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[1] A high-resolution model of the North Atlantic Ocean is
used to examine the potential of chlorofluorocarbon (CFC)
inventories for calculating the rate of Labrador Sea Water
(LSW) formation. While the simulated CFC-11 inventory
and its geographical distribution in 1997 is fairly similar to
observations, the model indicates pronounced variations in
the history of CFC uptake, reflecting pulsations in LSW
renewal in response to changes in wintertime atmospheric
conditions. The LSW formation rate based on the volume of
newly homogenized water during a winter season varies
between 0 Sv and 11 Sv, and it is correlated (with a lag of 1
year) with the North Atlantic Oscillation (NAO) Index. The
CFC-based estimate of the mean LSW formation rate is 3.5–
4.4 Sv, approximately representing the mean volumetric
formation rate (4.3 Sv) for the period 1970–1997. INDEX
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1. Introduction

[2] As the primary source of the upper part of the North
Atlantic Deep Water (NADW), Labrador Sea Water (LSW)
is an important component of the global meridional over-
turning circulation (MOC). It is formed in the central
Labrador Sea (LS) by vigorous, deep-reaching convective
processes following periods of extensive heat loss in late
winter [Marshall and Schott, 1999] which, in some years,
homogenize the water column well below 2000 m depth
[Lab Sea Group, 1998]. Determining the causes and effects
of variations in the extent of LSW formation is an important
task in ocean climate studies: particular issues are the
relation between the annual renewal rate and changes in
atmospheric conditions associated, e.g., with the NAO
[Dickson et al., 1996], and the link to variations in the
MOC and thus in the meridional oceanic heat transport
suggested by model studies [Häkkinen, 1999; Eden and
Willebrand, 2001].
[3] While long-term hydrographic records from the LS

demonstrate striking changes in LSW properties over the
last century [Lazier, 1988; Dickson et al., 1996; Curry et al.,
1998], there is only fragmentary knowledge of the LSW

formation rate, its variability, and its quantitative contribu-
tion to the MOC transport. Direct calculation of annual
LSW formation rates, i.e., of the volume of newly ventilated
water during a winter season has only been possible for
exceptional years with sufficient hydrographic data cover-
age; the classical example is Clarke and Gascard [1983].
Indirect estimates, of mean formation rates for different
periods, have been obtained from considerations of clima-
tological heat budgets [McCartney and Talley, 1984] and
surface buoyancy fluxes [Speer and Tziperman, 1992].
Using annual climatologies of heat and freshwater fluxes
over 1980–1997, Marsh [2000] inferred a quasi-decadal
variation in LSW production between near zero in the early
1980s and a maximum of about 10 Sv in 1990, returning to
near zero by 1997.
[4] An alternative approach for calculation of mean LSW

production, the use of chlorofluorocarbon (CFC) measure-
ments, was proposed in recent studies by Smethie and Fine
[2001] (hereafter, SF01) and Rhein et al. [2002] (R02).
CFCs enter the ocean at the surface and get incorporated in
LSW during convection.
[5] From estimates of the CFC inventory for the subpolar

North Atlantic north of 40�N (NA) during 1997, R02
calculated a mean formation rate of 4.4–5.6 Sv, while
SF01 obtained 7.4 Sv, using composite data from 1986–
1992 from the whole North Atlantic, and assuming different
CFC surface boundary conditions in the convection area.
An issue germane to both studies is the sparseness of
historical CFC-data coverage and thus information on the
time history of CFC uptake due to interannual variability of
LSW renewal. How is the CFC uptake linked to the
varying, convective renewal of LSW and to which degree
does the CFC-based estimate of the LSW formation rate
correspond to the ‘‘classical’’, volumetric estimate? These
issues are elucidated by an ocean circulation model which
simulates the temporal evolution of CFC uptake in the
Atlantic Ocean.

2. The Model

[6] The model is based on a refined configuration of the
Modular Ocean Model (MOM2.1) [Pacanowski, 1995],
developed as part of a hierarchy of Atlantic Ocean models
(‘‘FLAME’’; e.g., Dengg et al. [1999]). The model version
adopted here uses a similar horizontal grid (1/3� by 1/3� cos
(f)) and domain (from 18�S to 70�N) as the DYNAMO
model intercomparison study [Willebrand et al., 2001]; a
higher vertical resolution (45 levels), adaptation of a bottom
boundary layer scheme, and lateral subgrid scale mixing
along isopycnals have led to improvements especially with
respect to deep water formation and meridional overturning
[Dengg et al., 1999; Redler and Dengg, 1999]. Atmospheric
forcing is by the same ECMWF-based monthly mean fluxes
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as in DYNAMO, but has superimposed heat flux anomalies
for 1959–1997 from NCEP-NCAR reanalyses products
[Kalnay et al., 1996]. As discussed for a coarser (4/3�)
version of the present model, the ocean response includes
interannual variations in LS convection over a depth range
of about 1000 m [Eden and Willebrand, 2001]. Using the
T-S characteristics of the water in the LS, the model
analogue of LSW is defined by the density range sq =
27.84–27.89, compared to sq = 27.74–27.80 as in R02.
[7] The model went through a spin-up of 15 years, during

which the amplitude of the MOC adjusted to a maximum of
about 18 Sv. By this time, trends in the MOC were generally
smaller than the interannual-to-decadal oscillations driven
by the atmospheric variability; see also Eden and Wille-
brand [2001]. Starting from this spun-up state, the uptake of
CFC-11 was simulated for 1959–1997. Gas exchange at the
surface was set proportional to the difference between the
surface concentration and the saturation concentration,
given as a function of solubility and atmospheric concen-
tration following Warner and Weiss [1985]. The proportion-
ality coefficient, or ‘‘piston velocity’’, was taken as a
constant, equivalent to a time scale of 1.0 day, at which
the concentration in the 10 m-surface layer relaxes to the
saturation value. Sensitivity runs (see also Beismann and
Redler [2003]) showed the main effect of this parameter to
be on the drop in saturation during phases of active
convection in the LS: with the present choice the model
gives a CFC concentration of about 60% saturation in the
LSW formation region, similar to observational estimates
[Wallace and Lazier, 1988; Smethie et al., 2000].

3. Results

[8] The CFC concentrations for 1997 (Figure 1) are
suggestive of the three major pathways for LSW, originally
described by Talley and McCartney [1982] based on hydro-
graphic properties: from its formation region in the LS,
branches with relatively high concentration of CFC extend
to the northeast into the Irminger Sea (IS), into the eastern
basin between 50� and 55�N, and to the southwest along the
Grand Banks of Newfoundland. The overall distribution of
R02 is fairly well simulated, but there are some regional
model deficiencies, especially in the eastern basin: while the
eastward branch of LSW appears less prominent in the
model, wedges of high CFC concentrations extend south-
westward along the Reykjanes Ridge and in Rockall
Trough. The latter are signatures of CFC-bearing overflow
water from the Norwegian Sea, turning up in the LSW
budget as an effect of the higher LSW density range in the
model, which implies less distinction between the densities
of the LSW and the overflow across the Iceland-Scotland
Ridge.
[9] From the measurements in 1997, R02 calculated a

total CFC-11 inventory of 16.6 ± 1.7 million moles of CFC-
11 in the LSW between 40� and 65�N. The model inventory
is 15.7 million moles, of which, however, 2.7 million moles
(17%) are attributable to the overflow. Table 1 summarizes
the model CFC-flux out of the LS by comparing regional
inventories to observations (R02). While the pathway into
the IS is quantitatively realistic (19% vs. 20% of the
subpolar CFC-inventory), the supply of the eastern basin
is too weak: in the model, only 24% of the total subpolar

CFC-inventory are found here, vs. 31% in the observations.
Moreover, about 2/3 of the eastern inventory are due to the
overflow contribution. This is probably attributable to a
stronger blocking of the eastward penetration of LSW by
the Mid-Atlantic Ridge, since the denser model LSW
spreads at about 300–400 m greater depths than observed.
The lack of export to the eastern basin is reflected by a
higher than observed inventory in NF (32% vs. 21%).
Despite this regional distortion, the net export of LSW from
the subpolar North Atlantic is captured realistically: the
1990-inventory for the Atlantic proper south of 42�N is
16%, close to the estimate (18%) of SF01. The exported
fraction increases in the 1990s, to 22.3% in 1997.
[10] Time series of the CFC content in LSW show a near-

exponential rise, with a more pronounced increase in 1977,
1984/1985 and 1990–93. The annual uptake anomalies, i.e.,
deviations from a purely exponential increase in the various
basins (Figure 2), appear most pronounced in the LS and IS;
their correlation (r) is highest (0.77) for zero time lag,
suggestive of a spreading of newly formed LSW into the
IS within a few months, comparable to observations [Sy et
al., 1997]. Tracer spreading to the Newfoundland Basin
(NF) takes about 2 years (r is 0.61, 0.66, 0.48 for lags of 1,
2, 3 yrs). There is less coherence with the eastern basin,
corresponding to the restricted LSW flow across the Mid-

Figure 1. Mean CFC-11 distribution [pmol/kg] in the
LSW layer for 1997, (a) from observations (R02) and (b)
from the model. The black lines indicate the box boundaries
for the inventory calculations of Table 1.
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Atlantic Ridge. The CFC uptake anomalies are linked to
changes in the convection intensity in the LS (for a dis-
cussion of the variations in winter mixed layer depths we
refer to Eden and Willebrand [2001]), which correspond to
changes in the thickness of the LSW layer: maximum
thicknesses in the LS are obtained in 1977 and 1990, similar
to observations [Curry et al., 1998]; another, weaker max-
imum (not apparent in the observations) occurs in the mid-
80s, similar to the periods of enhanced CFC uptake in the LS.
[11] The model offers the opportunity to directly compare

the CFC-based estimation of LSW renewal against the
classical, volumetric calculation. Figure 3 shows the strong
variability of this metric, between zero in 1970 and 11 Sv in
the early 1990s. A qualitatively similar variation is obtained
by calculating, in each year, the volume of water which was
in surface contact during the previous winter (this is
facilitated in the model by carrying a tracer for the ‘‘age’’
of the water, i.e., the time elapsed since the last surface
contact, and calculating the volume of water which, in
spring, is less than 0.6 years old). In some periods, this
total ventilated volume is higher than the increase in LSW

volume; in particular, after the onset of intense deep con-
vection in 1990, the convective intensity continued to
increase over the next 1–2 years, in contrast to the volume
of newly formed LSW: it appears that after a few years of
strong renewal only small volumes of less dense waters are
left to be transformed to LSW. In spite of this precondition-
ing effect there is an intimate relation between LSW renewal
and the atmospheric forcing variability over the subpolar
NA, as represented by the NAO index (Figure 3b): for a lag
of 1 year, NAO index leading, the time series are signifi-
cantly correlated at the 99% level (r = 0.66 for the original
time series; r = 0.58 after removal of the multi-year trends
present in both).
[12] According to the volumetric measure, the model’s

mean LSW formation rate during 1970–1997 is 4.3 Sv.
Applying the method of R02 to the simulated CFC inven-
tory of LS origin in the model (13.0 million moles, instead
of 16.6 million moles in the data), results in a CFC-based
estimate of 3.4–4.4 Sv (relative to 4.4–5.6 Sv in R02).

4. Conclusions

[13] While previous, coarse-resolution model studies of
CFC uptake generally noted severe problems in represent-
ing the North Atlantic deep water masses [England and
Maier-Reimer, 2001], the major aspects of the observed
CFC uptake in the LSW layer appear well reproduced in the
present simulation; it thus constitutes a useful means to
elucidate issues in LSW formation and CFC uptake that

Table 1. Regional Distribution of CFC-11 in 1997, in percent of

the Total Inventory for the LSW Layer Between 40� and 65�N,
Compared to the Observations of R02

Obs Model

LS 28 25
IS 20 19
NF 21 32
East 31 24

Figure 2. Time series of CFC uptake anomalies, relative to
an exponential increase, for the subpolar basins.

Figure 3. (a) Time series of LSW formation rates in the
model, defined by the volume of newly formed LSW in
winter, and (thin line) ventilation rates, defined by the total
volume of water in the LS that was in surface contact during
the previous winter. (b) Index of the NAO based on the
difference of normalized sea level pressure between
Portugal and Iceland following Hurrell [1995].
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cannot be addressed by observations alone. Forced with
atmospheric fluxes from reanalyses, the model simulates an
interannual variability in LS convection [Eden and Wille-
brand, 2001] that has direct consequences for the renewal of
LSW: pulses of enhanced formation rates, up to a maximum
of 11 Sv in the early 1990s, are interspersed with periods of
vanishing renewal. The effect of this intermittency in LSW
renewal is manifested in the simulated time series of CFC
inventories, with a pronounced modulation of the basically
exponential increase in uptake.
[14] Following the method of R02, the model’s equiv-

alent CFC-based estimate of the LSW formation rate is 3.4–
4.4 Sv, basically in agreement with its mean (1970–1997)
volumetric formation rate of 4.3 Sv. This result generally
encourages the use of CFC based estimates of deep water
formation rates, not only for the LSW but also for other
deep water masses.
[15] An issue affecting the CFC-based estimation in the

observations is the export of CFC-laden LSW from the
subpolar basin. The model gives a similar value (16%) for
the exported fraction as SF01 for 1990, and a somewhat
higher value (22%) for 1997. Accounting for this exported
fraction would raise the R02–estimate of the mean LSW
formation rate to 5.7–7.2 Sv.
[16] An issue requiring further study is the somewhat

lower (by about 20%) than observed inventory of CFC in
the model LSW. While a systematic examination of the
factors relevant to CFC-uptake in eddy-permitting models
has yet to be performed, results from a companion sensitivity
study with a coarser version of the present model [Beismann
and Redler, 2003] suggest a dependency primarily on the
parameterization of subgrid-scale physics rather than on
details of the air-sea gas exchange. Further investigation of
these issues will greatly benefit from the availability of
basin-scale tracer inventories based on WOCE data sets.
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