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Abstract. Part 1 of this study [England et al., 1994] examined the sensitivity of simulated
oceanic chlorofluorocarbon (CFC) to changes in the way the air-sea gas exchange rate is parame-
terized in a World Ocean model. In part 2 we consider more closely the role of surface thermoha-
line forcing and subsurface mixing parameterizations in redistributing CFC-11 and CFC-12 in the
ocean. In particular, a series of five different model ocean experiments are forced with the same
air-sea CFC flux parameterization. The five cases include (1) a control run with a standard sea-
sonal cycle in surface forcing and traditional Cartesian mixing, (2) a run in which the production
rate and salinity of Antarctic Bottom Water (AABW) is increased, (3) a run in which the produc-
tion, outflow rates, and density of North Atlantic Deep Water (NADW) is increased, (4) a run with
enhanced isopycnal mixing of passive tracers, and finally (5) a run in which the effects of eddies
on the mean ocean flow are parameterized following Gent and McWilliams [1990]. The simulated
CFC uptake in the Southern Ocean far exceeds observations in the first four experiments. The ex-
cessive uptake is linked to the poor model simulations of Southern Ocean deep water masses,
where, for example, model Circumpolar Deep Water is typically 0.2 to 0.4 kg m™3 too buoyant.
The insufficient density of the deep water allows for extensive penetration of convective adjust-
ment to great depth during winter, in contrast to observations, and this results in excessive down-
ward mixing of the CFC-enriched surface waters. Compared with the control experiment, the
Southern Ocean CFC uptake is reduced in the cases with increased AABW salinity and NADW
density, as a result of slightly higher deep water density and reduced wintertime convection in
those experiments. Nevertheless, CFC uptake in the Southern Ocean still substantially exceeds
observed ocean CFC content in the adjusted surface forcing cases. The most extreme uptake oc-
curs in case 4, where, in addition to deep convective mixing of CFC, there is also mixing into the
ocean interior along isopycnal surfaces having an unrealistic orientation. The Southern Ocean
CFC uptake in case 5, using the mixing scheme of Gent and McWilliams [1990], is dramatically
reduced over that in the other runs. Only in this run do deep densities approach the observed val-
ues, and wintertime convection is largely suppressed south of the Antarctic Circumpolar Current.
Deep penetration of CFC-rich water occurs only in the western Weddell and Ross Seas. This run
yields CFC sections in the Southern Ocean which compare most favourably with observations, al-
though substantial differences still exist between observed and simulated CFC. The simulation of
NADW production is problematic in all runs, with the CFC signature indicating primary source
regions in the Labrador Sea and immediately to the southeast of Greenland, while the Norwegian-
Greenland Sea overflow water (which is dominant in reality) plays only a minor role. Lower
NADW is insufficiently dense in all runs. Only in the run with surface forcing designed to en-
hance NADW production does the CFC signal penetrate down the western Atlantic boundary in a
realistic manner. However, this case exhibits an unrealistic net ocean surface heat loss adjacent to
Greenland and so cannot be advocated as a technique to improve model NADW production.
Conventional depth sections and volumetric maps of CFC concentration indicate that on the
decadal timescales resolved by CFC uptake the dominant determining factor in overall model ven-
tilation is the choice of subsurface mixing scheme. The surface thermohaline forcing only deter-
mines more subtle aspects of the subsurface CFC content. This means that the choice of subgrid-
scale mixing scheme plays a key role in determining ocean model ventilation over decadal to cen-
tennial timescales. This has important implications for climate model studies.

!Also affiliated with Division of Atmospheric Research, CSIRO, 1. Introduction
Aspendale, Victoria Australia.

While temperature and salinity are routinely incorporated as
prognostic variables in ocean circulation models, they are not
Paper number 97JC00438 ideal diagnostics of the ocean ventilation. This is because
0148-0227/97/97JC-00438$09.00 they provide only limited information on the rate of ocean re-
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newal, such as indicating the depth of rapid ventilation associ-
ated with surface mixing. Yet the rate of ocean ventilation is
among the most important properties relevant to the ocean’s
role in anthropogenic climate change. A rapidly ventilating
ocean may be expected to be more efficient in sequestering ex-
cess heat and carbon from the atmosphere and thereby be more
effective in retarding climate change. Despite the importance
of ocean ventilation to the global climate system, there re-
mains much uncertainty in the nature and timing of ocean re-
newal and how to represent this in general circulation models
of the system.

Some of the most useful tracers for the study of oceanic ven-

-tilation on interdecadal timescales are the chlorofluorocarbons

(CFC-11, CFC-12, CFC-113). These trace gases are chemi-
cally and biologically inert in the ocean and have well known
histories of atmospheric concentration which extend from the
1930s (in the case of CFC-11 and CFC-12) to the present day.
There is now a substantial set of observations of CFC distribu-
tion in the oceans, with many investigators using CFC con-
centrations to infer ventilation rates and pathways [e.g.,
Wallace and Lazier, 1988; Bullister, 1989; Rhein, 1991;
Trumbore et al., 1991; Schlosser et al., 1991; Fine, 1993;
Smethie, 1993; Roether et al., 1993]. However, only a few
studies have examined the CFC distribution as simulated in
ocean circulation models [England et al., 1994; England,
1995; Robitaille and Weaver, 1995; Dixon et al., 1996]. The
goal of such studies is principally to test the model ventilation
characteristics and to validate the model renewal scheme
against observations.

Part 1 of this study [England et al., 1994] examined the de-
pendence of modeled CFC uptake to a hierarchy of parameteri-
zations of the air-sea CFC exchange. The ocean model was
configured to have the same geometry and resolution as that
used in several recent coupled ocean-atmosphere experiments
[Manabe et al., 1991, 1992; Manabe and Stouffer, 1994]. All
experiments performed in part 1 yielded CFC concentrations in
the deep Southern Ocean that were very much higher than ob-
served, implying that ventilation rates in the model Southern
Ocean may be much greater than in reality. The rapid ventila-
tion is largely associated with wintertime convective adjust-
ment, which in the model is deep (several kilometres in places)
and widespread. In reality, deep convection south of the
Antarctic Circumpolar Current (ACC) appears to be weak, spo-
radic, and geographically very limited [e.g., Akitomo et al.,
1995].

The question of ventilation in the Southern Ocean is impor-
tant because models similar to that used in part 1 are being used
in coupled ocean-atmosphere experiments designed to simulate
the global climate response to steadily increasing levels of
CO, [e.g, Manabe et al., 1991; Cubasch et al., 1992; Gordon
and O’Farrell, 1997]. These simulations typically yield warm-
ing over the midlatitude and the subpolar southern hemisphere
which markedly lags the warming in the tropics and northern
hemisphere (as reviewed by Whetton et al. [1996]). It is pos-
sible that part of this retarded warming be linked to very rapid
ventilation of the model Southern Ocean, which may not be
entirely realistic [England, 1995; McDougall et al., 1996].

The excessive convection in the Southern Ocean appears to

be linked to more general problems in model deep water simu-
lation. Global ocean models frequently give deep water that is

too fresh and/or warm and therefore too buoyant. For example, ;

the deep water in the Southern, Indian, and Pacific Oceans in
the model of England et al. [1994] is of order 0.3 practical
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salinity units (psu) too fresh and 0.3 kg m3 too buoyant (this
is not unlike the climate model of Manabe et al. [1991], where
deep waters are about 0.25 psu too fresh and 0.28 kg m™ too
buoyant). In contrast, the surface restoration of temperature
and salinity keeps surface density near observed values across
most of the Southern Ocean in England et al. [1994]. The re-
sult is a major weakening of the vertical stratification in the
Southern Ocean, which in turn allows for excessive penetra-
tion of vertical convection [England et al., 1994]. Hirst and
McDougall [1996] also give a detailed analysis of one such
case.

Modelers have long been aware of this problem of insuffi-
cient saltiness and density at depth, and one approach at cor-
recting the solution has been to alter the surface boundary con-
ditions at the locations where the deep water is originally
formed. This can involve enhancing the salinity of Antarctic
surface waters during winter in an attempt to mimic the effects
of brine water rejection as sea-ice is formed [e.g., Bryan and
Lewis, 1979; Cox, 1989; England, 1992, 1993; Hirst and Cai,
1994] or adjusting the wintertime thermohaline conditions in
the North Atlantic to ensure the correct distribution of heat and
salt when North Atlantic Deep Water (NADW) is produced
[e.g., England, 1993; Hirst and Cai, 1994; Doscher et al.,
1994]. Such adjustments in the thermohaline boundary condi-
tions have been shown to improve the representation of deep
water masses in global ocean models. However, their effects
on the simulated ventilation rates remains largely unexplored
and is one of the goals of the present study.

Limited by computational cost, climate studies require
coarse resolution ocean models to permit simulations to be in-
tegrated over decadal to centennial timescales. The ocean’s ed-
dies are typically a fraction of the scale of grid spacing in
ocean climate models. Techniques for parameterizing the sub-
grid-scale model processes are therefore central to the global
ocean modeling problem. The three major schemes for ap-
proximating the effects of eddies on tracers in the Geophysical
Fluid Dynamics Laboratory (GFDL) ocean model are (1) to rep-
resent them as simple Fickian diffusion terms in the Cartesian
plane, (2) to further incorporate an enhanced mixing of tracers
in an along-isopycnal sense [Redi, 1982], and (3) to adopt the
eddy-induced transport velocity terms of Gent and McWilliams
[1990] and Gent et al. [1995]. In this paper we examine the de-
tails of transient tracer uptake when each of these three
schemes is incorporated in a global ocean circulation model.

Some preliminary results from such experiments have been
presented by England [1995]. Results similar to these have
also been documented by Robitaille and Weaver [1995]. Our
study considers a much more detailed analysis of CFC uptake
than was possible in the papers of England [1995] and
Robitaille and Weaver [1995], including analyses of air-sea
CFC fluxes, examination of ocean CFC content at a greater va-
riety of locations, and a volumetric temperature-CFC census of
water masses in the different model cases.

Overall, we present results from a set of five experiments

- (Table 1) designed to assess the sensitivity of the model venti-

lation rate to changes in model physics or forcing which are
known to affect the deep water density and extent of convec-
tion. To this end, we are able to determine which ocean model
embellishments of the deep water mass field yield improved
representation of transient ocean ventilation over the inter-
decadal timescale. In all model cases the ocean is run to
(annual-cycle) equilibrium and then allowed to uptake CFC-11
and CFC-12 according to the observed atmospheric concentra-
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Table 1. Experimental Design Adopted for the Present Study

15,7111

Experiment Integration Time (years) Surface Forcing Eddy Parameterization
CTRL 4750 Seasonally varying Horizontal mixing (A,,))
AAS 3300 Increased S, off Antarctica Horizontal mixing (A
NAW 3700 Strong winter restoring in NA Horizontal mixing (A,,)
ISOP 3650 Seasonally varying Isopycnal mixing, background A,
GM 4850 Seasonally varying Gent and McWilliams [1990], A, =0

Each model experiment is integrated until equilibration without using vertical acceleration techniques. The transient CFC simulations
are then conducted over much shorter periods (around 65 years), corresponding with an integration during 1930-1995. In the table, S,
refers to the restoring surface salinity, and NA denotes the North Atlantic north of 45°N. The five cases listed are the control (CTRL),
Antarctic Salt (AAS), North Atlantic Winter (NAW), isopycnal mixing (ISOP), and Gent and McWilliams [1990] (GM) experiments.

tion history and the most complete air-sea gas exchange
scheme considered in part 1.

The rest of this paper is divided into six sections. In sec-
tion 2 we describe the ocean model and experimental design
adopted for the present study. The five model simulations are
then detailed in section 3, with particular focus on the simu-
lated density, vertical convection, and meridional overturning
in the respective runs. In section 4 we briefly assess the sensi-
tivity of heat and freshwater fluxes to the choice of surface T-S
forcing. We then review the method used for parameterizing
CFC exchange across the air-sea interface in section 5.
Section 6 covers the analyses of CFC uptake within each case,
concentrating on areas of deep and bottom water formation, as
well as the implied surface air-sea CFC fluxes and the net con-
tent of CFC in each model case. Finally, section 7 covers a
summary and concluding remarks.

2. Ocean Model and Experimental Design

The ocean model used in this study is the Modular Ocean
Model (MOM) version of the Bryan-Cox ocean general circula-
tion model developed at the Geophysical Fluid Dynamics
Laboratory [Bryan, 1969; Cox, 1984; Pacanowski et al.,
1991]. The basic model configuration has been described in
part 1 and by England [1993], and so only a summary is given
here. The model geometry matches that used extensively
within several recent coupled ocean-atmosphere model studies
at the GFDL [e.g., Manabe et al., 1991, 1992; Stouffer et al.,
1989]. The model domain consists of a global coverage of the
World Ocean extending from the Antarctic continent to the
north pole. The model bathymetry represents a smoothed ver-
sion of the real World Ocean bottom topography. The model
grid spacing is 3.75° longitude by approximately 4.5° latitude
with 12 or 21 unequally spaced vertical levels.

The effects of mesoscale processes are taken into account
implicitly by parameterizations of subgrid-scale mixing of
momentum and tracers. The horizontal (A,,) and vertical
(A,y) viscosity coefficients are taken to be constants indepen-
dent of depth (A, = 2.5 x 10° cm?s’}; A, = 50 cm?s°1).
Model tracers (potential temperature (), salinity (S), CFC-11,
and CFC-12) are subject to diffusion as detailed in Tables 1 and
2, as well as to advection. The vertical diffusivity (A,) is
lowest in the surface layer (0.3 cm? s, increasing below the
thermocline (following Bryan and Lewis [1979]) toward a max-
imum of 1.3 cm?s™! in the deeper model levels (Table 2). The
horizontal diffusivity (A,,,) varies between experiments as de-
scribed below. Convection is treated implicitly by the model;
whenever gravitational instabilities in stratification are de-
tected, the vertical diffusion rate is increased to simulate com-
plete mixing over the unstable portions of the water column.

This vertical mixing homogenizes all tracers over the model
levels originally detected to be dynamically unstable. No pa-
rameterization is included for deepening the surface mixed
layer by wind-driven turbulence; that is, the convection of ver-
tically unstable waters remains the only way deep mixed layers
are formed in the model.

The ocean is forced at the sea surface by seasonally varying
climatological boundary conditions of temperature, salinity,
and wind stress. The atmosphere to ocean momentum flux is
determined from the wind stress climatology of Hellerman and
Rosenstein [1983] interpolated spatially onto the model grid
and temporally at each time step. Except in the “North
Atlantic Winter” experiment, temperature (T) and salinity (S)
are damped toward the climatological values of Levitus [1982]
with uniform restoring timescales of 30 days for T and 50 days
for S. In all experiments considered, the ocean model is inte-
grated with a fixed T-S time step of 1 day at all depths. The in-
tegrations continue until the equilibrium criterion of England
[1993] is met, which in all cases requires 3000 to 4000 model
years (Table 1).

The five principal experiments are listed in Table 1. The
control experiment (CTRL) was used to examine the sensitiv-
ity of the CFC simulation to a range of air-sea gas exchange
parameterizations in part 1. It adopts traditional Cartesian
mixing with a horizontal diffusivity Ay, which decreases with
depth (A, =1 x 107 cm?s°! in the surface level decreasing
gradually toward 0.5 x 107 cm?s™! at depth [after Bryan and
Lewis, 1979; Toggweiler et al., 1989], Table 2). Surface T and
S are restored to the climatological values of Levitus [1982] as
indicated above.

The next two experiments examine the effect of changes to
the surface thermohaline forcing on the interior ocean ventila-
tion pattern. Several investigators have been able to achieve
fairly realistic deep and bottom water properties by setting the
restoration salinity to high values (34.8 to 35.0 psu) at a lim-
ited number of grid points adjacent to Antarctica (see
Toggweiler and Samuels [1995] for a review). The “Antarctic
Salt” (AAS) experiment examines the impact of using such a
technique. It differs from the control only in that the restoring
salinity is increased to 35.00 psu for all ocean grid boxes at
latitudes 77.8°S and 73.4°S during three wintertime months
(i.e., the two southernmost latitude rows, similar to England
[1993]). We also reduce the salinity restoring timescale to
only 10 days during the winter months to ensure high salini-
ties during this period. The peak wintertime shelf water salin-
ity increases from 34.41 psu in CTRL to 34.95 in AAS, and
this greatly enhances the density and production rate of the
model’s Antarctic Bottom Water (AABW). We anticipate that
this may in turn act to restrict deep convection to the south-
ernmost grid points in the Weddell and Ross Seas, so possibly
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Table 2. Vertical Grid Spacing and the Vertical, Horizontal,
and Isopycnal Mixing Coefficients used in the Model Runs

Level AZ Z Ay AHH Ap
1 50.9 50.9  0.305  0.98 x 10’ 4.80 x 107
2 68.4 1193  0.306 092 x 107 4.37 x 107
3 1004 2197 0.307  0.86x 107 3.85 x 107
4 1511 3708  0.310 0.78 x 107 3.22 X 107
5 2240 5948  0.314  0.69 x 107 2.52 x 107
6 3196 9144  0.321 0.61 x 107 1.88 x 107
7 4325 13469  0.339  0.55x 107 1.42 x 107
8 551.0 18979  0.393  0.52x 107 1.16 x 107
9 6609 25588  0.887  0.51x 107 1.05 x 107
10 7519 33107 1.236  0.50 x 107 1.01 x 107
11 8204 4131.1 1.280  0.50x 107 1.00 x 107
12 8689 50000 1.300  0.50 x 107 1.00 x 107
1 50.9 50.9 0.305  0.98 x 107 4.80 x 107
2 61.4 1123 0.306 092 x 107 4.40 x 107
3 73.6 1859 0.307  0.87 x 107 3.97 x 107
4 85.9 271.8  0.308  0.82x 107 3.53 x 107
5 99.0 3708 0.310  0.76 x 107 3.10 x 107
6 1075 4783  0.312  0.71x 107 2.71 x 107
7 1165 5948  0.314 0.67 x 107 2.37 % 107
8 1438 7386 0.317  0.63 x 107 2.05 x 107
9 1758 9144 0322  0.60 x 107 1.77 x 107
10 1946 11090 0.328  0.57 x 107 1.53 x 107
11 2379 13469  0.339 0.54 % 107 1.34 x 107
12 2630 16099 0.357  0.53 x 107 1.21 x 107
13 2880 18979 0.393  0.52x 107 1.12 x 107
14 3172 22151 0.496 051 x 107 1.07 x 107
15 3437 25588 0.886 051 x 107 1.03 x 107
16 3609 29197 1.162 0.50 x 107 1.02 x 107
17 3910 33107 1.236  0.50 x 107 1.01 x 107
18 4040 37147 1.264  0.50x 107 1.00 x 107
19 4164 4131.1  1.280 0.50 x 107 1.00 x 107
20 4258 45559  1.289 0.50 x 107 1.00 x 107
21 4441 50000 1.295 0.50 x 107 1.00 x 107

Grid box thickness (AZ) and depth of the base of each model level
(Z) are shown for both the 12 and 21 level cases. Also shown are val-
ues of the vertical (A,,), horizontal (A,,), and isopycnal (A,) diffu-
sivities adopted. Mixing parameters are fixed in experiments CTRL,
AAS and NAW (with A, = 0). In ISOP, A is nonzero (taking values as
shown above), and A, is constant (0.75 X 107 cm?s™'). In experi-
ment GM, AHH is zero everywhere, and the extra mixing term of Gent
et al. [1995] is included (with k=1 X 107 cm?s)).

reduce the overall ventilation rate and CFC uptake of the
Southern Ocean. However, Toggweiler and Samuels [1995]
have criticized this method because it might require unrealisti-
cally large heat and freshwater fluxes over the Antarctic seas.

Their model was unfortunately carried out with annual mean

forcing conditions even though previous studies [e.g.,
England, 1993] restrict the adjusted salinity condition to three
wintertime months.
Antarctic surface fluxes of this and other runs.

Details of the thermohaline forcing in the North Atlantic
can also have a significant effect on the deep density of the
Southern Ocean [England, 1993]. This is because the NADW

flowing southward out of the Atlantic basin contributes sub-

stantially to the Circumpolar Deep Water (CDW), which is the
major subsurface water mass south of the ACC. The lower
NADW in the model of England et al. [1994] is too buoyant by
about 0.3 kg m™3. This discrepancy partly results from peak

wintertime densities of surface water in the subpolar North .

: Atlantic falling well short of observed values (because of the
finite timescale for surface restoration in conjunction with a
large annual cycle of surface density and other factors). In the

We shall therefore also examine the:
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“second experiment, “North Atlantic Winter” (NAW), the sur-

face densities are forced to be close to climatological values by
using a very short restoration timescale over the North
Atlantic. The experiment differs from CTRL only in that the
restoring coefficient for both T and S is reduced to (10 days)'1
in the Atlantic Ocean and associated seas north of 45°N, during
three wintertime months. The shorter timescale on surface
restoring ensures genuine wintertime conditions in the far
North Atlantic, with surface waters becoming realistically cold
and saline. For example, peak surface density (Gg) in the
Greenland-Norwegian Sea increases from 27.74 kg m3 in
CTRL to 27.98 kg m™ in experiment NAW, which is nearly
identical to the peak wintertime value of 27.97 kg m™3 implied
from the Levitus [1982] climatology. Consequently, the den-
sity and production rate of NADW is substantially increased.
The next two experiments feature introduction of parameter-
izations for the effect of mesoscale eddies. In the first such
experiment, “Isopycnal Mixing” (ISOP), the widely used
scheme of M.D. Cox (unpublished manuscript, 1987) is
adopted to include the effect of tracer diffusion along the
isopycnal surfaces. This scheme has been shown to have only
a minor effect on the deep density field [England, 1993; Hirst
and Cai, 1994] but is included here because it creates additional
pathways for penetration of CFC into the ocean interior (by
diffusion along the isopycnal surfaces). Specifically, the ISOP
experiment differs from the control only in that a mixing of
tracers is included along the isopycnal surfaces [after Redi,
1982; M.D. Cox, unpublished manuscript, 1987], and the hor-
izontal diffusivity is changed to a constant value of Ay, = 0.75

x 107 cm? s°!. This represents a decrease in horizontal diffu-
sivity in the upper 370.8 m, although an increase in the deeper
model levels. This is in contrast to other studies whereby the
depth profile of horizontal diffusivity is decreased uniformly
when isopycnal mixing is adopted [e.g., Cummins et al.,
1990; England, 1993; Boning et al., 1995]. However, we
have chosen to follow the choice of isopycnal and horizontal
diffusivity exactly as in the study of Manabe et al. [1991,
1992] in order to make direct comparison with their model.
While the value of A, is constant in ISOP, the isopycnal dif-
fusion decreases with depth between surface and deep values
(5.0 x 107 cm?s”! in the surface layer gradually decreasing to
1.0 x 107 cm? s’ at depth; Table 2).

The final experiment, “GM”, features the scheme of Gent
and McWilliams [1990] and Gent et al. [1995] for representing
-adiabatic transport effects of baroclinic eddies. The results of
Danabasoglu et al. [1994], England [1995], Danabasoglu and
McWilliams [1995] and Hirst and McDougall [1996] demon--
strate that use of this scheme results in marked increases in the
deep water density and an associated reduction in convection.
-Some of these studies indicate improvements in the steady
state simulation of deep temperature and salinity, although the
sensitivity of transient ventilation rates to the scheme has
only been partly explored [Duffy et al., 1995; England, 1995;
Robitaille and Weaver, 1995; McDougall et al., 1996].

Specifically, the GM experiment differs from the control in
that (1) a parameterization is included for the effects of eddy-
induced transport as per Gent and McWilliams [1990] and Gent
et al. [1995], (2) an isopycnal tracer diffusivity is included as
per experiment ISOP, (3) the horizontal diffusivity is set to
zero, and (4) the number of model levels is increased to 21. It

* may be noted that the eddy-induced velocity of the Gent et al.

[1995] method is not in fact due to bolus advection. Rather, as



ENGLAND AND HIRST: CHLOROFLUOROCARBON UPTAKE IN A WORLD OCEAN MODEL, 2

has been shown by McDougall and Mclntosh [1996], the extra
advection that is provided by the two-dimensional streamfunc-
tion of the Gent and McWilliams [1990] method, when added
to the resolved-scale Eulerian velocity of an ocean model,
yields the temporal-residual-mean velocity. McDougall et al.
[1996] have pointed out that this implies that the eddy-induced
velocity is due to the sum of the bolus velocity and the differ-
ence between the velocity averaged at constant density and at
constant height.

The implementation of the Gent et al. [1995] parameteriza-
tion is as detailed by Hirst and McDougall [1996]. The diffu-
sivity which determines the strength of the eddy-induced trans-
ports is set at 1.0 x 107 cm? s*! [after Danabasoglu et al.,
1994; Hirst and McDougall, 1996; Rix and Willebrand, 1996).
A highly desirable feature of the Gent et al. [1995] parameteri-
zation is that it allows the model to be run with small or zero
horizontal diffusivity. There is little physical justification for
inclusion of horizontal diffusivity [e.g., McDougall and
Church, 1986], and it is retained in the other experiments
solely to ensure numerical stability. It has been shown to sig-
nificantly degrade model solutions, for example, by facilitat-
ing unrealistically large diapycnal fluxes of buoyancy and by
inducing large diapycnal volume transports [e.g., Veronis,
1975; Béning et al., 1995; Hirst et al., 1996]. We increase
the number of model levels here in order to achieve the level of
numerical stability found necessary to run the model without
horizontal diffusivity. The model levels for the GM experi-
ment are listed in Table 2 and are chosen in such a way as to
ensure that no changes to the model topography were neces-
sary (since all model bathymetric features are at least 370.8 m
deep). The ISOP and CTRL experiments were also rerun with
the 21 levels used in GM, with little change in results for CFC
uptake and overall model ventilation rates.

Ocean models which employ the Gent et al. [1995] scheme
and have zero horizontal diffusivity frequently display some
locally pronounced numerical noise. Under certain conditions,
more serious numerical distortion of the tracer fields appears to
occur (e.g., see examples discussed by Hirst and McDougall
[1996]). The present GM experiment may provide a useful test
in this regard because CFC concentrations should not be less
than zero, so development of any regions with negative CFC
concentration indicate tracer field contamination problems. In
our CFC integration under GM the strongest negative values of
CFC at any given level are at most 8% of the principal CFC
signal at that depth (similar magnitude negative values are
found in CTRL though not in ISOP). This indicates only minor
numerical distortion of the penetrating CFC signal under GM.

3. Circulation, Density, and Convection
in the Model Experiments

Three properties of the ocean simulation of particular inter-
est are the circulation, vertical convection, and the shape of
interior density surfaces. Together these three parameters de-
fine the deep ocean uptake rate of CFC in the model experi-
ments.
the vertical convection and interior ocean currents, the shape
of density surfaces also influences interior CFC mixing rates
in experiments ISOP and GM. Overall, the model ocean venti-
lation is determined by convection, mixing, and vertical ve-
locity in regions of water mass formation and, in addition, by

" not shown.

While all model cases are ventilated as a function of
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the interior circulation and diffusion in regions not directly re-
newed by water at the sea surface.

A synthesis of vertical and horizontal motion is found in a
map of the model meridional overturning. Exact ventilation
rates must, however, be calculated from the exact velocity
fields since the timescale for ocean circulation is determined
not by net transport rates but by ocean current speeds.
Nevertheless, the merging of two circulation aspects in the
one map makes the meridional overturning a useful diagnostic
of our model ocean circulation. Along with the convection
patterns in the model and the shape of isopycnal surfaces in
experiments ISOP and GM, CFC distributions can be largely
explained in terms of these three circulation diagnostics.

Two caveats should be mentioned concerning vertical tracer
communication in the model. First, the model parameteriza-
tion of convection does not strictly involve a circulation;
tracers are mixed vertically outside any calculation of vertical
motion. Second, the vertical motion itself is not a prognostic
variable of the model; it is simply determined diagnostically
through the continuity equation.

3.1. Meridional Overturning

Figure 1 shows the meridional overturning streamfunction
in experiments CTRL, AAS, NAW, and GM for the globe
(upper panel) and the Atlantic sector (lower panel). That for
experiment ISOP is little changed from the control and so is
Key features for all five experiments are also
summarized in Table 3. Compared to the control run, the in-
creased wintertime salinity forcing in experiment AAS leads to
enhancement of the direct Antarctic cell (centered near 65°S

. and 2000 m depth) and to a lesser extent the deep cell (centered

near 20°S and 3200 m depth). These cells are associated with
AABW production and outflow. The AABW is much saltier and
denser than in the control run, and this strongly affects salin-
ity and density of the deep ocean (Table 3, see also England
[1993]). However, the remainder of the overturning circula-
tion appears only slightly affected.

The increased wintertime North Atlantic forcing in experi-
ment NAW leads to a much enhanced overturning circulation in

" the Atlantic, with the outflow of NADW more than doubling

that in the control run. There is some weakening of the direct
Antarctic cell in this case. The outflowing NADW is also much
denser, with 0 and S at the core of the Deep Western Boundary
Current at 30°S changing from the control by up to -1.38°C
and +0.33 psu, respectively. This change in output volume
and density (up to 0.16 kg m3) again substantially increases
the density of the deep ocean (Table 3). The enhanced NADW
outflow partly suppresses the inflow of WSBW in the Atlantic
sector (dropping from 5.3 to 3.2 Sv, Table 3). The AABW
production rate also drops (by 6.4 Sv) in response to the en-
hanced NADW outflow. Overall, we might expect an increase
in advection of the CFC signal into the deep Southern and
North Atlantic Oceans, respectively, for the cases AAS and
NAW, on the basis of changes in the meridional overturn
alone.

The effective transport velocity (i.e., resolved Eulerian ve-
locity plus eddy-induced transport velocity) is used to calculate
the overturning streamfunction for experiment GM (Figures 1g
and 1h), since this quantity is the most relevant to the redistri-
bution of tracers. The resulting pattern of overturning is quali-
tatively quite different to that in the other four cases. As ex-
pected from Gent et al. [1995], Danabasoglu et al. [1994], and
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Figure 1. Annual mean global meridional overturning (Sv, 1 Sv = 106 m3 s’!) in experiments CTRL, AAS,
NAW, and GM. Also shown is the overturning streamfunction in the Atlantic sector. No contours are drawn in
the Atlantic Ocean where the model is zonally unbounded. Contours are drawn at 4 Sv and 3 Sv intervals, re-
spectively. Meridional overturning values shown for experiment GM include the additional tracer advection

transports of Gent et al. [1995].

Danabasoglu and McWilliams [1995], the Deacon cell is very

weak (because the indirect cell of the resolved Eulerian trans-

port is partly cancelled by a direct cell resulting from the eddy-
induced transport). Also, the direct Antarctic cell is dramati-
cally weakened and now appears as an extension of the deep

cell. Further, the Atlantic overturning circulation weakens
moderately, and the outflow of NADW shoals (it should be
noted, however, that the eddy advection terms act to enhance
the NADW production and outflow rates by about 1-2 Sv; it is
the resolved Eulerian overturning that weakens in GM com-
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Table 3. Selected Circulation and Water Mass Properties of the Five Ocean Experiments

Experiment NADW NADW AABW WSBW ACC, 910 Sio So.10 G310

(Production)  (Outflow) (Production)  (Atlantic) Sv °C psu kg m?3 kg m?>
CIRL 20.1 8.5 30.9 5.3 148 2.24 34.43 27.52 40.94
AAS 18.4 6.8 41.2 62 159 2.26 34.69 27.73 41.13
NAW 28.5 17.3 22.1 32 131 2.81 34.60 27.61 40.98
ISOP 19.3 8.1 29.4 52 142 1.24 34.26 27.46 40.95
GM 12.9 6.9 7.6 44 101 -0.19 34.44 27.69 41.29
Observed 17.0 15.0 15.0 5.0 134 1.51 34.74 27.83 41.29

The production rates of NADW and AABW are defined as the maximum overturning rates in the North Atlantic and Antarctic thermohali{lc
cells, respectively. The outflow of NADW is defined as the rate of outflow of water of North Atlantic origin across the latitude at the southerp tip
of South Africa (32°S). The table also indicates the amount of Weddell Sea Bottom Water (WSBW) that flows into the Atlantic scgtor and recircu-
lates under NADW (e.g., Figure 1). Meridional overturning values shown for experiment GM include the additional tracer advectlor} transports of
Gent et al. [1995]. The ACC transport is defined as that flowing through the Drake Passage, while (89, S;0) is the global-mean 6-S signature sim-
ulated at level 10 (i.e., 2935 m depth). Global mean in situ (G3 ;o) and potential (G ;o) density at 2935 m depth are also shown. Values shown at
2935 m depth in experiment GM are obtained by interpolation of neighboring model levels (Table 2). Observed estimates of these parameters are
also included (deep and bottom water formation rates taken from Schmitz [1995] and Rintoul [1991]; ACC transport is from Nowlin and Klinck

[1986], and hydrographic parameters are from Levitus [1982]).

pared with ISOP). In view of these changes in the global
meridional overturning we would expect advection of the CFC
signal into the ocean interior to be weaker in experiment GM
than in the other cases.

3.2. Deep Water Density and Stratification

The occurrence of convection is, of course, governed by the
stratification of the water column, and there are major changes
in stratification between the experiments. Figure 2a shows
profiles of potential density averaged over the Southern Ocean
between 50°S and 65°S for each experiment and from the
Olbers et al. [1992] climatology. Panel 2b shows the corre-
sponding mean depth profiles of CFC-11 in each of the five
model experiments during 1994. The control and isopycnal
mixing runs show unrealistically weak stratification in the up-
per 1500 m of the water column in the region, primarily be-

cause of insufficient density of the interior water (Figure 2a).

This permits extensive surface water convective overturn in
these cases (see section 3.3), enabling high levels of CFC up-

take in these runs (Figure 2b). There is a clear correspondence |

between weak stratification and high CFC content in the model
experiments, indicating the importance of convective overturn
in ventilating the model Southern Ocean on annual to decadal
timescales.

While surface densities are little changed between the runs
(because of the local surface restoration); AAS, NAW, and GM
display substantial increases in the subsurface density, and
thus strengthened stratification, over that in CTRL. This is
particularly the case for experiment GM, whose density profile
most closely resembles the shape and magnitude of the obser-
vations (though it should be noted this is achieved largely by
compensating errors in deep T and S; Table 3). The subsurface
density increases in the AAS and NAW runs reflect input of
much denser AABW and NADW, respectively, resulting from
the isolated changes in surface forcing in those cases. Despite
the relatively weak overturning in GM, all deep water types
(including NADW) are considerably denser in this experiment
than in the control run. The increase in the GM case is charac-
teristic of runs employing the Gent and McWilliams [1990]
scheme and results from elimination of horizontal difflisivity
and other factors [Danabasoglu et al., 1994; Duffy et al., 1995;
Danabasoglu and McWilliams, 1995; Hirst and McDougall,

1996]. Such changes in stratification have a substantial effect
on the extent of convective adjustment.

In experiments ISOP and GM the orientation of density sur-
faces influences interior mixing rates (through the isopycnal
mixing scheme of Redi [1982]). Plate 1 shows a zonal mean of

“the estimated trajectories followed by isopycnal tracer diffu-

sion in the Southern Ocean (the model’s neutral surfaces
[McDougall, 1987]). The neutral surface trajectories are esti-
mated following the method of Reid [1981, 1989], where sur-
faces are assumed to follow contours of potential density refer-
enced to the surface in the upper 540 m, to 1500 m over the in-
terval 540 m to 2300 m, and to 3000 m at depths below 2300
m. Also shown are the corresponding neutral surfaces from the
Olbers et al. [1992] climatology of the Southern Ocean.
Superposed on the density surface maps are the concentrations
of oxygen (observed annual mean [Olbers et al., 1992]) and
CFC-11 (simulated annual mean during 1994).

In experiment ISOP, isopycnal surfaces are spuriously steep
in the Southern Ocean in the upper 1500 m, with little vertical
stratification south of 50°S. This permits a pathway of rapid
vertical penetration of surface water properties compared with
the real ocean. The climatological map (Plate 1a) shows
markedly flatter isopycnal surfaces, with older oxygen-de-
pleted CDW upwelling from the north at this latitude, with a
strong vertical stratification of density layers in the surface
500 m. The oxygen signal suggests little downward penetra-
tion of surface waters at 50°S to 70°S. Experiment GM ex-
hibits a more realistic neutral surface orientation in the .
Southern Ocean. Density layers are flatter, and this inhibits
vertical penetration by isopycnal mixing in the circumpolar
region.

3.3. Vertical Convection

In the context of CFC uptake simulations the convective ac-
tivity of the model is somewhat more important than the
meridional overturning. This is because the timescale for con-

_vective adjustment in the ocean (hours to days) is much more

rapid than the timescale for vertical motion. For example, the
vertical motion (or meridional overturning) requires just over
30 years to take some surface level information (e.g., newly
introduced CFCs) to 1000 m depth, based on a generous scale

vertical velocity of 106 m s'!. Convection in the model effi-
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Figure 2. (a) Mean depth profile of potential density aver- -

aged over the Southern Ocean between 50°S and 65°S for each
experiment and from the Olbers et al. [1992] climatology. (b)
Mean depth profile of CFC-11 between 50°S and 65°S in each
of the five model runs during 1994. There is insufficient CFC
data to construct such a profile from observations.

ciently homogenizes entire unstable water columns during just
.one time step (i.e., just over 1 day). The meridional overturn-
ing maps are more relevant, in the CFC context, for showing
ventilation rates from regions of convective activity (e.g., the
outflow rate of NADW).

Figure 3 shows the maximum surface layer convection depth
in four of the five experiments over the World Ocean
(convection in the ISOP experiment is very similar to the
CTRL case, England [1995], and so is not shown here). The
maps are derived from determination of the depth attained by
convective adjustment from the surface at each time step during
an annual cycle of the equilibrated model runs. Included in
Figure 3d and the analysis for the ISOP case are those regions
where the slope of the isopycnal surfaces exceeds 1 part in 100
(corresponding to the maximum slope set for isopycnal diffu-
sion), which generates vertical diffusion terms that partly re-
place explicit convective mixing [Hirst and Cai, 1994]. The
first four cases all show extensive deep convection in the
Southern Ocean. In AAS the wintertime influx of salt leads to
very deep convection in the far south Ross and Weddell Seas,
.with the resulting denser deep water inhibiting some convec-
tion in the Southern Ocean (near 60°S; Figure 3b). The denser
inflow of NADW in case NAW yields only a very minor reduc-
- tion in convective activity in the Southern Ocean from that in
CTRL. The convection in ISOP is also little changed, which is
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again consistent with the relatively minor effect that the
isopycnal tracer diffusion has on the density field.

The widespread deep convection found in these cases be-
tween 55°S and 70°S conflicts with observations, which show
that this band is mostly characterized by upwelling of old
CDW and shallow surface mixed layers [e.g., Olbers et al.,
1992] (Plate la). This striking discrepancy between observed
and modeled circulation in the Southern Ocean is likely to gen-
erate quite erroneous CFC distributions. In contrast to the
above cases, convection in the GM case is largely limited to
the Antarctic shelf and north of the polar frontal zone (both
thought to be regions of convective mixed layer formation
[e.g., McCartney, 1977; Killworth, 1983]).

The pattern of convection in the North Atlantic varies less
between the cases than that in the Southern Ocean. Cases
CTRL, AAS, and ISOP all yield similar patterns. North
Atlantic convection is slightly stronger in the NAW case, with
maximum convective mixed layer depths increasing from 1347
m (CTRL) to 1898 m (NAW) in the Greenland Sea. Similar in-
creases in convection depths are noted elsewhere in NAW.
Convective overturn is moderately weaker in the GM case,
with somewhat shallower penetration of convective instabil-
ity and a general reduction in the extent of the convection area.
For example, convection in the Labrador-Greenland Seas con-
tracts to a small area off southeast Greenland (with a maximum
depth of convection of only 739 m). Reduced convection in
GM is due to a general densification of deep and bottom waters
in that model run, leading to enhanced upper ocean stratifica-
tion and shallower winter mixed layers.

The above patterns mostly reflect the depth achieved by late
winter convection. Also important in CFC penetration is the
duration of convection during the course of the year. For ex-
ample, under the Wanninkhof [1992] gas flux parameteriza-
tion, CFC-11 concentrations in a column of well mixed water
1000 m deep approach saturation via the surface gas flux with a
timescale of around 300 days (assuming a typical wind speed of
10 m s7! in waters of temperature 0-5°C). Clearly, subsurface
CFC concentrations in such a column will much more quickly
increase toward saturation if convective mixing occurs all
year, rather than just for a few weeks each year. Figure 4 shows
summertime (July-September, northern hemisphere; January-
March, southern hemisphere) maximum depth of convection

- for CTRL, AAS, NAW, and GM cases. The CTRL case shows

that deep convection continues in parts of the North Atlantic
and Southern Oceans even in summer. In NAW the relatively
dense subsurface water created during wintertime results in
much reduced convection in the northern hemisphere during
the remainder of the year. Similarly, Ross and Weddell Sea
convection is largely limited to wintertime months in experi-
ment AAS (in contrast to CTRL and NAW). Case ISOP (not
shown) has a pattern similar to that of CTRL. The GM case
yields almost no summertime convection deeper than 120 m.

The marked overall reduction in convection in the GM case
is broadly consistent with the findings of Danabasoglu et al.
[1994], Danabasoglu and McWilliams [1995], and Hirst and
McDougall [1996]. Together with the generally reduced rate of
overturning and slope of isopycnal surfaces, we may anticipate
that CFC penetration in this case will be significantly less
than in the other four experiments.

4. Heat and Freshwater Flux Sensitivity
to Surface T-S Forcing

Adjusting the surface thermohaline forcing conditions in
experiments AAS and NAW will affect the implied heat and
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Plate 1. Zonal mean neutral surface trajectories estimated following the method of Reid [1981, 1989].
Surfaces are assumed to follow contours of potential density referenced to the surface in the upper 540 m, refer-
enced to 1500 m over the interval 540 to 2300 m, and referenced to 3000 m at depths below 2300 m. (a) From
the Olbers et al. [1992] climatology of the Southern Ocean, (b) experiment ISOP, and (c) experiment GM.
Superposed on the density surface maps are the concentration of dissolved oxygen (observed annual mean
[Olbers et al., 1992]) (Plate 1a) and the annual mean CFC-11 simulated during 1994 in experiments ISOP and

GM (Plates 1b and 1c).
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Figure 3. Maximum depth of surface level convective overturn (in meters) during a complete annual cycle of
the equilibrated ocean model experiments. Contours are chosen that coincide with successive model level
depths. Regions of convective overturn greater than 120 m (i.e., the upper 3 model levels) are shaded.
Experiment ISOP is very similar to CTRL and so is not shown.

freshwater fluxes at the air-sea interface. It is important to ex- Observed estimates of freshwater export from the Weddell
amine to what degree the new surface fluxes are in agreement and Ross Seas are sparse. Jacobs et al. [1985] estimate a net
with observations. Figure 5 compares the implied freshwater ~ freshwater loss of 0.44 m yr'! for the Ross Sea; made up of
fluxes in experiments CTRL and AAS over the far Southern 0.95 m yr'! freshwater loss due to the formation and removal
Ocean, as well as the surface heat fluxes in CTRL and NAW  of sea ice, offset by glacial meltwater (0.36 m yr!) and precip-
over the northern North Atlantic. . itation minus evaporation (0.15 m yr'l). Zwally et al. [1985]
Changing the restoring salinity off Antarctica in AAS dur- estimate much greater rates of sea-ice formation (4.6 to 7.8 m
ing three wintertime months implies a higher net freshwater yr'! for the entire Antarctic shelf); while recent coupled ice-
loss in that experiment. The effective freshwater flux adjacent atmosphere models suggest an annual mean freshwater loss of
to Antarctica is balanced by interior ocean export of saline sur-  order 1 m yr'! for both the Ross and Weddell Seas [e.g., Wu et
face water (primarily by convection and lateral diffusion). The al., 1997].
area-weighted mean net freshwater export from the Weddell It therefore appears that under a Cartesian mixing scheme
(Ross) Sea south of 71°S increases from 0.15 m yr'1 (0.02 m the technique of enhancing Antarctic salinities can lead to spu-
yr-'!) in CTRL to 2.90 m yr! (1.99 m yr'l) in AAS. However, rious freshwater fluxes, particularly when the enhancement oc-
it should be noted that the regions of high net freshwater loss  curs over deep regions of the model domain. In a previous
in AAS are concentrated in only a few model grid points in the  study, England [1993] used a similar salt flux technique in a
eastern Ross and Weddell Seas (Figure 5b), where the model  model with isopycnal mixing and a more substantial recircula-
bathymetry is quite deep. High freshwater loss is required here  tion of saline CDW in the Southern Ocean. In that case, an an-
to balance very deep convective overturn of saline water during  nual mean freshwater loss of only 0.55 m yr'!l was diagnosed
wintertime. Future studies are planned to examine the impacts ~ for waters south of 71°S. The lower values of implied freshwa-
of Antarctic salt adjustments when they are more realistically  ter loss in that case are likely to be due to the higher near-shelf
limited to the continental shelves of the Ross and Weddell salinities of upwelled CDW (thereby reducing the required
Seas. fluxes to maintain high surface salinities during winter), as
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Figure 4. As in Figure 3, only showing maximum depth of surface level convective overturn (in meters) dur-
ing summertime months (July-September in the northern hemisphere, January-March in the southern hemi-

sphere).

well as reduced lateral mixing (which weakens the removal of
high salinity shelf water by unrealistic horizontal diffusion).

The shorter wintertime restoring timescale used in experi-
ment NAW greatly enhances North Atlantic surface heat fluxes
in that model run. Annual and regional mean net surface heat
loss in the Greenland and Labrador Seas is substantially in-
creased in NAW. Compared with a maximum annual mean sur-
face heat loss of order 90 W m2 in the climatology of
Esbenson and Kushnir [1981], the NAW experiment loses as
much as 730 Wm-"2 in an isolated grid point south of
Greenland (Figure 5d). In comparison, CTRL exhibits a more
smoothly varying field of implied surface heat loss, with a rel-
ative annual mean maximum of 186 W m2 southeast of
Greenland. In summary, experiment NAW requires artificially
high net surface heat fluxes to maintain near-observed T-S dur-
ing wintertime months in the North Atlantic.

5. Including CFC Uptake in the Model

To run a simulation of CFC uptake, we take the equilibrated
ocean circulation model (typically derived from a 3000- to
4000-year integration) and restart the integration with two ad-
ditional tracers (CFC-11 and CFC-12) initially at zero concen-
tration everywhere. The model is then run nominally from

“year 1930 until the end of 1995 with an uptake of the atmo-

spheric gases CFC-11 and CFC-12. The industrial release of
these gases began in the early 1930s and accelerated greatly
during the next 3 decades [see England, 1995, Figure 1].

. Despite the discovery that CFCs destroy stratospheric ozone

[Molina and Rowland, 1974], the atmospheric concentration
of these gases has continued to rise until recently [Elkins et
al., 1993]. Even though virtually all production and release of
CFCs has occurred in the northern hemisphere, rapid mixing
rates in the lower atmosphere and the chemical stability of
CFCs ensure relatively uniform distributions of these gases
over the troposphere. We assume that the latitudinal variation
of atmospheric CFC concentration is small enough to be ap-
proximated by a function of hemisphere and time (Figure 1 in
part 1).

The forcing of CFC fluxes in the present study is similar to
the most realistic case presented in part 1 (i.e., experiment
“CF4”). The parameterized uptake of CFC-11 and CFC-12 fol-
lows the physical law governing air-sea gas exchange,
namely,

Q=k (MCyry - Cy) )

where Q is the gas flux across the air-sea interface (fluxes from
the atmosphere into the ocean are positive), k is the gas trans-
fer speed, Ol is the solubility coefficient of the given gas, C,,
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(a) and (b) Diagnosed annual mean freshwater fluxes (in meters per year) in experiments CTRL and

AAS over the far Southern Ocean. (c) and (d) Diagnosed annual mean surface heat fluxes (in Watts per square
meter) in experiments CTRL and NAW over the northern North Atlantic. Stippled regions denote a surface
freshwater gain in Figures 5a and 5b and a surface heat loss in Figures 5c and 5d.

is the atmospheric concentration over the sea surface, and C,,
is the concentration of the given gas in the near-surface seawa-
ter. For a gas whose seawater and atmospheric concentrations
are known, and whose solubility properties are understood,
calculating the gas flux simply requires a parameterization of
the gas transfer velocity k. In the present series of gas uptake
experiments, k is parameterized according to the relation
(following Wanninkhof [1992] with an additional sea-ice
factor)

k=k,u?[1-R]/VSc V)
where k is a constant (7.964) derived from bomb-produced ra-
diocarbon invasion rates into the ocean (which includes im-
plicitly the Schmidt number for 14C), u is the climatological
wind speed (in meters per second), R is the fraction of sea-ice
cover (derived from Parkinson et al. [1987] and Comiso et al.
[1993]), and Sc is the Schmidt number for the given gas. In
the calculation of k we reference the Esbenson and Kushnir
[1981] seasonally varying wind speeds and compute Sc as a
function of climatological temperature for each gas. That is, k
varies seasonally on account of seasonal changes in the sur-
face wind speed, sea-ice cover, and upper level temperature
(through its determination of the Schmidt number Sc).

The solubilities of CFC-11 and CFC-12 in seawater have
been derived experimentally by Warner and Weiss [1985]. In
moist air and at a given pressure (assumed to be constant at 1
atm) the solubility of CFC-11 and CFC-12 varies as a function
of temperature and salinity, though in seawater the temperature
dependence greatly outweighs the influence of salinity. We
reference the seasonal T and S climatology (not the predicted
model T-S) to compute the in situ solubility of CFC-11 and
CFC-12. This is done to ensure that each of the five ocean
states has the same reference saturation levels of CFC-11 and
CFC-12. Actual surface level concentrations will then vary ac-

cording to differences in simulated convection and vertical mo-
tions. Differences in surface level temperature between the
cases will not directly affect the upper level CFC concentration
through the solubility term, only indirectly through its influ-
ence on convection and vertical motion patterns. Extensive
tests reveal that using the seasonal T-S climatology (as op-

posed to the model predicted T-S) to compute the solubility of
CFC results in order 5-8% higher (lower) upper ocean CFC

concentrations during winter (summer), due largely to a damp-
ing of the seasonal cycle by the model thermohaline forcing.

In part 1 it was shown that the wind speed dependent param-
eterization of surface CFC exchange reproduced many of the
subtle variations in upper ocean saturation levels, namely, un-
dersaturation in regions of deep convective overturn and near-
surface upwelling and supersaturation in the summer mixed
layer. In addition, the sea-ice factor realistically limits the air-
sea gas transfer in direct proportion to the observed seasonally
varying sea-ice coverage (see part 1). As has been explained
above, in spite of the variations in ocean conditions between
experiments, a controlled surface forcing has been adopted to
minimize the uncertainties in analyzing the different CFC sim-
ulations from one experiment to the next. This includes using
identical in situ solubility distributions, wind speeds, sea-ice
coverage, and Schmidt numbers in each of the five experi-
ments. Variations in the CFC simulations then result only as a
function of differing vertical overturn and circulation between
the respective experiments.

6. CFC Uptake in the Ocean Model
Experiments

6.1. Air-Sea CFC Fluxes

Figure 6 shows the annual mean air-sea flux of CFC-11 in
each of the five model experiments during 1983, as well as a
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Figure 6. Annual mean air-sea CFC-11 flux in each of the five model experiments during 1983, as well as a
panel showing the corresponding globally integrated CFC uptake as a function of latitude. Contour interval is
2 pmol kg'! yrl. Stippled regions denote a net ocean CFC-11 uptake in excess of 2 pmol kg! during 1983.
The global-integral values are obtained from a zonal integral of the surface gas fluxes in pmol kg! yrl; con-
verted to an amount of CFC-11 uptake in kg m™! yr'! noting that the molecular weight of CFC-11 (CCI3F) is
137.36 gm mol), the density of surface seawater is order 1025 kg m™3, and the depth of the upper model level

is 50.9 m.

panel showing the corresponding globally integrated CFC up-
take as a function of latitude. Spatial variations in CFC uptake
are similar in other years because the pattern of ocean uptake is
determined by the model ocean circulation and convection
structure, which exhibit little interannual variability. The net

globally integrated uptake of CFC-11 evolves as a function of
the atmospheric history of the gas and the model ocean circula-
tion patterns. Apart from small interseasonal variations (due
to the seasonally varying ocean overturn cycle), the net CFC
uptake broadly increases with time.
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Figure 7. Latitude-depth sections of dissolved CFC-11 along the prime meridian during late 1983. (a)
Observed (redrafted from Warner and Weiss [1992]) and (b)-(f) experiments CTRL, AAS, NAW, ISOP, and GM.
To be consistent with observational studies, contour levels are drawn at 0.015, 0.03, 0.05, 0.1, 0.2, 0.4, 0.8,

1.6, and 3.2 pmol kg'l.

A comparison with Figure 3 indicates that the pattern of
CFC surface exchange is substantially tied to the pattern of
convection. Convection results in the rapid mixing of CFC-
rich surface water with CFC-deficient subsurface water, with
consequent reduction of surface CFC concentration and so a
large air to sea flux of CFC. An exception occurs in all cases
in the Ross and Weddell Seas, where extensive sea-ice cover
limits air-sea CFC exchange, despite the occurrence of deep

convection. The CFC flux into the Southern Ocean appears re-

duced in the AAS case from that in CTRL, in part because of re-
duced convection north of 70°S and in part because the very in-
tense convection associated with the wintertime salinity en-
hancement occurs in regions of high coverage of sea-ice. The
ISOP experiment exhibits the strongest air-sea CFC fluxes
over the Southern Ocean due to rapid overturn of surface waters
by either explicit vertical convection or relatively rapid mix-
ing along steeply sloping isopycnal surfaces (see also Plate
1b).

CFC fluxes are substantially reduced in the GM case, espe-
cially in the Southern Ocean as expected on the basis of re-
duced convection and meridional overturn. However, signifi-
cant uptake in this case clearly extends beyond the limits of
penetrative convection (Figure 3d), with upwelling of old
CFC-deficient water and mixing along sloping isopycnal sur-
faces playing a significant role in maintaining below-equilib-
rium surface CFC concentrations near 55° to 70°S.

6.2. CFC Uptake in the Southern Ocean

The modeled CFC distributions in the Southern Ocean are
examined in this section with reference to observed sections of
CFC concentration across the Southern Ocean. Figure 7 shows
observed and modeled CFC-11 concentrations along the Ajax
section (October 1983 to January 1984), lying roughly at the
Greenwich meridian [Warner and Weiss, 1992]. The modeled
concentrations are the mean values during late 1983 (October
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through December). Clearly evident in Figure 7b is the exces-
sive penetration of CFC in CTRL, especially to the south of
about 55°S. The high concentration (~1 pmol kg'!) through-
out the water column east of the Weddell Sea is a direct result of
deep convection which in places extends nearly to the deep
ocean floor. In contrast, observed concentrations in excess of
just 0.3 pmol kg'! are restricted to the upper 200 m at Weddell
Sea latitudes. The AAS and NAW experiments (Figures 7c¢ and
7d) show significant reduction in CFC penetration at depths
greater than about 2000 m, but concentrations at lesser depth
remain excessive. Implementation of isopycnal tracer diffu-
sion in case ISOP (Figure 7e) clearly degrades the CFC distribu-
tion further from that in CTRL. In all other cases, some repre-
sentation of the observed CFC minimum associated with CDW
is evident, but in ISOP this feature is totally lost. Experiment
GM also displays excessive ventilation in the upper 1000 m,
but CFC concentrations at greater depths are dramatically re-
duced over those in all other runs and are in fact less than ob-
served. The contrast between GM and ISOP is particularly
marked, even though both cases include isopycnal tracer
diffusion.

The role of convection and isopycnal tracer diffusion in de-
termining ocean ventilation characteristics is further illus-
trated in Plate 2, which shows modeled CFC along the South
Atlantic Ventilation Experiment (SAVE) Section G near 25°W-
35°W (January-April, 1989) superposed on estimates of the
trajectories followed by isopycnal tracer diffusion (namely,
the model’s neutral surfaces [McDougall, 1987]). For the pur-
poses of this diagram the SAVE-G section (which was taken
southward to 55°S [Weiss et al., 1993]) is extended southwest-
ward into the Weddell Sea. No CFC data can therefore be pre-
sented south of 55°S in the observed panel. The neutral surface
trajectories are estimated following the method of Reid [1981,
1989], where surfaces are assumed to follow contours of poten-
tial density referenced to the surface in the upper 540 m, to
1500 m over the interval 540 m to 2300 m, and to 3000 m at
depths below 2300 m. Overlaying the observed SAVE-G CFC-
11 are the corresponding neutral surfaces from the Levitus
[1982] climatology of the World Ocean.

In the ISOP case (Plate 2b), extensive outcropping of deeply
penetrating neutral surfaces occurs in the Southern Ocean and
Weddell Sea. In contrast, the observed deep ocean is much
denser than in ISOP (Figure 2), and deep-ocean neutral surfaces
estimated from climatological T and S (Plate 2a) do not outcrop
in the open ocean. Thus the isopycnal tracer diffusion in ISOP
creates an additional and unrealistic pathway for penetration of

CFC into the ocean interior. In addition, horizontal tracer dif-

fusion is nonzero (0.75 x 107 cm?s!) in ISOP, yielding an ad-
ditional diffusion scale distance of about 500 km in 10 years.
With such steeply sloping isopycnal surfaces in the Southern
Ocean in ISOP this translates to a strong diapycnal flux of
CFC-11, enabling excessively rapid blending of the tracer
signal.

In the GM case (Plate 2c), deep ocean density is greater, and
deep-ocean neutral surfaces realistically do not outcrop over
the open ocean but instead only over the shelf at a few points
in the southernmost Ross and Weddell Seas. Thus the very low
values of deep CFC in the GM case reflect the absence of deep

convection and the weakness of advection and isopycnal diffu-"

sion of CFC from off the Antarctic continental shelves. In ad-
dition, a clear signal of CFC-depleted CDW is simulated in
GM, whereas case ISOP shows no such depletion. While both
cases have an advective signal of recirculating CDW at this lat-
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itude, only GM has sufficiently weak diapycnal mixing to in-
hibit the CFC signal from contaminating the older CDW. In
addition, there is much weaker isopycnal mixing downward and
northward into the older CDW as a result of much more limited
outcropping of the relevant isopycnal surfaces in GM. This
agrees well with the observed structure of CFC-11 penetration
at SAVE section G.

Figure 8 shows CFC concentrations for the SR3 section
across the Southern Ocean at approximately 150°E in 1991.
The observed section (Figure 8a) shows deepest penetration at
about 45°S, with only very shallow penetration between about
55°S and 65°S. A very thin band of recently formed AABW is
found adjacent to the Antarctic continental slope. None of the
cases capture the band of AABW well, as is expected for a
model of such coarse resolution. Otherwise, cases CTRL, AAS,
and NAW give excessive ventilation south of about 55°S, and
ISOP again gives severely excessive ventilation at most lati-
tudes. Only the GM solution appears to fairly closely repro-
duce the observed CFC distribution; particularly the strong
vertical gradients in CFC observed at 55°S to 65°S along SR3.

The overall meridional ventilation of the Southern Ocean is
summarized in Plate 1 for observations and cases ISOP and
GM. This figure includes modeled zonal mean CFC-11 content
in the Southern Ocean in 1994 overlayed with contours repre-
senting the model’s approximate neutral surfaces (as discussed
previously). For comparison, the observed annual mean oxy-
gen climatology of Olbers et al. [1992] is also shown. Both
the observed panel and the GM simulation show old waters up-
welling from 1000 to 4000 m depth at 40°S into the upper part
of the Southern Ocean near 50°-70°S. As has been discussed
previously, this is CDW which is observed to be largely de-
pleted of CFC (e.g., Figure 7a, Plate 2a, and Figure 8a). In

‘contrast, case ISOP exhibits rapid Southern Ocean ventilation

at all latitudes. Runs CTRL, AAS, and NAW (zonal mean figure
not shown) also show higher than observed CFC uptake in the
Southern Ocean. Of all the experiments, case GM captures the
most markedly depleted signal of CFC-11 in CDW. ’

The spatial pattern of deep ventilation in the Southern
QOcean is shown in Figure 9, which features CFC-11 concentra-
tions near 3 km depth for the five cases during 1983. Clearly
evident in all cases are two major sources of deep/bottom wa-
ter, namely the Ross and Weddell Seas. Subtle differences be-
tween the patterns for CTRL, AAS, and NAW primarily reflect
shifts in the pattern of deep convection between the runs. The
markedly enhanced spread of low values of CFC concentration
away from the source regions in case ISOP is apparent in
Figure 9d. Case GM (Figure 9e) features deep ventilation that
is much weaker than in all the other runs. This weakness re-
flects the absence of deep convection, the weakness of merid-
ional overturning, and the very limited access of isopycnal
tracer diffusion to the deep neutral surfaces from the ocean

~surface.

6.3. CFC Uptake in the North Atlantic Ocean

Detectable levels of dissolved CFC-11 were first measured in
the Deep Western Boundary Current (DWBC) of the North
Atlantic Ocean by Weiss et al. [1985] (see Figure 10a). Their
measurements confirm the presence of CFC-enriched waters at
the western boundary of the tropical Atlantic Ocean, with equa-
torial CFC-11 concentrations reaching 0.05 pmol kg'! near
1600 m depth by early 1983. The corresponding maps of sim-
ulated CFC-11 concentration in the DWBC in four of the model
experiments are included in Figure 10. The AAS case is almost
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Figure 8. Latitude-depth sections of dissolved CFC-11 along WOCE section SR3 across the Southern Ocean
at approximately 150°E during 1991. (a) Observed (data provided courtesy of J. L. Bullister) and (b)-(f) exper-
iments CTRL, AAS, NAW, ISOP, and GM. Contour levels are drawn at intervals of 0.5 pmol kg'l.

indistinguishable from the CTRL experiment and is therefore
not shown. The CFC data are sampled from the model ocean
during early 1983, in order to correspond with the equivalent
measurements made by Weiss et al. [1985]. The maps are cho-
sen on those geopotential surfaces that coincide with the core
of the DWBC in each case, which varies in depth from 1228 m
(experiment GM) to 2228 m (experiment NAW). This is more
appropriate than choosing the same density level as that se-
lected by Weiss et al. [1985] since the model deep water
masses are generally less dense than observed. In addition, the
Weiss et al. [1985] density surface was selected to cut through
the core of the maximum CFC signal in the DWBC.

Except for the NAW case, the model runs exhibit much
weaker CFC-11 concentrations in the western boundary out-
flow compared with observations. In effect, the model south-
ward extension of CFC-enriched upper NADW does not match
observations in experiments CTRL, AAS, ISOP, and GM.
Unlike the observed section, no deep signal of CFC-11 (in ex-
cess of 0.015 pmol kg'!) is seen near the equator off South
America in experiments CTRL, AAS, and GM, and in experi-
ment ISOP the deep signal is not restricted to the DWBC due to
excessive mixing in that case. The DWBC is deficient in CFC-
11 in these four model cases because the timescale for NADW
outflow is too slow. The long timescale is primarily due to un-
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Plate 2. Observed and modeled CFC-11 along the SAVE-G transect in the South Atlantic near 25°W-35°W
(January-April, 1989) superposed on estimates of the trajectories followed by isopycnal tracer diffusion. For
the purposes of this diagram the SAVE-G section (which was taken southward to 55°S [Weiss et al., 1993]) is
extended southwestward into the Weddell Sea for the model cases. No CFC data can therefore be presented
south of 55°S in the observed panel. The neutral surface trajectories are estimated following the method of
Reid [1981, 1989] as in Plate 1. The neutral surfaces overlaying the observed SAVE-G CFC-11 section are de-

rived from the Levitus [1982] climatology of the World Ocean.

realistically sluggish deep currents, particularly in the GM
case (Figure 10e). In addition, in all model runs, part of the
path of NADW outflow includes a questionable loop eastward
from the Labrador Sea into the Northeastern Atlantic Basin, ef-
fectively increasing the required outflow journey by around
4000 km [England et al., 1994]. The additional circulation
eastward ages the water mass by at least 8 years (depending on

the speed of the model ocean currents), thereby yielding sig-
nificantly lower CFC concentrations in the NADW extension.
The outflowing CFC-11 signal is far too diffuse in the
isopycnal mixing experiment (Figure 10d), having little zonal
structure even though the outflow currents are predominantly at
the western boundary. Model data sampled during later years
confirms that all other experiments simulate an outflowing
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Plate 3. A volumetric census of water in the World Ocean as a function of CFC-11 content and potential tem-
perature for each of the five experiments during 1994. The volumetric census is performed by binning water
masses over a mesh with a linear 1°C incrementation in temperature and a logarithmic scale for CFC-11. Units
are 10° km3.
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Figure 9. Concentration of dissolved CFC-11 at 2935 m depth (model level 10) during late 1983 in runs
CTRL, AAS, NAW, and ISOP. Also included is the corresponding horizontal section at the nearest depth level
in case GM (2739 m depth). Contour levels are drawn at 0.015, 0.03, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 pmol
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signal along the western boundary of the deep tropical
Atlantic, whereas the isopycnal mixing case diffuses much of
this signal eastward. The inclusion of an isopycnal mixing
scheme without a substantial reduction in background horizon-
tal mixing can therefore introduce significant errors in the
simulated ventilation of the ocean model in the North Atlantic.

The GM experiment shows a great reduction in model ocean
current speeds in the DWBC, with the current decreasing in
strength from typically 2.0 cms™! (CTRL) to 1.0-1.5 cms’!
(GM). This decrease in flow speed is likely to be due to flat-
tened isopycnal surfaces in the GM runs which act to reduce the
strength of interior geostrophic flows. This reduces the speed
of flow in the DWBC in an already viscous model with slug-
gish deep currents. A spatially varying coefficient for the GM
isopycnal thickness diffusion term such as that advocated by
Visbeck et al. [1997] - one that depends on vertical and hori-
zontal stratification - might yield substantially different baro-
clinic currents in the region. Additional experiments with a
spatially varying GM isopycnal thickness diffusion coeffi-
cient are recommended.

The net meridional overturning in the North Atlantic is gen-
erally shallower and weaker in the GM case, although there is a
reduction in the spurious western boundary upwelling as noted
by Boning et al. [1995]. Even when the GM case was rerun
with an enhanced wintertime T-S restoration (as in experiment
NAW), the outflowing CFC-11 signal is still markedly weaker
than what Weiss et al. [1985] observe (Figure 10f).

The enhanced wintertime T-S restoration in experiment
NAW increases the production rate of NADW to 28.5 Sv (from
20.1 Sv in the CTRL); and the outflow transport also increases
(from 8.5 Sv in CTRL to 17.3 Sv in NAW, Table 3).
Correspondingly, the CFC-11 burden in the outflowing NADW
is enhanced, with a clear signal in the western boundary current
off South America by 1983 (Figure 10c). The core of the out-
flowing CFC signal has deepened from 1622 m (CTRL) to

2228 m (NAW), with more direct flow of CFC-enriched
Labrador Sea Water (LSW) flowing southward from the convec-
tion zone (instead of looping eastward into the northeastern
Atlantic Basin). This has the net effect of enhancing the CFC-
11 content in the DWBC in broad agreement with the observed
sections of Weiss et al. [1985]. However, as noted earlier, our
technique of enhancing the T-S restoring terms implies unreal-
istically large heat and freshwater fluxes in the North Atlantic
during winter. In effect, the model circulation is being cor-
rected using artificial surface forcing fields.

In a model experiment identical to CTRL though including
the Eby and Holloway [1994] parameterization of topographic
stress, England and Holloway [1997] have shown that the
speed of the DWBC intensifies and less LSW flows eastward
toward the northeastern Atlantic Basin than in the CTRL run.
They show that the CFC simulation improves in the DWBC in
the topographic stress case, with a narrower and more enriched
CFC-11 signal off South America by early 1983.

6.4. Volumetric Analysis of CFC Uptake

The CFC simulations can be analyzed in terms of the total
volume of ocean ventilated by different concentrations of
CFC-11. It is useful to map this as a function of potential
temperature as well, to further distinguish water masses accord-
ing to location in the ocean. Plate 3 shows a volumetric cen-
sus of water in the World Ocean as a function of CFC-11 con-
tent and potential temperature for each of the five experiments
during 1994. The volumetric census is performed by binning
water masses over a mesh with a linear 1°C incrementation in.
temperature and a logarithmic scale for CFC-11. A substantial
volume of deep water in the Pacific and Indian Oceans remains
CFC-free by 1994. Such water masses do not contribute to the
volumetric census (which ignores water with CFC-11 concen-
tration weaker than 104 pmol kg'!). Much of the CFC-venti-
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Figure 10. (a) Observed concentration of dissolved CFC-11 in the core of Upper NADW outflow measured
during December 1982 to February 1983 as part of the Transient Tracers in the Ocean (TTO) Program (redrafted
from Weiss et al. [1985]). (b)-(e) Simulated model currents and the concentration of dissolved CFC-11 at the
depth level of maximum CFC content in the DWBC during February 1983. Contour levels are drawn at the
standard concentrations. Experiment AAS is virtually identical to CTRL and so is not shown. (f) The corre-
sponding map from the GM case when a thermohaline forcing is adopted with tightly constrained wintertime
North Atlantic conditions (as in experiment NAW).
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lated interior water has temperature in the range 1°-6°C, and so
most of the CFC-temperature census falls into this domain.
Substantial differences are noted between the five model cases.

In the control experiment there is a clear maximum in the
volumetric analysis at around 2-3°C and 1-3 pmol kg'!. Much
of this CFC-burdened water is the model equivalent of CDW,
which is normally observed to be relatively depleted in CFC.
The major volumes of water on the 8-CFC map include a signal
of deep water (at 1°-3°C) with a range of CFC concentrations,
bottom water (with temperatures less than 1°C), and a trace of
intermediate water ventilation at temperatures of 5°-7°C.
Thermocline water ventilation is seen at temperatures of
around 10°-15°C.

The contribution of AABW to the volumetric map can be
thought of as occupying the colder end of the diagram, with
high CFC concentration water (on the lower right-hand corner
of the diagrams) representing newly-formed bottom water. In
experiment AAS, more CFC-11 is detected in the bottom wa-
ters of the model, though weaker CFC-11 content is seen in the
deep water (with a spread of the maximum signal in CTRL deep
water over a range of weaker concentrations in AAS).
Intermediate and thermocline water ventilation appears largely
unchanged from experiment CTRL.

In experiment NAW, bottom waters are less burdened with
CFC compared with CTRL, though there is now an enhanced
volume of deep water bearing detectable levels of CFC-11
(because of enhanced ventilation of NADW in that run).

A dramatic increase in CFC ventilation is noted in the ISOP
experiment. Bottom, deep, and intermediate water burdens of
CFC-11 are all substantially higher in ISOP than in all the
other cases, particularly the signal corresponding to CDW.
This reflects the strong mixing and more rapid blending of wa-
ter masses in that run. In contrast, experiment GM exhibits
relatively weak CFC burdens in all the major water masses,
consistent with the reduced convection, meridional overturn-
ing, and tracer mixing in that model run.

7. Summary and Conclusions

In this study we have examined the role of surface thermoha-
line forcing and subsurface mixing parameterization in deter-
mining the nature of ocean ventilation in general circulation
models. In particular, a series of five model experiments were
forced with the same air-sea CFC flux condition, but with dif-
ferent surface thermohaline forcing and/or subsurface mixing
parameterization. The standard CFC forcing matches the most
realistic case considered in part 1 of this study, namely, the
air-sea exchange is a function of local wind speed and sea-ice
coverage, as well as the Schmidt number of the given gas. The
cycling of atmospheric CFC-11 and CFC-12 solubilities (as a
function of sea surface temperature and salinity) is controlled
in the five cases by referencing the seasonal climatology
rather than the model ocean simulations.

The five ocean states included (1) a control run with a stan-
dard seasonal cycle in surface forcing and traditional Cartesian
mixing (CTRL), (2) a run in which the production rate and
salinity of Antarctic Bottom Water is increased (AAS), (3) a
run in which the production, outflow rates, and density of
North Atlantic Deep Water is increased (NAW), (4) a run with
enhanced isopycnal mixing of passive tracers (ISOP), and, fi-
nally, (5) a run in which the effects of eddies on the mean
ocean flow are parameterized following Gent et al. [1995]
(GM). The changes in deep/bottom water ventilation rates in

15,729

runs (2) and (3) were effected by changes in surface thermoha-
line forcing off Antarctica and in the North Atlantic Ocean,
respectively.

The simulated CFC uptake in the Southern Ocean was seen to
exceed observations in all experiments except run GM. The
uptake is particularly excessive in cases CTRL and ISOP. The
spurious uptake of CFC was found to be directly related to poor
reproduction of the Southern Ocean water mass structure, in
particular, insufficient stratification south of 50°S and exces-
sively buoyant deep water. The insufficient density of
Circumpolar Deep Water allows for extensive penetration of
convective adjustment to great depth during winter, in contrast
to observations, and this drives excessive downward mixing of
the CFC-enriched surface waters. Compared with the control
experiment, the Southern Ocean CFC uptake is reduced in the
cases with increased AABW salinity and NADW density, as a
result of slightly higher deep water density and reduced winter-
time convection in those experiments. Nevertheless, CFC up-
take in the Southern Ocean still exceeds observed ocean CFC
content in the adjusted surface forcing cases. In addition, un-
realistic surface heat (NAW) and freshwater (AAS) fluxes are re-
quired in these runs to satisfy the wintertime surface restoring
conditions.

The most extreme uptake occurs in experiment ISOP where,
in addition to deep convective mixing of CFC, there is also
mixing into the ocean interior along isopycnal surfaces hav-
ing an unrealistic orientation. The Southern Ocean CFC up-
take in GM, using the mixing scheme of Gent et al. [1995] and
zero horizontal diffusion, is dramatically reduced over that in
the other runs. Only in this run do deep densities approach the
observed values, and wintertime convection is largely sup-
pressed south of the Antarctic Circumpolar Current. Deep pen-
etration of CFC-rich water occurs only in the western Weddell
and Ross Seas. One of the major achievements of the GM case
is to simulate relatively depleted levels of CFC in the model
equivalent of Circumpolar Deep Water. This run yields CFC
sections in the Southern Ocean which compare most favorably
with observations. Nevertheless, substantial model-observa-
tion differences exist even under GM, such as too slow a venti-
lation rate of AABW and unresolved downslope flows at certain
locations (e.g., SR3, Figure 8). It seems that in spite of the
demonstrated improvements noted under this scheme, there
may be an a priori limit in the capability of coarse-resolution
ocean models to simulate the net effect of small-scale pro-
cesses, such as shelf-driven deep water formation and downs-
lope flows.

The simulation of NADW production was found to be prob-
lematic in all runs, with the CFC signature indicating primary
source regions in the Labrador Sea and immediately to the
southeast of Greenland, while the Norwegian-Greenland Sea
overflow water (which is dominant in reality) plays only a mi-
nor role. Lower NADW is insufficiently dense in all runs, and
outflow currents in the deep western boundary current are too
weak (especially in case GM due to flattened isopycnal sur-
faces). Only in the run with surface forcing designed to en-
hance NADW production does the CFC signal penetrate down
the western Atlantic boundary in a realistic manner. However,
this case implies an unrealistic net ocean surface heat loss ad-
jacent to Greenland and so cannot be advocated as a technique
to improve model NADW production.

Meridional depth sections and volumetric maps of CFC con-
centration indicate that on the timescales resolved by CFC up-
take, the dominant determining factor in overall model venti-
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lation is the choice of subsurface mixing scheme. The surface
thermohaline forcing determines more subtle aspects of the
subsurface CFC content. This means that the choice of sub-
grid-scale mixing scheme plays a key role in determining
ocean model ventilation over decadal to centennial timescales.
This has important implications for climate model studies.
Future work should be directed at examining CFC uptake in a
range of models adopting different subsurface mixing coeffi-
cients and mixing schemes, particularly those used within
coupled atmosphere-ocean-ice models of the climate system.
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