated water masses of the Weddell Sea at proper depths.
This might be caused by an inappropriate representation of the descent of dense water
masses along the continental slope, a point addressed below.

6 CFC-Inventories

As shown in the preceding section, the model does not capture well the vertical struc-
ture of the tracer distribution. However, if the modeled freshly ventilated water masses
follow the observed spreading paths in top view, inventories, i.e., vertical integrals of
tracer concentrations over the whole water column, should agree between measure-
ments and the simulation. For a quantitative analysis, we inspect local inventories and
derive the penetration depth along the Greenwich Meridian, interpolating all cross-
section observations on a regular grid of 1◦ horizontal resolution. The Greenwich
Meridian section allows a sensitive test, since the tracer distribution is well known
(Klatt et al., 2002) and it is sufficiently far away from the sources of the cores.

6.1 CFC inventories along the Greenwich Meridian

The local inventories of CFC11 concentration and CFC11 partial pressure are defined
as vertical integrals and the penetration depth as the vertical integral divided by the
corresponding surface concentration according to Dutay et al. (2002). The properties
are calculated for the three cruises ANT X/4, ANT XIII/4, and ANT XV/4, which were
carried out around July 1992, May 1996, and April 1998, respectively.
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The inventories of the three cruises are quite similar (Fig. 11) with values highest
at the southern continental slope and fluctuating around 2.2 mmol m −2 further to the
north. The band of slightly higher concentrations above the Mid-Atlantic Ridge (Fig.
10a, latitude range 54◦–57◦ S) is not captured by the local inventories because they are
strongly determined by the surface mixed layer concentration. The meridional distri-
bution of the partial pressure is almost identical (not shown). With time the penetration
depth of all observations increases due to increasing inventories, which highlights the
ongoing deep ventilation.

The simulated inventories and deduced penetration depths increase with time for
the flux boundary condition (Eq. 1) as well as for the sensitivity study, in which the
surface concentration was held at the equilibrium concentration, i.e., the surface layer
is saturated by 100% at every time step. The increasing penetration depths in time are
more pronounced in the simulations than in the observations. The preferred spreading
paths across the Greenwich Meridian within the model can be inferred from the local
maxima of all properties at the Antarctic continental slope and above the Mid-Atlantic
Ridge. In between, a local minimum exists indicating that only a limited portion of
tracer-enriched water masses penetrates into the center of the Weddell Gyre.
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Modeled and observed concentration inventories and the penetration depths all have
a local maximum at the Antarctic coast. The model’s slight northern shift is caused by
the coarser and smoothed bottom topography which puts model grid points south of
70◦S below the edge of the Ekström/Fimbulisen Ice Shelf. Hence, these grid points of
the uppermost layer are located below the ice shelf in 150 m depth, while for the obser-
vations the southernmost surface mixed layer still has contact with the atmosphere. The
reason for the differences between the wintertime 1992-observation (ANT X/4) and the
simulation is related to different sea ice conditions. During that year a positive sea ice
anomaly led to higher sea ice concentration in the south and a northward extension of
the sea ice edge which is not represented by the climatological condition used for our
model. This results in a reduced CFC flux across the atmosphere-ocean interface lead-
ing to a reduced CFC concentration in the surface mixed layer and, thus, to a reduced
CFC inventory at the section’s southern end. North of 59◦S, however, simulations and
observations coincide.

Along the main spreading paths the penetration depth is well represented and the
integrated tracer values of the model agree with the measurements. Since the inven-
tory is strongly influenced by the surface values (Fig. 12), a potential bias between
observations and simulation can be recognized by comparing both inventories and pen-
etration depths. For example, a positive surface concentration bias is accompanied by
a reduced concentration at depth to get a congruent inventory for observations and sim-
ulation. In this case, however, the scaling by the surface-layer concentration will make
the penetration depth too small.

The model’s lateral diffusion is Reynolds number dependent and, therefore, works
predominantly along the flow and less in the cross-flow direction. A more isotropic dif-
fusion would certainly transport more tracers from the local maxima, the main spread-
ing paths, into the center of the gyre. This, however, would destroy the doming of
the temperature and salinity fields characteristic for both sections crossing the Weddell
Gyre and, thus, would degrade the model’s overall skill to simulate quite realistically
the Weddell Gyre circulation. In addition, the simulated diffusive tracer transport per-
pendicular to the main flow occurs mostly at 500–2500 m depth. Consequently, we
expect an enhanced lateral diffusion to destroy the observed concentration minimum
below the surface mixed layer, increasing the differences between observations and
simulation.

An enhanced tracer flux exclusively across the atmosphere-ocean interface would
not completely eliminate the local minima, because they even exist in the sensitivity
study where the surface saturation was held fixed at 100%. This neglects any sea ice
and implies a nearly infinite flux for the case of an undersaturated surface. Instead, the
inventories and penetration depths at the location of the observed CFC cores and at the
northern end of the section clearly exceed the observed values.

Dutay et al. (2002) compare the results of thirteen CFC-simulations with global
ocean circulation models with observations along two sections in the Atlantic (AJAX)
and Pacific Oceans (WOCE-P15s), and in the bottom layer of the Southern Ocean (Orsi
et al., 1999). The AJAX section within the Weddell Sea, conducted in 1983, is identical
to the ANT XV/4 section. None of the models is able to simulate the sharp transition be-
tween the surface mixed layer and the waters below nor the cores of freshly ventilated
water masses at the Greenwich Meridian. In contrast, our model reaches at least a qual-
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itative agreement not achieved by any of the coarse resolution models, for example, the
strong concentration gradient separating mixed layer and deeper ocean, and the quite
realistic CFC inventories and penetration depths. Even the very high eddy-resolving
(0.1◦) z-coordinate model (Matsumoto et al., 2004) with 54 vertical layers is unable
to resolve the CFC cores along the Greenwich Meridian (Sasai et al., 2004). Since
the parameterization of vertical mixing and the representation of downslope flow at the
continental margin are crucial for deep and bottom water formation and spreading, the
reason for the deficiencies may well lie in the treatment of the bottom boundary layer
in these models.

Differences in resolution, the vertical coordinate system, the coupling to a sea ice
model as well as choices for the numerical algorithm and parameterization all have to
be considered when comparing ocean circulation models. We note that none of the
models (Dutay et al., 2002; Doney and Hecht, 2001) achieve a sufficient agreement
between observed and simulated spreading paths within the Southern Ocean. Only the
results of Sasai et al. (2004) come close to the observations, although they restored
hydrographic variables to monthly mean climatological values throughout the water
column in parts of the Weddell and Ross Seas. In contrast, our results agree apparently
better with the observations of Orsi et al. (1999) with no restoring except near the
northern boundary.

6.2 Depth dependency of the CFC-inventories

Figure 12: Depth dependence of the tracer inventory for the upper 2000 m of the water
column calculated for three cruises (years) along the Greenwich Meridian (see labels).
The points are connected by interpolated curves. Red lines indicate the level where the
simulation starts to show a deficit in the tracer inventory for greater depth. By definition
(Eq. 2) both curves are congruent 100% at z 0 = 0.

For the inventories along the Greenwich Meridian, the tracers were integrated from
the bottom to the surface using gridded data. To obtain a fractional CFC content versus
depth we first calculated the inventories over the whole latitudinal range (entire section)
from the bottom to a variable depth z0. For our analysis we choose z0 to be 2000 m,
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1000 m, 500 m, 200 m, 100 m, and 0 m (Tab. 1). The latter depth yields the total
tracer concentration of the whole section because z0 is equal to the ocean surface. That
value was then used to scale the inventories for the other z0, i.e., the fractional tracer
inventory below depth z0 was obtained from:

∫ φn

φs

∫ z0
zb(φ) c(φ′, z′)dz′ dφ′

∫ φn

φs

∫ z=0

zb(φ) c(φ′, z′)dz′ dφ′
· 100[%], (2)

with φn and φs representing the northern and southern boundary, respectively, and
zb(φ) the bottom depth at latitude φ. The depth-dependent fractional inventories are by
definition 100% at the ocean surface, decreasing monotonically to 0% at the ocean floor
(zb). Since we scale the depth-dependent inventory with the total inventory, any errors
in the solubility function or differences in the choice of parameters, which control the
CFC uptake between different realizations, are canceled out.

This procedure allows one to determine the depth range in which tracer-enriched
water masses tend to spread. We restrict our comparison, however, on the fractional
concentration inventories of the upper 2000 m, because the model overestimates sub-
surface concentrations on the expense of the concentrations at greater depth. Between
the points the curves are approximated such that the maximum difference between ap-
proximated values and data points is less than 1% and never exceeds 2.1%. While the
curves representing the observations decline about exponentially with depth, the simu-
lated curves can be described as a combination of two linear segments due to the strong
gradient between the surface mixed layer and the deep ocean (Fig. 12).

At the surface the values are by definition identical 100% and remain close for
the upper 100 m, diminishing within this depth interval by 21.3–26% (observations)
and 22.3–27.6% (simulation). This shows the above mentioned strong influence of the
surface mixed layer concentration on the water column inventory. Down to ∼1580 m
the simulated fractions are up to 18% higher than the observed ones, but the relation
changes sign for greater depths. The fraction of the tracer concentration below 2000 m
amounts to 27–33% for the observations and 20–26% for the simulation. This means
that more than 27% (20%) of the observed (simulated) tracer concentrations are placed
below 2000 m. Thus, the deep tracer content is almost identical to the content of the
upper 100 m. The fractional content at great depth increases with time (see values
at 2000 m in Fig. 12), because the freshly ventilated water masses, formed at a time
of increasing atmospheric CFC concentrations, have a transit time of several years
from the formation sites to the Greenwich Meridian (13.5±2.5 years for the northern
core (Klatt et al., 2002)). In addition, increasing saturations at the deep and bottom
water formation sites (Rodehacke et al., 007b) cause increasing concentrations in newly
formed water masses even for stagnating atmospheric CFC partial pressures.

The fractional inventories clearly show that the model places tracer-enriched, freshly
ventilated water masses too shallow in the water column. The fractional differences are
highest at about 400 m depth (Fig. 12). If we allow a difference of 5% between simu-
lated and observed fractional concentrations, the tracer concentration missing at great
depth is placed in the model’s 150–1200 m depth range.
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6.3 Discussion of the tracer inventories along the Greenwich Merid-
ian

Based on the spreading paths in the bottom layer (Fig. 8), the section across the central
Weddell Sea (Fig. 9), and three independent observations along the Greenwich Merid-
ian (Fig. 10) the model seems to reproduce reasonable well the horizontal spreading
paths of CFC-enriched water masses. However, the model obviously does not transfer
these water masses to the proper depth ranges as the detailed analysis along the Green-
wich Meridian shows. The transect-wide integrated tracer concentration inventory and
its fractional inventory against depth indicate that the tracer-enriched waters missing
in the deep ocean are instead to be found at 150–1200 m depth. Since the Greenwich
Meridian section is far away from the formation sites (Prydz Bay for the southern core
and western Weddell Sea for the northern core), it is unlikely that the tracer carry-
ing water masses will further descend; a result typical for this model. Like for many
other models with this resolution (e.g., Fichefet and Goosse (1999); Doney and Hecht
(2001); Dutay et al. (2002)), the downslope flow of dense water masses remains to be
a challenge even for models using terrain-following coordinates (Griffies et al., 2000;
Willebrand et al., 2001).

Table 1: Depth dependency of the CFC inventory along the Greenwich Meridian. ’Inv’
specifies the total concentration inventory of the section between the bottom and the
upper boundary z0. The fraction [%] of the total inventory in the depth range between
the bottom and z0 is given by ’Ratio’.

Cruise Limit Observation Simulation
(Year) z0 Inv. Ratio Inv. Ratio

[m] [mol
m ] [%] [mol

m ] [%]
ANT X/4 0 4.11 100 3.64 100
(1992) 100 2.98 72.4 2.70 74.0

200 2.33 56.7 2.51 68.9
500 1.75 42.5 2.19 60.2

1000 1.48 36.0 1.63 44.8
2000 1.13 27.5 0.74 20.5

ANT XIII/4 0 4.48 100 3.39 100
(1996) 100 3.35 74.7 2.61 77.1

200 2.74 61.1 2.48 73.4
500 2.14 47.9 2.20 64.9

1000 1.80 40.1 1.69 50.0
2000 1.38 30.9 0.86 25.5

ANT XV/4 0 5.01 100 3.86 100
(1998) 100 3.89 77.7 3.04 78.7

200 3.35 67.0 2.89 74.9
500 2.61 52.1 2.55 66.0

1000 2.17 43.3 1.97 51.0
2000 1.64 32.6 1.01 26.2
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7 Flow from the Weddell Sea into the South Scotia Sea

Newly formed deep and bottom waters that flow northward along the Antarctic Penin-
sula leave in part the Weddell Sea through gaps in the South Scotia Ridge (Schodlok
et al., 2002) to spread into the South Scotia Sea (Fig. 8). Observed and simulated CFC
profiles combined with the above discussed sections and the spreading in the bottom
layer highlight the paths of these freshly ventilated water masses. This also allows us
to evaluate whether the missing deep core at the Mid-Atlantic Ridge is related to an
export out of the Weddell-Enderby Basin before the newly formed water masses reach
the Greenwich Meridian.

The observed and simulated CFC concentrations are highest in the surface mixed
layer, due to contact with the atmosphere, and in general decrease with depth (Fig. 13).
The profiles near South Georgia (#1; numbers in brackets correspond to numbers on
the map indicating location of the profiles) and in Drake Passage (#6 and #7) reveal that
the surface signal almost vanishes below 1000 m (Roether et al., 1993). In contrast, the
measured profiles north of South Orkney Islands (#4 and #5) show an increase with
depth close to the bottom as all profiles in the Scotia Sea do, though the gradient is not
that pronounced. These local CFC maxima in the bottom layer reflect the spreading of
freshly ventilated waters of Weddell Sea origin (Beining, 1993; Klatt, 2002). The latter
is also confirmed by hydrographic observations of Fahrbach et al. (2001). The model
does not reproduce the observed high-concentrationed bottom layer (see discussion in
Section 6.2), however, the bottom concentration in the northeastern Scotia Sea between
South Georgia and the South Sandwich Islands (#1–#3) indicates that this region is
ventilated by waters of Weddell Sea origin, though with lower intensity. These water
masses flow north toward the Argentine Basin as suggested by Naveira Garabato et al.
(2002) and Schodlok et al. (2002).

In the center of Drake Passage the penetration of high-concentrated water masses to
750 m depth is related to a local temperature minimum between two fronts, which both
have the characteristic of the Polar Front (Roether et al., 1993). Since the model does
not resolve the frontal systems, this feature is absent in the simulation. Similar to the
observations (Roether et al., 1993) the model shows elevated concentrations in south-
ern Drake Passage (#6). They are slightly higher than observed, but they would not be
noticed, if we would have used for greater depths the same horizontal scaling as for the
upper 1000 m. Since the model underestimates the concentrations in the bottom layer,
in particular, near the South Orkney Islands (#5), it is suggested that a major fraction
of the freshly ventilated bottom water flows westward through Drake Passage instead
into the South Scotia Sea. However, the model does not resolve properly the Powell
Basin, and Bransfield Strait is absent because the South Shetland Islands are not in-
cluded. Such topographic features might hamper the flow of Weddell Sea deep waters
to the west and reduce the simulated CFC concentrations west of the Antarctic Penin-
sula, which are ≈0.5 pmol/kg for model year 1992 but only ≤0.03 pmol/kg for the
corresponding observation (eastern WOCE line S4P in March, 1992; not shown). Sim-
ulations with enhanced resolution in the Weddell Sea (Schodlok et al., 2002) support
our assumption that the exaggerated westward flow is related to the too coarse model
resolution. However, this does not explain the missing northern core at the Greenwich
Meridian because the export in the northwestern Weddell Sea is compensated by a re-
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Figure 13: CFC11 concentration profiles in the Scotia Sea (inset). The profiles origi-
nate from cruises JCR 10, 1995 (profile 1–3), ANT XV/4, 1998 (5), and M11/4, 1990
(4 and 6–7). The blue circles indicate measurements while the green diamonds rep-
resent model results. Modeled profiles of neighboring grid points are shown as thin
green lines and its maximum depth is marked by dark green crosses. Note the differ-
ent scaling of both x-axes at 1000 m and the nonuniform depths of all profiles. The
geographical positions are indicated as small numbers below the profile number which
corresponds to the numbers on the map (inset).
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duced outflow further downstream, for example, near the Southern Orkneys (#4, #5).
In addition, a core exists east of the Southern Orkney Islands at a depth too shallow,
but the simulated concentration agrees reasonably with the observed one.

The simulated total CFC inventory as well as the penetration depths both agree
reasonably with the observations at the Greenwich Meridian. Therefore, the outflow
of freshly ventilated water across the South Scotia Ridge, cannot be the reason for the
absence of the deep core at the Mid-Atlantic Ridge.

8 Conclusions

Our regional CFC simulation highlights the spreading of newly ventilated water masses
formed around Antarctica. In agreement with observations, the model reproduces the
main deep and bottom water formation sites in the Ross Sea, Prydz Bay, and the south-
western Weddell Sea. The Ross Sea ventilates the Southeast Pacific Basin as well as
the Antarctic Coastal Current and thus contributes to the ventilation of the Australian-
Antarctic Basin. Prydz Bay adds tracer-enriched water to the coastal current and there-
fore represents the eastern source of newly formed water masses entering the Weddell
Sea. Here, strong sources are located at the southwestern continental slope which feed
the deep cores in the Weddell-Enderby Basin and the South Scotia Sea with young wa-
ters, carrying high tracer concentrations. In the simulation, minor formation sites exist
off Adélie Coast and in front of Wilkes Land.

An interesting perception of this study, which results, in particular for the Weddell
Sea, from the combination of tracer observations and current measurements (Fahrbach
et al., 1994), is the coincidence between the cores of high concentrations and high
velocities. Our model reproduces at several places elevated concentrations that corre-
spond to the depth of the observed cores. However, a detailed analysis shows that the
spreading levels of the freshly ventilated water masses are too shallow. The tracers that
are missing in the deep ocean are found in a depth range of 150–1200 m.

The model’s inability to reproduce the core of high CFC concentration at the Mid-
Atlantic Ridge near to the Greenwich Meridian cannot be attributed to an upstream
northward export of CFC-enriched waters from the Weddell Sea for several reasons.
The slightly too concentrated flow through the southern Drake Passage is compensated
by a lower concentrationed bottom layer in the Scotia Sea (Section 7). The combined
results of tracer inventory and penetration depth along the Greenwich Meridian show
that enough tracer-enriched water exists at both ends of the section (Section 6, Fig. 11).
This would not be the case if too much tracer-enriched water would leave the Weddell
Sea before reaching the Greenwich Meridian. The depth-dependent section-integrated
inventory along Greenwich Meridian clearly indicates that the tracers are placed too
shallow (Fig. 12). Similarly, the section across the central Weddell Sea shows at the
eastern end a too shallow inflow of high-concentrated deep water from eastern sources
(Fig. 9) as well as at the western end a less concentrated bottom water in proximity to
the formation sites. Therefore, the comparison between observations and model results
suggests that an improper vertical penetration of high concentrated water is one reason,
besides the too coarse model resolution, for the missing northern core.

Our model results are more realistic than those of other models of similar resolu-
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tion, but it is obvious that an appropriate representation of downslope flow of dense
water masses in coarse resolution models still needs to be developed. Even a drastic
increase in resolution does not solve the problem as the results of the eddy-resolving
(0.1◦), 54 layer z-coordinate model of Sasai et al. (2004) indicate. For long-term sim-
ulations of a “complete” earth system model, which address, for example, questions of
climate variability and change, the glacial cycle, or the storage of CO 2 in the ocean,
an appropriate formulation of deep and bottom water formation is essential. Tracer
simulations like the present one are an excellent tool to demonstrate success or identify
deficiencies of a given model or method.
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