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Abstract. The uptake and redistribution of chlorofluorocarbons (CFCs) CFC-11 and
CFC-12 are studied in a series of world.ocean model experiments. In part 1 of this
study the sensitivity of the simulated CFC distributions to the model parameterization
of air-sea CFC fluxes is examined within a control experiment. The control experiment
represents a low-resolution ocean model with global coverage and a proper seasonal
cycling in surface thermohaline and wind stress conditions. The specification of a
surface ocean CFC concentration that is instantaneously in saturated equilibrium with
the atmosphere is found to flux too much CFC into the model. Signatures of CFC-11
are found to be grossly overestimated in regions of deep and bottom water formation,
both in the surface mixed layer and at depth. The use of a classical air-sea gas
exchange formula (even one with a simplified gas transfer velocity that is independent
of wind speed) is seen to greatly improve the CFC simulations at depth. In addition,
the model reproduces many of the observed trends in surface CFC concentrations;
namely, undersaturation in regions of deep convective overturn and near-surface
upwelling and supersaturation in the summer mixed layer. In further sensitivity
experiments, we consider the effect of sea ice cover in limiting air-sea gas exchange in
polar waters. It is found that bottom water in the Arctic Ocean and around the
Antarctic continent is significantly reduced in CFC content once regions covered with
sea ice are limited to fractional air-sea gas exchange. This more physically meaningful
framework is found to further reduce the spurious uptake of CFC-11 and CFC-12 found
under a ‘‘saturated surface’’ assumption. In a final sensitivity experiment the gas
exchange rate is parameterized using a complete wind speed and Schmidt number
dependence. The wind speed dependent gas forcing increases the surface CFC
equilibration rate under the subpolar westerlies. On the other hand, the polar and
tropical oceans witness reduced CFC uptake under a wind speed dependent flux
regime. Simulated ocean CFC concentrations are compared directly with observational
data in certain key areas for deep and bottom water formation. It is found that a
reasonable representation of oceanic CFC is achieved in the convected water column
-in the Weddell and Labrador Seas. In contrast, deep waters that have left the
convective area with the model ocean currents are found to be deficient in CFC-11 in
the North Atlantic Ocean. This is because the model advective timescale for North
Atlantic Deep Water (NADW) outflow across the equator is too long compared with
observed ocean estimates. The long timescale is not due to unrealistically sluggish deep
currents. Rather, the path of NADW outflow includes a loop eastward from the
Labrador Sea into the Northeastern Atlantic Basin, effectively increasing the required
outflow journey by around 4000 km. This ages the water mass by almost 10 years,
thereby yielding significantly lower CFC concentrations in the NADW ,extension. In
addition, the outflow signature spreads too far into the eastern North Atlantic,
presumably because the advective process is too broad and the horizontal diffusion too
strong at depth. Contrasting the North Atlantic, bottom water CFC ventilation in the
Southern Ocean is found to be too strong, even when significant levels of surface
undersaturation are simulated in polar waters. CFC-tagged waters flowing into the deep
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South Atlantic basin (from the Weddell Sea formation zone) are too enriched in CFC-
11, even when the deep signatures adjacent to the Antarctic shelf remain close to
observations. This suggests that the advective timescale for bottom water ventilation is
too rapid in the Southern Ocean. In addition, too much convective overturn persists in
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the Southern Ocean at 55°S-70°S, with unrealistically deep CFC-11 penetration noted
at particular longitudes. This is because not enough older (CFC-deprived) water
recirculates and upwells into the Southern Ocean. For example, more upwelled
circumpolar deep water in the Southern Ocean would weaken the CFC-11
concentrations by contributing to a lower CFC mixture and by suppressing the
convective activity in the region. Bottom and deep level CFC signatures are broad and
diffuse compared with the real ocean. The broadness of the CFC imprint is due, in
part, to the model resolution, which gives any convective event a spatial extent of at
least 3.75° longitude by 4.5° latitude and a bottom level CFC signal thickness in excess
of 800 m. An important finding of our study is that the vertical convection of unstable
waters acts as the efficient tracer ventilator of the ocean system. This has significant
implications for numerical studies of the world’s climate, since thé meridional
overturning has traditionally been considered the reason for the ocean’s moderating
influence during global warming scenarios. Our study suggests that the vertical
convection would play a much greater role over the typical timescale for anthropogenic

climate change.

1. Introduction

Direct measurements of the concentration of chlorofluo-
rocarbons (CFCs) in the ocean are now routinely used to add
information to conventional hydrographic surveys [e.g.,
Weiss et al., 1985; Wallace and Lazier, 1988; Doney and
Bullister, 1992; Gordon et al., 1992; Warner and Weiss,
1992; Fine, 1993; Smethie, 1993]. Like other transient trac-
ers (e.g., tritium, '“C), CFC distributions are useful for
gaining insight into the large-scale ocean circulation over
decadal timescales. Unlike the majority of ocean tracers
(e.g., nitrates, silicates, oxygen, and “C), CFCs are little
influenced by biological processes and are very stable com-
pounds; they therefore serve as unambiguous tracers of the
oceanic circulation. In addition, their input functions are
significant over the entire ocean, unlike a number of bomb-
produced tracers (e.g., tritium) whose atmospheric concen-
trations favor the northern hemisphere. With relatively
well-known atmospheric histories [Bullister, 1989] and solu-
bility properties in seawater [Warner and Weiss, 1985],
CFCs can be readily incorporated into general circulation
models (GCMs) of the ocean. In this paper we report the
preliminary results of some numerical simulations of the
uptake and redistribution of CFCs in a world ocean model.
Two main topics are pursued in this study, and, accordingly,
we divide the report into two parts. The first (part 1)
concerns the method of parameterizing the air-sea CFC
exchange rate and, in particular, the sensitivity of our
modeled CFC distributions to this input function. The sec-
ond (M. H. England et al., manuscript in preparation, 1994)
(hereinafter referred to as part 2) focuses more on the role of
the internal ocean circulation and, in particular, how varying
ocean model states redistribute the absorbed CFCs in differ-
ent ways.

Several efforts have been made to include geochemical
tracers into ocean circulation models. For example,
Sarmiento [1983] included bomb-produced tritium uptake in
a model of the Atlantic Ocean north of 20°S. In some
preliminary experiments with annually averaged forcing and
internal restoring of temperature T and salinity S below 1000
m, he found that the uptake of tritium was, on the whole, too

weak in the ocean model. To correct this problem, he forced
the model to artificially convect tritium in regions where
deep mixed layers are observed (following the Levitus [1982]
mixed layer depth climatology). In its natural state his model
remained too inactive in convection to inject sufficient
quantities of tritium into the ocean. Maier-Reimer and
Hasselmann [1987] and Toggweiler et al. [1989a, b] each
studied the uptake and redistribution of ¥C in GCMs of the
world ocean. The Maier-Reimer and Hasselmann [1987]
study focused on the simulation of naturally occurring “C.
Toggweiler et al. [1989a, b], on the other hand, considered
the ability of their model to simulate both the steady state
distribution of naturally produced '#C and the time-
dependent uptake of “C produced during the nuclear bomb
tests of the 1950s and 1960s. One of the major findings of
their study was that a diagnostic simulation (i.e., one where
the interior T and S are continuously restored toward
climatological data) was somewhat inferior to a purely
prognostic run in terms of the amount of '“C taken up by the
model. This appeared to be related to the way convection
and vertical motions were suppressed in the diagnostic
integration. With reduced convection and vertical motion,
realistic quantities of '*C could not be injected into the deep
ocean. Apart from the above mentioned simulations per-
formed within differing primitive equation models, relatively
little work has been carried out on anthropogenic tracer
ventilation in ocean GCMs.

There has been one study of CFC-11 and CFC-12 uptake
in a world ocean model [Marti, 1992]. However, this study
was somewhat limited in terms of both the ocean model and
the CFC forcing method used. The study was carried out
within an annual mean model with internal restoring terms
on T and S. Both these factors tend to limit the model’s
ability to redistribute the CFCs with depth, since the model
neglects the seasonal mixed layer and the restoring terms
inhibit vertical exchange. In addition, Marti [1992] only
considered one technique for forcing the upper level CFC
concentrations. In his study he assumed the ocean surface
was saturated with CFC-11 and CFC-12 at any given time.
This oversimplification would greatly favor high surface
CFC concentrations. In the real ocean, surface CFC con-
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centrations have been observed to be more than 40% under-
saturated in regions of only partial sea ice cover [Schlosser
et al., 1991]. This is possible because the air-sea gas
exchange can be greatly limited when sea ice separates the
ocean from the atmosphere. Undersaturation of surface
CFCs can also occur in regions of upwelling, since older
(CFC deprived) waters are brought to the surface [Doney
and Bullister, 1992]. If the upwelling rates are strong, then
the air—sea gas exchange may not be fast enough to keep the
surface ocean levels near saturation. Yet another example is
convection, which also results in the entrainment of older
(low CFC) water into the surface mixed layer. The CFC
ventilation rate over a deeply convected mixed layer would
be naturally limited by the air—sea gas exchange process. For
example, Wallace and Lazier [1988] found 40% undersatu-
ration of CFCs in the Labrador Sea during the winter of
1986. The low CFC values were found at the surface outcrop
of a recently formed 1600-m deep mixed layer. While the
convective process homogenized the CFC distribution in the
surface mixed layer, it evidently did so at a rate that greatly
exceeded the air—sea gas exchange process. The rapidity of
convective events (in both the real ocean and in GCMs) sets
a timescale that cannot be matched by air-sea fluxes of
gases.

When considering ocean model simulations of anthropo-
genic gas uptake, particularly when the focus is on high-
latitude deep water formation and ventilation rates, it is
important that the model considers undersaturation pro-
cesses when formulating the air-sea gas exchange. Other-
wise, systematic errors of the order of 50% of saturation
level can be introduced into the model solution. Studies of
CFC concentrations measured in the ocean normally make
some attempt at considering surface saturation levels, par-
ticularly when the water mass considered was formed in
polar waters [e.g., Doney and Bullister, 1992; Schlosser et
al., 1991; Bullister and Weiss, 1983; Wallace and Laczier,
1988]. Constructing estimates of CFC-11 and CFC-12 per-
centage saturation over the global ocean will require some
parameterization; it is one of the goals of this study to
examine ways of making such parameterizations and to see
how sensitive the model CFC is to the surface forcing
technique.

In an attempt to consider these issues within a world
ocean model we conduct four different CFC simulations
within a given seasonally forced system. The four experi-
ments sequentially employ more realistic surface layer
boundary conditions on CFC-11 and CFC-12. In the first
experiment we adopt the crude assumption that the ocean
equilibrates instantaneously to the time-dependent CFC
concentrations in the atmosphere. By the last of the four
sensitivity experiments reported our model CFC forcing
simulates realistic undersaturations in regions of upwelling
and deep convective overturn, enhanced gas uptake over
ocean regions with high wind speed, and a parameterization
of limited air—sea gas exchange in the presence of sea ice.
With these four experiments we monitor the sensitivity of
the model CFC distribution to the range of surface level
forcing adopted.

The rest of this paper is divided into five sections. We first
describe the ocean model and general circulation in sections
2 and 3. Particular focus is placed on the vertical convection,
since this represents the most efficient way for atmospheric
tracers to enter the deep ocean. In section 4 we describe

25,217

parameterizations of the air—sea gas exchange adopted in
this study. The model CFC response to the different forcing
techniques is then examined in section 5. Finally, section 6
covers the discussion and conclusions.

2. The Ocean Model

The ocean model used in this study is the multilevel
numerical model described by Bryan [1969] and adapted to
modern vectorizing computers by Cox [1984] and Pac-
anowski et al. [1991] at the Geophysical Fluid Dynamics
Laboratory (GFDL). The configuration of our model is
virtually identical to that used by England [1992, 1993], only
now we include a complete seasonal cycle in surface-forcing
conditions. For a more detailed description of the model
configuration and the resulting large-scale steady state cir-
culation the reader is referred to these earlier studies. For
the present we summarize the essential model features.

The model geometry adopted in our study matches that
used extensively within recent coupled ocean—-atmosphere
numerical studies [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 version of the real world ocean bottom topogra-
phy. The model grid spacing is 3.75° longitude by approxi-
mately 4.5° latitude with 12 unequally spaced vertical levels.
Because the model’s horizontal resolution is somewhat
broader than the baroclinic radius of deformation at any
given latitude, the effects of mesoscale eddies are only taken
into account implicitly by approximate closure schemes. The
horizontal Ay and vertical Ay viscosity coefficients are
taken to be constants independent of depth (Ayy = 2.5 X
10° cm?/s; Ayy = 50 cm?/s). Vertical diffusion Agy is
lowest in the surface layer (0.3 cm?/s), increasing below the
thermocline (following Bryan and Lewis [1979]) toward a
maximum of 1.3 cm?/s in the deeper model levels. The
horizontal diffusivity Agy reflects the ocean’s tendency to
diffuse more rapidly at the surface than at depth (Agy = 1 X
107 cm?/s in the surface level decreasing gradually toward
0.5 X 107 cm?/s at depth). Convection is treated implicitly
by the model; whenever vertical instabilities are detected,
the diffusion rates are increased to simulate complete mixing
over the unstable portions of the water column. This vertical
mixing homogenizes T-S (and in the CFC runs, CFC-11 and
CFC-12) over the model levels originally detected to be
dynamically unstable. No parameterization is included for
deepening the surface mixed layer by wind-driven turbu-
lence; that is, the convection of vertically 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 momen-
tum 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. The
effective surface fluxes of heat and freshwater are implied by
restoring the model’s surface layer temperature and salinity
toward the Levitus [1984, 1986] seasonal climatology (using
a Newtonian timescale of (30 days) ~! for T and (50 days) ™!
for S). This approach approximates the actual air-sea ex-
change of heat [Haney, 1971; Hirst and Godfrey, 1993];
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although it can overlook certain temperature feedback pro-
cesses when a change of ocean state is excited [Rahmstorf
and Willebrand, 1994]. On the other hand, a restoring
boundary condition on salinity is physically inappropriate. A
more meaningful boundary condition on salinity would be
derived from a surface freshwater flux [Welander, 1986].
However, available climatological data for evaporation (E)
and precipitation (P) remain extremely unreliable, even in
well-measured regions. The task of constructing a good
seasonally varying global E — P climatology may not be
completed for several decades.

Apart from including a seasonal cycle in our sea surface
conditions, the ocean model studied carries few of the
embellishments available for improved T-S representation.
This contrasts with our previous study of water mass forma-
tion in a global model [England, 1993]. For example, tem-
perature and salinity are mixed horizontally and vertically
without regard for the orientation of isopycnal surfaces. No
artificial enhancement of the wintertime conditions is made
to excite realistic deep and bottom water production. In-
stead, the seasonally forced model is integrated out to an
equilibrated solution as is. Without the deep acceleration
techniques used routinely in annually forced models, almost
5000 years of integration are required before T and S meet
the equilibration criteria of England [1993]. The equilibration
process is rather more rapid for the ocean circulation than
for the thermohaline parameters. Nevertheless, because of
the critical role of convection in the uptake rate of anthro-
pogenic CFC, it is important that there be no significant
trend in the deep and bottom T-S fields. Seasonal oscillations
are noted in the surface 1000 m, mostly due to the annual
cycle in convection conditions. Below about 1500 m, negli-
gible variations in T and S occur interannually and only small
variations are measured from one season to the next.

3. Model Ocean Circulation and Vertical
Convection

Two parameters of ocean circulation of particular interest
for the timescales resolved by anthropogenic tracers are the
vertical velocity and vertical convection. Together, these
parameters define the deep ocean uptake rate of atmospheric
gases. The model horizontal circulation becomes important
when considering the fate of recently ventilated waters; for
example, the southward outflow of recently formed Labra-
dor Sea Water (LSW) is defined by the model advection field
at about 1600 to 3000 m depth in the North Atlantic. 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. Never-
theless, 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, the CFC redistribution can be ex-
plained simply in terms of these two 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 verti-
cal motion. Secondly, the vertical motion itself is not a
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prognostic variable of the model; it is simply determined
diagnostically through the continuity equation.
Meridional Overturning

The annual mean meridional overturning in the ocean
model is mapped in Figure 1, along with a summer minus
winter map to indicate seasonal variability in the meridional
cells. The ocean model circulation in the control run is
largely similar to the experiments of Toggweiler et al.
[1989a] and England [1993], since our model geometry and
resolution are unchanged from these studies. The one im-
portant difference is that our control run includes a seasonal
cycle in surface thermohaline and wind stress forcing. The
seasonal changes in surface wind stress result in a conver-
gence of surface water in the winter hemisphere (as shown
by Bryan and Lewis [1979]), driven by a flux of thermocline
water from the summer to winter hemisphere (Figure 1c).
Because of this, there is a divergence of water in the summer
hemisphere, which results in stronger upwelling, and a deep
recirculation from the winter to summer hemisphere. On the
annual average, however, meridional circulation closely
resembles that in the annual mean models (see also part 2).
While the production rate of North Atlantic Deep Water
(NADW) is realistic at 20.1 Sv, only 8.5 Sv flows out into the
Southern Ocean. This is joined by 5.3 Sv of recirculated
bottom water originating in the Weddell Sea (Figure 1b). A
total of 26.0 Sv of Antarctic Bottom Water (AABW) is
overturned off Antarctica, the majority upwelling south of
60°S. Seasonal changes in the thermohaline overturning
rates remain curiously small (~1 Sv variation in NADW
production and ~0.5 Sv variation in AABW). This contrasts
the rapid response of the model overturning to the shifting
wind stress field. Evidently, the deep overturning responds
to changes in convective intensity more slowly than the
seasonal timescale (3 to 6 months), whereas surface Ekman
transports and divergences in flow respond rapidly to the
wind stress cycling.

Vertical Convection

In the context of CFC uptake simulations the convective
activity of the model is somewhat more important than the
meridional overturning. This is because the timescale for
convective 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)
would require 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 1076 m/s.
Convection in the model efficiently homogenizes entire
unstable water columns during just one time step (i.e., just
over 1 day). The meridional overturning maps are more
relevant, in the CFC context, for showing ventilation rates
from regions of convective activity (e.g., the outflow rate of
NADW).

The seasonal nature of the surface thermohaline condi-
tions manifests itself in an analysis of the depth of surface
layer convection (Figure 2). Convection during the northern
hemisphere winter occurs virtually exclusively in the North
Atlantic and North Pacific Oceans, with much deeper con-
vective events (up to 750 m depth) in the North Atlantic.
During this time, Southern Ocean convection is limited to a
small shallow region in the south Indian Ocean and a
curiously deep overturn in the Ross Sea. Summertime con-
ditions clearly stabilize the majority of the Southern Ocean,
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Figure 1. Annually averaged meridional overturning in the

control model simulation for the (a) global ocean and (b)
Atlantic ocean. No contours are drawn in Figure 1b where
the model ocean is free to exchange mass zonally. (c)
Difference between the global meridional overturning during
the northern hemisphere winter (January-March) and that
during the northern hemisphere summer (July-September).
Contours are drawn at 5 Sv intervals in the global maps (with
extra contours at =2 Sv in the difference map) and 3 Sv
intervals for the Atlantic sector plot.

with mixed layers rarely deeper than the first model grid
level. The Ross Sea exception could indicate poor surface
forcing data in the Levitus [1984, 1986] climatologies. This is
discussed further in part 2.
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Figure 2. Monthly mean depth of surface level convective
overturn (in meters) during (a) March and (b) September.
Regions with mean convection depth greater than 60 m
(indicating convective adjustment over at least the upper two
model levels) are stippled. Stippling density increases with
deeper convection depths.

The southern hemisphere winter offsets deep convection
in a broad region of the Southern Ocean (Figure 2b). Deep
convective layers of more than 1000-m thickness are found
in the Ross and Weddell Seas during July to October. A band
of convective overturn in the South Pacific Ocean progres-
sively deepens from east of Australia toward Cape Horn,
with 750-m thick mixed layers being convected in the south-
east Pacific Ocean. The time evolution of this convective
band (not shown) reveals that the convection begins near
150°W during June and gradually spreads eastward (at a
speed of about 15° longitude/month or 0.45 m/s) to join a
convective region near the Drake Passage. This rate of
spreading of the convective region matches the speed of
surface currents in the region, indicating some role of the
surface circulation in offsetting the convective instability [cf.
England et al., 1993]. By September the entire band of
convective overturn appears. This band of convection is
important for the formation of Subantarctic Mode Waters
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Table 1. Experimental Design

Experiment Integration Time Surface Forcing

Control 4750 years Seasonally varying T-S and wind stress

CF1 1930-1988 Surface chlorofluorocarbons (CFCs) 100% saturated (CFC,, = a.CFC,y,)
CF2 1930-1988 Constant gas transfer speed (k, = 10.6 cm/h)

CF3 1930-1988 Sea ice cover included [k3 = k(1 — R)]

CF4 19301988 Wind speed dependent k [k, = k,u*(1 — R)/(Sc)?]

The physical ocean state is integrated over almost 5000 years (without using deep acceleration techniques). The transient CFC simulations
are conducted over much shorter periods (around 60 years), corresponding with an integration during 1930-1988. Here CFC,, is the sea
surface CFC concentration, a. is the solubility of CFC in seawater, CFC, is the atmospheric dry air mole fraction of CFC (Figure 3), k;
is the gas transfer rate (centimeters per hour) used in the ith experiment, R is the fraction of sea ice cover (Figure 6), k, is a constant, u

is wind speed, and Sc is the Schmidt number for CFC-11 or CFC-12.

and, subsequently, the renewal of Antarctic Intermediate
Water in the model ocean [England et al., 1993]. In the
transient tracer simulations this process is traced nicely by
CFC-tagged waters that are first convected vertically in the
southeast Pacific Ocean and then redistributed horizontally
at intermediate levels. In the northern hemisphere, virtually
no surface convective events are detected during July to
October. Again, it seems that even in polar waters the model
ocean has a tendency to establish near-surface stratification
during the summer months.

4. Including CFC Uptake in the Model

As mentioned above, we take as our control experiment
the simulation obtained when our ocean domain is subjected
to an unadjusted, seasonally varying thermohaline and wind
stress forcing (derived from the standard climatological data
sets). This control run is then used to examine the sensitivity
of the CFC simulation to a range of air-sea gas exchange
parameterizations (see Table 1). The forcing of CFCs in the
ocean model is varied because we want to gauge the relative
sensitivity of the CFC simulation to the prescribed air-sea
flux of gases. 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 additional tracers (CFC-11 and CFC-12), initially at
zero concentration everywhere. The model is then run
nominally from year 1930 until the end of 1988 with an
uptake of the atmospheric gases CFC-11 and CFC-12. The
industrial release of these gases began in the early 1930s and
accelerated greatly during the next three decades (Figure 3).
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. In fact, the latitudinal variation of atmo-
spheric CFC concentration is small enough [Cunnold et al.,
1983a, b] to take the distribution to be a simple function of
hemisphere and time. Effectively, southern hemisphere con-
centrations lag the northern hemisphere values by just over
1 year [Warner and Weiss, 1992]. Figure 3 shows the
estimated concentration of atmospheric CFC-11 and CFC-12
in the southern and northern hemispheres during this cen-
tury (details of the derivation of these estimates are given by
Warner and Weiss [1992] and Doney and Bullister [1992]).
To give the model ocean a surface source term for atmo-
spheric CFC entry, we need to consider the solubility of
CCI3F (CFC-11) and CCl,F, (CFC-12) in seawater, which
has been derived experimentally by Warner and Weiss

[1985]. In moist air and at a given pressure (assumed to be
constant at 1 atmosphere) 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. The solubility varies
inversely with temperature (e.g., water at 0°C can dissolve
about four times more CFC-11 than water at 26°C), giving
the CFCs a greater signature at high latitudes. This enhances
the potential for CFCs to act as tracers of the deep and
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Figure 3. Reconstructed history of (top) the atmospheric
dry air mole fractions of chlorofluorocarbons (CFCs)
CFC-11 and CFC-12 and (bottom) their ratio (CFC-11/CFC-
12). The solid lines correspond with values estimated for the
northern hemisphere, with values in the southern hemisphere
dashed. In effect, the southern hemisphere concentrations lag
the northern hemisphere values by just over 1 year.
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Figure 4. Surface seawater equilibrium (or saturation) concentrations of (a) CFC-11 and (b) CFC-12
during 1984, calculated using the solubility equations of Warner and Weiss [1985]. Units are picomoles per
kilogram. Regions of CFC-11 concentration greater than 4 pmol/kg and CFC-12 concentration greater than

1.8 pmol/kg are stippled.

bottom water circulation over the 20- to 30-year timescale,
as the solubility property favors a high signal to noise ratio in
polar and subpolar waters.

We use our model ocean surface T and S fields to compute
the oceanic concentration of CFC-11 and CFC-12 that would
exist under equilibrium conditions (i.e., were the ocean
100% saturated with CC1;F and CCl,F,). Because the ocean
model varies seasonally, these saturation levels will vary
with a cycle that tracks seasonal oscillations in sea surface
temperature. Maps of the annual mean equilibrium ocean
concentration of CFC-11 and CFC-12 during 1984 are shown
in Figure 4. These maps are simply the atmospheric concen-
tration observed during 1984 (approximated by our two-
hemisphere distribution and interpolated to a set of monthly
means) multiplied by the Warner and Weiss [1985] solubility
constants. Although atmospheric CFC-12 concentrations are
almost double those of CFC-11 (Figure 3), the greater
solubility of CFC-11 in seawater yields much higher satura-
tion concentrations for this compound. Because of the
strong dependence of CFC solubility on temperature, Figure
4 also reveals the location of unusually cold or warm ocean
temperatures at given latitudes. For example, the influence
of the Gulf Stream and the NADW conveyor can be seen in
the far North Atlantic, with greatly reduced CFC saturation
concentrations compared with the cooler North Pacific. In
the tropical Pacific, CFC-11 concentrations vary by as much
as 25%; surface waters can dissolve more CFC in the cooler
east Pacific than in the western Pacific warm pool.

Saturated Surface Experiment (Experiment CF1)

The saturation concentrations of CCl;F and CCL,F, in
seawater (which vary interannually due to the release histo-
ries and intra-annually due to seasonal changes in T and S)
are the basis for the four CFC forcing sensitivity experi-
ments described here. In the first such experiment (CF1) we
simply set the surface level concentration of CFCs to the
saturation value, namely

CFCW(X, Yy, t) = ac(ey S)CFCatm()’> t) (1)

where CFC,, is the model surface ocean concentration of
CFC-11 or CFC-12, x, y are the standard horizontal coordi-
nates, = is time, a. is the CFC solubility reported by Warner
and Weiss [1985] as a function of temperature 6 and salinity
(S), and CFC,, is the atmospheric dry air mole fraction of
CFC-11 or CFC-12 (drawn in Figure 3). As has been men-
tioned, the latitudinal variations in CFC,, are approximated
by an assumption of homogeneity within hemispheres.

The surface forcing in run CF1 is an oversimplification
that favors strong ocean uptake of CFCs, since the ocean
tends to be undersaturated in polar waters and in regions of
upwelling [e.g., Wallace and Lazier, 1988; Doney and Bullis-
ter, 1992]. While the gas exchange will compete with the
ocean circulation by trying to maintain the surface CFC
concentrations at saturation or near-saturation levels, some
balance will be achieved between the atmospheric forcing
and the ocean circulation. The stronger the upwelling or
convection, the more undersaturated the surface waters will
be. In effect, the forcing in CF1 completely neglects the
influence of the ocean circulation on the surface CFC
concentrations. In the model formulation, ensuring surface
saturation even requires suppressing the advection, diffu-
sion, and convection terms in the surface tracer equations
for CFC-11 and CFC-12.

Constant Gas Transfer Velocity Experiment
(Experiment CF2)

The physical law governing air-sea gas exchange can be
written [Liss and Merlivat, 1986; Wanninkhof, 1992]

0= k(acatm -Cy) 2

where Q is the gas flux across the air-sea interface (fluxes
from the atmosphere into the ocean are positive), & is the gas
transfer speed, C,, is the concentration of the given gas in
the near-surface seawater, a is the solubility coefficient, and
C.im is the atmospheric concentration of the gas over the sea
surface. For a given gas whose near-surface seawater and
atmospheric concentrations are known and whose solubility
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properties are understood, calculating the gas flux simply
requires a parameterization of the gas transfer velocity k.

Using the notation defined previously, we can rewrite (2)
for the gases CFC-11 and CFC-12 as

Q. = k{la(6, S)CFCyun(y, 1] = CFC,(x, y, 1)} (3

Qc = kc[CFCeqm(-x’ Y, t) - CFCw(xa Yy, t)] (4)

where Q. is the flux of CFC-11 or CFC-12 into the ocean, k,
is the gas transfer velocity for CFC-11 or CFC-12, and
CFCqn is the saturation concentration of the CFC as a
function of space and time.

There are certain fundamental differences between the
forcing of experiment CF1 and the forcing implied by (4). In
experiment CF1 the surface forcing sets the upper level
concentration, irrespective of local circulation conditions.
Using (4), the CFC forcing enters the tracer equations as a
source/sink term. This means that surface level concentra-
tions are free to vary from saturated equilibrium levels.
Indeed, the surface CFC concentrations- will be influenced
(like real ocean tracers) by advective, diffusive, and convec-
tive processes. The air-sea CFC fluxes will be generally
positive because of the gradual increase in atmospheric CFC
concentrations over the last half century. However, on
certain occasions the ocean stores a slight excess of CFC-11
and CFC-12 (i.e., it is supersaturated). This can occur, for
example, during summer months when the temperature-
dependent CFC solubility decreases from its former winter-
time high. On these occasions, the (4) parameterization
would estimate a weak flux of CFC-11 and CFC-12 out of the
ocean.

Several researchers have suggested bulk wind speed de-
pendent parameterizations for the gas transfer velocities of
certain gases [e.g., Liss and Merlivat, 1986; Wanninkhof,
1992]. In the final experiment of this study (experiment CF4)
we adopt a complete parameterization (appropriate for cli-
matological wind data) suggested recently by Warnninkhof
[1992]. For the present experiment (experiment CF2), how-
ever, we adopt a constant gas transfer velocity k, over the
entire model domain. The gas transfer speed chosen for both
CFC-11 and CFC-12 is k, = 10.6 cm/h, yielding an effective
surface level equilibration timescale y of

v = Az(/k, = 20 days )

where Az, is the depth of the uppermost model level (50.9
m). The CFC gas transfer velocity was chosen as such for
two reasons. First, this is an approximate mean value for
wind speed conditions observed over the global ocean (see
Figure 7). Secondly, it yields an equilibration timescale (or
residence time) that is typical for a 50-m deep mixed layer
[e.g., Doney and Bullister, 1992], reflecting the relatively
rapid exchange (a few weeks [Broecker and Peng, 1982]) of
these simple gases in the upper ocean.

The resulting saturation percentages found in experiment
CF2 are drawn in Figure 5a. The map actually corresponds
with the annual mean saturation percentage simulated during
1984. The distribution shown in this figure is typical of most
of the CFC integration, since areas of undersaturation are
directly related to the already equilibrated circulation field.
By the late 1950s the upper CFC concentrations have
already established a pattern that keeps the saturation vari-
ability more a function of ocean circulation than time. Areas
of undersaturation are mostly linked with the regions of deep
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Figure 5. Annually averaged percentage of saturation (dur-
ing 1984) simulated in the three experiments where surface
CFC concentrations are permitted to deviate from saturated
equilibrium, (a) experiment CF2, (b) experiment CF3, and
(c) experiment CF4. Regions where the surface CFC con-
centrations are more than 95% of the saturated equilibrium
are stippled. Contours are drawn at 10% intervals, with extra
levels shown at 95% and 105% of saturated equilibrium.
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Figure 6. Climatologically derived percentage cover of sea ice used to parameterize limited air-sea gas
exchange in polar ice-covered waters during (a) March and (b) September. A smooth sinusoidal
interpolation between these extreme cases defines the sea ice coverage during the rest of the year.

convection in the model (e.g., see Figure 2). Annual mean
undersaturation is as high as 20% in some areas of the
Southern Ocean and in the far North Atlantic. Of course,
with a marked seasonal cycle in surface temperature and
surface convective intensity (Figure 2) there is also a sea-
sonal cycle in CFC saturation levels. In regions with an
annual mean saturation level of 80% the typical wintertime
CFC concentration can be as low as 50% saturation (with
near-saturation levels for most of the rest of the year).
Maximum undersaturation is reached during the height of a
wintertime convective event. More typical convective layer
undersaturations are in the range 10-35% (realized during
winter over the unshaded high-latitude regions of Figure Sa).
This is in quite good agreement with observed levels of
surface CFC concentrations over convected waters (e.g.,
~40% undersaturation in newly formed LSW [Wallace and
Lazier, 1988], ~25% undersaturation in the Norwegian-
Greenland sea [Bullister and Weiss, 1983]).

Other prominent regions of undersaturation appear where
the ocean model upwells, for example, in the tropical eastern
Pacific and in the western boundary currents. The level of
undersaturation in the equatorial mixed layer is in the range
3-8%, in good agreement with field observations (e.g.;
Doney and Bullister [1992] quote 4-6% undersaturation in
the equatorial Atlantic during August 1988). This demon-
strates that the experiment CF2 flux condition is correctly
allowing even subtle levels of undersaturation to develop in
response to the ocean circulation. Between 30°S and 30°N
(but outside the equatorial upwelling belt) there are some
regions where the ocean is supersaturated (by 1-4%) with
CFC-11 and CFC-12. This is due to seasonal oscillations in
temperature; during summer the atmosphere warms previ-
ously cool waters to temperatures that have somewhat lower
equilibrium concentrations than the cool winter water. If the
temperature cycle is strong enough, then supersaturated
CFC water will appear in the summer mixed layer. Measure-
ments of ~4% supersaturated CFC waters were noted at
low- to midlatitudes in the Atlantic Ocean during summer
1988 [Doney and Bullister, 1992].

Fractional Air-Sea Gas Exchange Over Ice-Covered Regions
(Experiment CF3)

In our estimations of CFC fluxes into the ocean in exper-
iments CF1 and CF2 we have neglected the influence of sea
ice in limiting the area of ocean exposure to the atmosphere.
In run CF3 we make some attempt at incorporating this
process into our parameterized CFC forcing. Estimations of
sea ice coverage have been digitized from several recent
analyses of satellite-derived sea ice cover in the Arctic
Ocean [Parkinson et al., 1987] and around the Antarctic
continent [Comiso et al., 1993]. These ice cover functions
are drawn for the months of March and September in Figure
6. The chosen months represent, respectively, the maximum
northern hemisphere and southern hemisphere winter cov-
erages. A smooth sinusoidal interpolation between these two
cases defines the monthly sea ice coverage masking the
ocean—atmosphere gas exchange in the model. The CFC flux
parameterization used in CF3 is exactly that used in exper-
iment CF2, only the fluxes are limited in direct proportion to
the monthly sea ice coverage. In effect, the CF3 gas transfer
velocity k5 is calculated according to the relation

k3 =ky(1 - R) (6)

where R is the fraction of sea ice cover in our approximated
climatology and k,, k3 are the gas transfer speeds used,
respectively, in experiments CF2 and CF3. Evidently, the
CF3 transfer rate lies between 0 cm/h (total ice cover) and &,
cm/h (no sea ice). Total ice cover shuts down the air-sea
CFC exchange in the height of winter in the Arctic Ocean
and in parts of the Ross and Weddell Seas (Figure 6).
Correspondingly, surface saturation levels become greatly
reduced in these polar waters (Figure 5b). Minimum surface
CFC concentrations in regions of persistent ice cover reach
as low as 75% undersaturation during winter (i.e., only 25%
of saturation equilibrium). This may, at first, seem an
exaggeration of the influence of sea ice cover in the model,
though it should be noted that observational studies suggest
similar figures. For example, Schlosser et al. [1991] found
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CFC-11 concentrations in newly formed Weddell Sea Bot-
tom Water (WSBW) that suggest the water was at about 35%
of saturated equilibrium at the time of formation. Even
weaker levels of saturation might be found in persistently
covered sea ice regions.

Wind Speed Dependent Gas Transfer Experiment
(Experiment CF4)

In the last of our four sensitivity experiments we adopt a
gas transfer rate that depends on the local sea ice cover R
and wind speed u, as well as the kinematic viscosity of
seawater u and the diffusion coefficient D of CFC-11 and
CFC-12. The dependence of k. on the latter two terms is
normally expressed using the Schmidt number Sc, where
Sc = u/D. Wanninkhof [1992] fits polynomial approxima-
tions to Sc for a range of environmental gases, including
CFC-11 and CFC-12. The value of Sc varies inversely with
temperature; that is, cooler waters have higher Schmidt
numbers. However, it is well known that over the ocean the
local wind speed has a greater role in determining gas
transfer rates.

In experiment CF4 the formulation of Wanninkhof [1992]
is chosen, in particular because he gives a parameterization
appropriate for climatological wind speed data (such as that
of Esbenson and Kushnir [1981]). Taking into account
possible chemical enhancement effects at low wind speeds
and the time variability of surface winds, he suggests that
for a steady wind field (such as a seasonally varying clima-
tology)

k= ku*(Sc) " @)

where k,, is a constant (7.964) derived from bomb-produced
radiocarbon invasion rates into the ocean (which includes
implicitly the Schmidt number for “C), u is the climatolog-
ical wind speed (in meters per second), and Sc¢ the Schmidt
number for a given gas. Differences between the Schmidt
numbers for CFC-11 and CFC-12 yield air-sea gas transfer
rates that are 4-7% faster for CFC-12. The gas transfer rate
in experiment CF4 k, can then be written

ky = k,u*(1 — R)/(Sc). ®)

In the calculation of k,, we reference the Esbenson and
Kushnir [1981] seasonally varying wind speeds and compute
Sc as a function of model temperature for each gas. That is,
k4 varies seasonally on account of seasonal changes in the
surface wind speed, upper level temperature, and sea ice
cover.

Computed values of k, can be directly compared with the
CF2 assumption that k. is constant at 10.6 cm/h. Figure 7
shows maps of the annual mean gas transfer speed for
CFC-11 and CFC-12 before the sea ice effect is factored into
the parameterization. The separation of sea ice effects
from the wind speed dependence is useful for examining
the specific influence of the Wanninkhof [1992] relation in
experiment CF4. Also included in Figure 7, for easy
reference, is the annual mean wind speed climatology of
Esbenson and Kushnir [1981]. Calculated gas transfer
speeds vary about the CF2 benchmark of 10.6 cm/h; under
the subpolar westerlies in the Southern Ocean the gas
piston velocity is persistently faster than 12 cm/h, whereas
slower exchange rates are estimated over much of the
tropical and high-latitude waters. The corresponding
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surface level equilibration timescale (Figures 7d and 7e)
varies between 12-20 days (in the subpolar wind belts) and
40-70 days in the western equatorial Pacific and in the Ross
and Weddell Seas. The slightly faster CFC-12 transfer rates
are evident in Figure 7c.

The percentage level of surface CFC saturation is drawn
for CFC-11 in Figure 5c. Over much of the ocean the
Wanninkhof [1992] parameterization yields similar upper
level CFC concentrations as the y = 20 days assumption of
experiments CF2 and CF3. However, weaker surface gas
fluxes are estimated at high latitudes and in the tropics (note,
for example, the appearance of more waters of sub-95%
saturation along the equatorial waveguide). In contrast,
more CFC uptake is simulated under the subpolar wind
belts, with certain convectively active regions now maintain-
ing near-saturation levels on the annual mean.

5. CFC Simulations in the World Ocean Model

In terms of our CFC simulations, the convective regions
indicate those parts of the deeper ocean that become directly
exposed to atmospheric conditions. As such, we can expect
significant traces of CFC-11 and CFC-12 at depth in the
Southern and North Atlantic Oceans. To present an over-
view of the CFC simulations, Tables 2a, 2b, and 2c include
some values for the maximum simulated concentrations in
certain key areas of the model domain. Since we have
chosen to focus our attention on the deep and bottom water
ventilation, most of the chosen areas correspond to model
regions of deepwater formation or bottom water flow off the
Antarctic shelf. Many of the sampling locations and times
were also chosen to correspond with available measure-
ments of real ocean CFC-11 concentration.

CFC-11 Simulations in the Deep Southern Ocean

The concentration of CFC-11 at model levels 10 and 11
(2935-m and 3721-m depth) is shown for a zoom in the
southern hemisphere during late 1983 in Figure 8. Each of
the four experiments reproduces the northward propagation
of AABW in the Atlantic sector of the model, with a subtle
reduction in CFC extension as the surface gas transfer rate
becomes more realistic (e.g., note the northward extent of
the 0.015-pmol/kg contour). The Atlantic traces of bottom
water also propagate eastward into the south Indian Ocean.
In the Pacific Ocean, bottom waters formed in the Ross Sea
overflow into the Southwest and Southeast Pacific Basins.
The extent of northward spreading in the Pacific Ocean is
somewhat weaker than that in the Atlantic Ocean. This is
because deep ocean currents are weaker in the Ross Sea
outflow compared with those that spread from the WSBW
formation zone.

It is a little difficult to visualize the significant variations in
deep Southern Ocean CFC-11 concentrations shown in
Figure 8. To emphasize the different concentrations obtained
with each change in surface CFC forcing, the reader is
directed to certain model water samples taken from the four
simulations (Table 2a). For example, water convectively
overturned in the Weddell Sea near 4000 m depth is far too
enriched with CFC-11 in runs CF1 and CF2. Reasonable
concentrations are simulated once the proportion of sea ice
cover is factored into the gas exchange timescale. Ross Sea
Bottom Water (RSBW) also follows a trend of reduced
CFC-11 concentrations as the surface gas forcing improves.
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(d) Implied CFC—11 restoring timescale (days)
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Figure 7. (a) Annual mean wind speed (meters per second)
of Esbenson and Kushnir [1981] interpolated onto the model
grid. (b) Calculated air-sea gas piston velocity (centimeters
per hour) for CFC-11 and (c) CFC-12 following equation (7).
The piston velocities shown are the annually averaged
transfer speeds over the model domain. Stippled regions
denote areas where the gas piston velocity is slower than 10
cm/h. (d) Effective equilibration timescale (days) for the
surface model level (Az; = 50.9 m) for CFC-11 and (e)
CFC-12. Stippled regions denote ocean areas where the
effective surface level equilibration timescale is less than 20
days.
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Table 2a. Maximum CFC-11 Concentrations in Southern
Ocean Bottom Water

WSBW, RSBW, Ajax SAVE
Experiment 3721 m 2935 m Section leg 3
CF1 4.63 4.25 3.05 0.292
CF2 3.15 2.63 1.65 0.165
CF3 1.72 1.52 1.33 0.086
CF4 1.62 1.40 1.26 0.078
Observed 1.65 cee 0.28 0.034

Specific levels and years were chosen to match particular cruise
data that have been published. These data are included for easy
reference and intercomparison between the CFC simulations. All
values are in picomoles per kilogram. The Weddell Sea Bottom
Water (WSBW) and Ross Sea Bottom Water (RSBW) concentra-
tions are sampled during model year 1987 just off the shelf outflow
around the Antarctic continent. The ‘‘Ajax section’ data corre-
spond with the bottom water simulated along the prime meridian
during the model period October 1983 to January 1984. The South
Atlantic Ventilation Experiment ‘“SAVE leg 3’’ data are the maxi-
mum bottom water traces of CFC-11 found off the western boundary
near 25°S during March 1988. The model samples of bottom water in
the Weddell Sea, at the Ajax section, and near 25°S can be compared
directly with data obtained during hydrographic surveys (taken from
Schlosser et al. [1991], Warner and Weiss [1992], and Weiss et al.
[1993].

These variations in bottom water CFC concentrations can be
seen in the southernmost regions shown in Figure 8, with a
progressive shrinking of the CFC extensions as higher sur-
face undersaturations are simulated. ‘

Measured CFC-11 concentrations along some of the South
Atlantic Ventilation Experiment (SAVE) sections confirm
the presence of CFC-enriched waters along the bottom
western boundary of the South Atlantic Ocean. Concentra-
tions as high as 0.034 pmol/kg were found near 4200 m depth
near 25°S during March 1988 [Weiss et al., 1993]. These
relatively high traces of CFC-11 can be traced directly to an
Antarctic origin. The model simulates the bottom water
ventilation of the Atlantic Ocean too strongly. For example,
note the northward extension of the 0.03-pmol/kg contour in
the four experiments during late 1983 (Figure 8), around 4 years
earlier than when the SAVE leg 3 measurements were made.
The 0.03-pmol/kg signal in 1983 is as far north as 10°S (exper-
iment CF1), even though the sections presented predate the
SAVE cruise time by 4 years. Even in experiment CF4, the
0.03-pmol/kg signal reaches the SAVE leg 3 latitude (25°S)

Table 2b. Maximum CFC-11 Concentrations in North
Atlantic Deep Water NADW) Sources and Outflow
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around 4 years too early (Figure 8d). A direct comparison
between the SAVE leg 3 data and the model simulations (Table
2a) reveals the degree of sensitivity of the deep CFC simula-
tions to the surface gas forcing used, and how the experiments
with high polar undersaturation (CF3 and CF4) give the best
representation of the northward propagating CFC signal. How-
ever, in all four experiments the propagating signal overshoots
the observations in the bottom water outflow zones, even when
concentrations are realistic in the original formation regions
(Table 2a). It should also be noted that with the coarse vertical
resolution at depth, unrealistically thick layers of CFC-tagged
bottom water are simulated in the northward extensions into
the Atlantic, Indian, and Pacific Oceans.

Modeled and observed CFC-11 concentrations are shown
along the Greenwich meridian during late 1983 in Figure 9.
The observed section is redrafted from Warner and Weiss
[1992] and corresponds with measurements made as part of
the Ajax experiment during late 1983. Equatorward of
around 45°S, the CFC simulations appear to reproduce the
observed concentrations rather well, although the model
concentrations are somewhat more diffused in the main
thermocline. Marked differences between the model and
observations appear in the extreme Southern Ocean. For
example, note the location of the 1.6-pmol/kg contour south
of 50°S; in the observed section it remains in the upper 300 m
of the water column, whereas the CF1 model fills the entire
water column south of the Southwest Indian Ridge with
water whose CFC-11 concentration exceeds 1.6 pmol/kg.
This can be seen in Figure 8a with the eastward spreading of
the 1.6-pmol/kg contour across the prime meridian at 3721 m
depth in experiment CF1. Marked improvement is made as
the surface waters become CFC undersaturated, with the
CF3 and CF4 simulations clearly superior. Maximum sam-
pled bottom water CFC-11 concentration along the prime
meridian is 0.28 pmol/kg in the observed data, whereas it
exceeds 3.0 pmol/kg in run CF1 (Table 2a). This discrepancy
amounts to an order of magnitude error in deep CFC-11
concentrations in the ‘‘saturated surface’’ run. Even in runs
CF3 and CF4, the deep CFC-11 concentrations are too high
by a factor of about 4. This suggests that not enough older
(CFC-deprived) water recirculates and upwells into the
Southern Ocean. For example, more upwelled circumpolar
deep water in the Southern Ocean would weaken the CFC-11
concentrations significantly, not only because the older
water would contribute to a lower CFC mixture, but also

Table 2c. Maximum CFC-11 Concentrations in Arctic
Ocean Deep and Bottom Water

Experiment LSW, 295 m LSW, 2228 m NADW ufiow Experiment NSO, 2228 m CAOB, 1622 m NB, 2935 m
CF1 4.18 3.39 0.008 CF1 1.32 0.123 0.061
CF2 3.51 2.66 0.005 CF2 1.07 0.097 0.050
CF3 3.41 2.63 0.005 CF3 0.96 0.081 0.041
CF4 3.33 2.67 0.006 CF4 0.92 0.077 0.038
Observed 3.05 1.85 0.050 Observed cee 0.010 0.010

Values are in picomoles per kilogram. The Labrador Sea Water
(LSW) is shown for the upper convective mixed layer during the
model winter of 1986 (for comparison with the observations of
Wallace and Lazier [1988]) and for the deeper shelf overflow during
July and August 1988 (for comparison with Doney and Bullister
[1992]). The NADW outflow concentration is measured near the
equator during December 1982 to February 1983 (to correspond with
the observations of Weiss et al. [1985]).

The CFC-11 concentrations (in picomoles per kilogram) are
shown for the Norwegian Sea overflow (NSO) of deep water during
1986 (near 0°, 70°N), in the deep Central Arctic Ocean Basin
(CAOB) during 1983 (near 108°W, 85°N), and in the deep Nansen
Basin (NB) during July—August 1987 (near 30°E, 84°N). The mod-
eled concentrations in the Nansen and Central Arctic Ocean Basins
can be compared directly with the observations of Krysell and
Wallace [1988] and Wallace and Moore [1985].
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Figure 8. Concentration of dissolved CFC-11 at 2935-m and 3721-m depth (model levels 10 and 11)
during late 1983 in runs (a) CF1, (b) CF2, (c¢) CF3, and (d) CF4. To be consistent with observational
studies, we draw contour levels at 0.015, 0.03, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 pmol/kg.

because the convective activity in the region would tend to
be suppressed (see part 2).

To further illustrate the sensitivity of the modeled CFC
uptake to changes in the air-sea gas exchange, we include
the difference in Ajax section CFC-11 concentrations be-
tween the respective experiments in Figure 9. The reduction
of upper level CFC concentrations over regions of deep
convective overturn in run CF2 leads to a reduced CFC
signature over much of the Southern Ocean. At the Ajax
section the maximum surface difference is centered near
60°S, since this is precisely the latitude of maximum convec-
tive activity along the prime meridian (see Figure 2b). The
change in CFC-11 concentration along the Ajax section in
experiment CF3 indicates the effect of sea ice in reducing
ocean uptake of atmospheric CFC over the extreme polar
regions of the Southern Ocean. CFC concentrations in
experiment CF3 are necessarily less than or equal to the
CFC concentrations in experiment CF2, with the difference
signal highest off the Antarctic shelf. The model ocean
circulation redistributes this signal, with 0.01 pmol/kg
CFC-11 concentration changes noted as far north as 40°S in
the upper 1000 m and up to 50°S over the Southwest Indian

Ridge (Figure 9g). Including a wind speed dependent gas
piston velocity in experiment CF4 enhances the CFC uptake
in regions where this velocity is faster than 10.6 cm/h (the
unshaded regions of Figure Sh). Broadly speaking, CFC
fluxes are higher under the subpolar westerlies and in certain
subtropical oceans and lower in the tropical and polar
regions. The differenced Ajax section (Figure 9h) reveals
these trends, with a significant reduction in CFC ventilation
south of 60°S, contrasted with increased CFC uptake under
the westerly wind belt (40°S-60°S). Differences of more than
0.1 pmol/kg are observed as deep as 1000 m, indicating the
overall sensitivity of the CFC uptake to changes in the
surface forcing.

CFC-11 Simulations in the Deep North Atlantic and
Arctic Oceans

Maps of the concentration of CFC-11 at 1622 m depth in
the North Atlantic Ocean are shown for each of the CF1-CF4
experiments in Figure 10. The CFC data are sampled from
the model ocean during early 1983, in order to correspond
with an equivalent diagram presented by Weiss et al. [1985].
The Weiss et al. [1985] diagram is derived from measure-
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Figure 8.

ments made during the Transient Tracers in the Ocean
(TTO) North Atlantic and tropical Atlantic studies. Because
our model density field is free to vary from the observed
ocean density structure, this map is best viewed on the level
corresponding to maximum NADW outflow rates (i.e., level
8; see Figure 1b). Overall, the model reproduces the deep
North Atlantic CFC-11 field quite well, except that
concentrations in the western boundary outflow are far too
weak (see also Table 2b). In effect, the model southward
extension of the CFC-enriched upper NADW is not
matching observations [see Weiss et al., 1985]. This is
because the model advective timescale limits the southward
penetration of CFC-tagged waters during the transient
uptake process (a run with zero horizontal diffusion acting
on the CFC tracers confirms that the lateral diffusion in
the model does not significantly erode the southward
propagation of the CFC-enriched waters; see part 2). Out-
flow current speeds at 1622 m depth (Figure 11) are of
the order of 1.5 cm/s (with some faster parts of the out-
flow reaching 2 cm/s). This is actually of the same order
as the scale velocity of upper NADW outflow (originating
in the Labrador Sea) derived by Weiss at al. [1985]
(1.4 cm/s). What we see in the model simulation, however,
is that much of the outflow of recently formed NADW
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includes a loop eastward into the Northeastern Atlantic
Basin. The extended path followed by the CFC-11 signa-
ture is thus around 14,000 km in distance (between the
Labrador-Greenland Sea formation zone and the equator,
Figure 11), somewhat greater than the 10,000 km
distance assumed by Weiss et al. [1985]. In the model the
CFC-tagged LSW therefore requires around 30 years to
make its way to the tropical Atlantic (assuming a 1.5-cm/s
mean speed). This timescale is confirmed by an age analysis
of deep and bottom water in the model (Figure 12; see
also part 2). On the basis of the value of the CFC-11/CFC-12
concentration ratio (compared with the atmospheric history
of this ratio, Figure 3) we can estimate the age of water
crossing the equator to be around 35 years. The CFC data
typically overestimate the apparent age because of mixing
between the CFC-tagged core and the adjacent waters
[Pickart et al., 1989]. The calculated model timescales for
the outflowing NADW to cross the equator are somewhat
longer than estimates derived from observed CFC distribu-
tions (e.g., Weiss et al. [1985] estimate 23 years). However,
increasing the rate of outflow of NADW in the model can
significantly reduce the age of deep water crossing the
equator (see part 2), partly because the outflow waters opt
for a shorter route to the tropics. As a consequence, younger



DEPTH (meters)

DEPTH (meters)

DEPTH (meters)

DEPTH (meters)

ENGLAND ET AL.: CHLOROFLUOROCARBON UPTAKE IN A WORLD OCEAN MODEL, 1

(a) Observed (b) Experiment CF1

DEPTH (meters)

30s
LATITUDE LATITUDE:?OS

(c) Experiment CF2 (d) Experiment CF3

DEPTH (meters)

25,229

3 308
LATITUDE LATITUDE

(f) Expt. CF2 — Expt. CF,

DEPTH (meters)

308 308
LATITUDE LATITUDE

(g) Expt. CF3 — Expt.

DEPTH (meters)

60S 308 EQ 308
LATITUDE

LATITUDE

Figure 9. Latitude—depth sections of dissolved CFC-11 along the prime meridian during late 1983. (a)
Observed (redrafted from Warner and Weiss [1992]). Distributions in runs (b) CF1, (c) CF2, (d) CF3, and
(e) CF4. The contour levels chosen are the same as in Figure 8. Also shown are the differenced
concentrations between (f) runs CF2 and CF1, (g) runs CF3 and CF2, and (h) runs CF4 and CF3. In the
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Figure 10. Concentration of dissolved CFC-11 at 1622 m depth (model level 8) during late 1982 in runs
(a) CF1, (b) CF2, (c) CF3, and (d) CF4. Contour levels are drawn at the standard concentrations.

(CFC enriched) water spreads farther southward in such
simulations.

The degree of dilution of a given water mass can also
be calculated with the aid of CFC concentration data, if
it is assumed that the water mass is diluted by surrounding
waters that are essentially CFC free [e.g., Weiss et al.,
1985]. Such a calculation depends on the CFC concen-
tration measured in the water mass compared with the
concentration it originally had at the time of formation.
This requires some knowledge of the degree of saturation
of the surface water when the water mass was formed
[e.g., Wallace and Lazier, 1988]. In ocean models we can
sample surface saturation levels routinely, making the
dilution calculation easy to perform. In our four control
model CFC simulations the degree of dilution of NADW
should be constant since the dilution processes are a
function of the model circulation and mixing rates. The
simplest approach is therefore to use run CF1 (since in
this experiment, surface CFC concentrations are always
in saturated equilibrium with the atmosphere). Water arriv-
ing at 10°N off South America is sampled during 1988
and found to have a CFC-11 concentration of 0.035 pmol/kg.

The age estimate for this water is around 32 years
(Figure 12), meaning that it was originally exposed to the
atmosphere in 1956. The historical data for CFC-11 in the
northern hemisphere (Figure 3) shows an atmospheric dry
air mole fraction of 5.69 in 1956, which for LSW (6 = 3.5°C,
S = 34.90%0) yields an equilibrium concentration of
0.121 pmol/kg. That means the water arriving at 10°N
(CFC-11 = 0.035 pmol/kg) has been ~70% (or 3.5-fold)
diluted during its 32-year journey from the Labrador Sea
mixed layer. The dilution is mostly caused by the vertical
diffusion of the southward flowing CFC-enriched water
along model level 8. Weiss et al. [1985] make a similar
calculation derived from real ocean data, estimating upper
NADW to be approximately 80% diluted by the time it
arrives at the equator. However, their calculations incor-
rectly assumed the convective mixed layer to be in
saturated equilibrium with the atmosphere. Wallace and
Lazier [1988] suggest that Labrador Sea saturation levels
might be typically 60% at the time of deepwater formation.
This would bring the Weiss et al. [1985] estimate down to a
threefold dilution by CFC-free waters.

Included in Tables 2b and 2c are certain key CFC-11
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samples made during the model simulation in the North
Atlantic and Arctic Oceans. The samples taken were chosen
at locations and times that match observational records. In
the convective region of the Labrador Sea in run CF1,
CFC-11 concentrations are overestimated in the surface
mixed layer and at depth. Improvements are made when a
realistic timescale for upper layer equilibration is built into
our air-sea gas model. In the NADW outflow region, marked
deficiencies in CFC-11 concentration are modeled near the
equator in all four runs. However, these low CFC levels can
be mostly corrected with a change in the model outflow rate
(part 2), even when the forcing of run CF4 is maintained. The
concentration of CFC-11 in the deep Arctic Ocean is gener-
ally equal to or smaller than the minimum detectable level of
0.01 pmol/kg [e.g., Krysell and Wallace, 1988; Wallace and
Moore, 1985]. Our simulations, in contrast, flux moderate
levels of CFCs into the region (Table 2c). Once again, the
overestimation of oceanic CFC uptake is reduced progres-
sively during the model experimental sequence, with levels
sampled in run CF4 somewhat closer to the observed data
than the erroneous CF1 concentrations.

6. Discussion and Conclusions

The uptake and redistribution of anthropogenic CFC-11
and CFC-12 have been examined within a global ocean
circulation model. In particular, model CFC simulations
were generated using four different parameterizations of the
air-sea gas exchange rate. The different CFC integrations
were carefully sampled to generate model data sets that
could be directly compared with certain observational stud-
ies of the concentration of CFC-11 in deep and bottom
waters.

60°S 7 1 - T
90°W 60°W 30°W 0° 30°E
Figure 11. Ocean current vectors at 1622-m depth in the

control ocean model. The vector scaling is indicated in
centimeters per second. Subsurface topographic features at
3000 m depth (model level 10) or shallower are stippled.
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Figure 12. Apparent age (years) of the Labrador Sea Wa-
ter component of upper NADW outflow in the model ocean.
Because the CFC-11/CFC-12 ratio has remained approxi-
mately constant (near 0.57) since 1975 (Figure 3), we give
only an upper bound for the age of water exposed to the
atmosphere since that time. In addition, significant atmo-
spheric traces of CFC-11 do not appear until the 1950s, so we
can, at best, trace water parcels that are around 35 years old.

An assumption that the ocean surface is instantaneously in
saturated CFC equilibrium with the atmosphere is seen to
grossly overestimate the flux of CFC-11 and CFC-12 into the
ocean. Deep and bottom water CFC-11 concentrations in the
central Arctic and Southern Oceans can be as much as 10
times too large when the model ocean is assumed to maintain
saturated CFC equilibrium at all times. The use of a classical
air-sea gas exchange formula (even one with a simplified gas
transfer velocity that is independent of wind speed) is seen to
greatly improve the CFC simulations at depth. In addition,
the model reproduces many of the observed trends in surface
CFC concentrations, namely, undersaturation in regions of
deep convective overturn and near-surface upwelling and
supersaturation in the summer mixed layer. The convected
layer undersaturations can be as much as 50% during a deep
wintertime overturning event, though more typical undersat-
uration levels are in the range 10-35%. This degree of
undersaturation agrees well with a range of observational
studies in the winter mixed layer. A consideration of sea ice
coverage further improves the CFC-11 simulations in the
polar deepwater formation regions. The presence of sea ice
acts to limit the area of seawater exposed to atmospheric
forcing in the winter hemisphere. Percentage of saturated
equilibrium can be as weak as 25% in regions persistently
covered with sea ice, which is in approximate agreement
with observed CFC concentrations in polar surface waters.
A consideration of surface wind speeds in the calculation of
the air-sea gas piston velocity is seén to increase the surface
CFC fluxes over the subpolar oceans. Equilibration times-
cales as fast as 10-15 days are calculated over high wind
speed regions of the North Atlantic and Southern Oceans
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during winter, as much as halving the equilibration timescale
assumed in the CF2 experiment. In polar and tropical
regions the wind speed dependent piston velocity is slower
than the constant rate assumed in experiment CF2 (k, =
10.6 cm/h), yielding higher undersaturation levels in regions
of upwelling and vertical convection.

Deep and bottom water outflows from convectively active
regions are found to be characterized by significant levels of
CFC-11 and CFC-12 concentration. In particular, bottom
water formed adjacent to Antarctica in the Weddell Sea is
seen to spread northward into the deep South Atlantic and
eastward into the Indian Ocean. The ventilation of the South
Atlantic Ocean by CFC-enriched bottom water is far too
strong when surface CFC concentrations are forced to
maintain saturated equilibrium levels. With more realistic
air-sea gas forcing the concentration of CFC-11 in the
northward flowing WSBW remains marginally too strong,
with a western boundary signature of 0.03 pmol/kg reaching
25°S in late 1983. This is around 4 years earlier than the
SAVE measurement of CFC-enriched WSBW (0.034 pmol/
kg) at 25°S during March 1988 [Weiss et al., 1993]. In the
deep Pacific Ocean, CFC-tagged bottom water formed in the
Ross Sea flows into the Southwest and Southeast Pacific
Basins, with the subsequent northward spreading somewhat
weaker than the corresponding South Atlantic flows. Like
the bottom water generated in the Weddell Sea, concentra-
tions in the RSBW outflow are very sensitive to the param-
eterization of air-sea gas exchange. From a comparison
between the simulated and observed CFC-11 concentrations
at the Greenwich meridian it seems that too much convec-
tive overturn persists in the Southern Ocean at 55°S-70°S,
with unrealistically deep penetration of young CFC-enriched
waters. This is because not enough older (CFC deprived)
water recirculates and upwells into the Southern Ocean.
More upwelled circumpolar deep water in the region would
weaken the CFC-11 concentrations significantly, not only
because the older water would contribute to a lower CFC
mixture, but also because the convective activity in the
region would be suppressed due to the stabilization of the
water column.

A reasonable representation of oceanic CFC is achieved in
the convected water column in the North Atlantic Ocean. In
contrast, deep waters that have left the convective area with
the model ocean currents are found to be deficient in
CFC-11. This is because of the relatively long advective
timescale for the modeled NADW to flow to the equator
(30-35 years) compared with observed ocean estimates (23
years). The slow advective timescale for NADW outflow
does not seem to be due to underestimated mean flows in the
deep model levels. Rather, it is because the NADW outflow
from the Labrador and Greenland Seas includes a loop
eastward into the Northeastern Atlantic Basin. This east-
ward excursion of some of the NADW increases the required
equatorial journey by around 4000 km. Consequently, the
water eventually arriving in the deep tropical Atlantic is
somewhat older than it would have been had it taken a
shortcut southward from the Labrador Sea. On the basis of
the CFC-11/CFC-12 ratio of water arriving at the South
American continent during 1988 (at 10°N) an age estimate of
32 years is given for that portion of the water that was
originally exposed to atmospheric conditions in the Labra-
dor Sea. This age estimate can be used to extrapolate the
degree of dilution of the upper NADW arriving at 10°N

ENGLAND ET AL.: CHLOROFLUOROCARBON UPTAKE IN A WORLD OCEAN MODEL, 1

assuming that the dilution is principally from water that is
CFC free. On the basis of the atmospheric history of CFC-11
and a knowledge of surface saturation levels in the regions of
NADW formation, we found the water at 10°N to be diluted
about 3.5 times by CFC-free waters (that is, the mixture
arriving in the tropical Atlantic is around 30 parts NADW
and 70 parts older, recirculated CFC-free water). The dilu-
tion in the model could come from vertical diffusion since the
vertical resolution is coarse in the deeper model levels, so
that an outflowing CFC signature at a particular level is
likely to be eroded by the relatively deficient CFC waters
above and below it.

The potential for CFCs to be used as constraints in ocean
circulation models has been demonstrated by our study. The
conventional hydrographic tracers (temperature and salinity)
can only provide so much information in the context of
model validation and circulation diagnosis. The uptake of
two extra tracers over a 60-year period is computationally
inexpensive compared with the long millennia timescales
required to properly equilibrate ocean GCMs. In the context
of the global carbon cycle, circulation models are typically
validated using to reproduce anthropogenic “C invasion
before being used to study oceanic CO, uptake [e.g., Maier-
Reimer and Hasselmann, 1987; Sarmiento et al., 1992].
Using CFC-11 and CFC-12 as validation tracers would allow
a separation of deep ventilation effects from biological
processes. Even though the CFC ventilation of the ocean is
relatively recent and present-day CFC data are only useful in
the context of ocean circulation over the decadal to inter-
decadal timescale, in the future, more and more structure
will evolve in the deep ocean measurements. This should
mean a wealth of validation data for the ocean circulation
modeler.
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