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Abstract

Climatological oxygen observations suggest that the deep water of the western Mediterranean is better ventilated than
that of the eastern Mediterranean. In this work, the oxygen distribution is modelled using an off-line tracer model driven by
velocity fields from an eddy-permitting general circulation model. The model includes an air–sea transfer of oxygen,
entrainment, and an interior oxygen consumption which varies in each basin according to estimates of the background new
production. The modelled oxygen distribution shows higher values in the western basin when compared with the eastern
basin, despite higher oxygen utilisation in the west, although the model underestimates the west–east contrast. In addition,
an off-line ideal age integration is performed that shows ages reaching 100 yr in the eastern basin and 50 yr in the western
basin, although the latter value should be viewed as an over-estimate as the modelled deep convection is too weak. These

Ž .model integrations are combined to produce a relationship between the apparent oxygen utilisation AOU and age for each
basin. A climatological age distribution is then inferred from the observed AOU distribution using the model-derived
relationships. The predicted age reaches 80–120 yr and 20–40 yr in the bottom waters of the eastern and western basins
respectively. The errors in this approach are likely to be significant, being "20 yr in the east and "40 yr in the west.
However, the results are broadly in accord with independent estimates of overturning timescales—70 to 120 yr and 40 yr for
the eastern and western basins, respectively. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The oxygen distribution has frequently been used
to identify the pathway of fluid around ocean basins,

Ž .as in the core analysis of Wust 1935 , as well as¨
qualitatively to indicate the age of fluid as defined
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by the time since fluid was last at the surface. In
practice, a quantitative calculation of the age from
oxygen concentrations is rarely performed, as it re-
quires assumptions to be made about the consump-
tion of oxygen, along with the exact paths of fluid
parcels and interior mixing. Despite these potential

Ž .difficulties, Jenkins 1987 showed that there is a
simple functional relationship between observations

Ž .of apparent oxygen utilisation AOU and tritium–
helium age in the upper thermocline of the beta

0924-7963r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0924-7963 98 00013-X



( )K. Stratford et al.rJournal of Marine Systems 18 1998 215–226216

triangle site in the North Atlantic. He exploited this
relationship to estimate the oxygen utilisation rate by
estimating the advective oxygen supply from the
horizontal gradients in AOU and the tritium–helium
age.

In this study, we wish to follow a similar philoso-
phy, but exploit the use of a general circulation

Ž .model GCM to help understand the climatological
oxygen distribution and deduce the implied age dis-
tribution. A straight-forward application of a GCM
to understand tracer data is often difficult. The mod-
elled tracer fields often appear unrealistic as a result
of inaccuracies in the advecting circulation which are
in turn caused by uncertainties in, for example,
forcing and sub-grid scale parametrisations. How-
ever, a GCM can sometimes still be useful if the
relevant controlling processes, such as the ventilation
of the upper waters and transfer of water masses, are
represented reasonably well. In this case, the GCM
might provide better functional relationships between
different tracers, than exact predictions of the geo-
graphic distribution of a single tracer.

In this study, a simple procedure is followed to
understand the dissolved oxygen distribution and
estimate the age of water from oxygen observations.
First, climatological maps of oxygen concentration
and AOU are constructed from observational data for

Ž .the Mediterranean Section 2 . Second, the evolution
of an idealised age tracer and of the oxygen concen-
tration is determined using off-line tracer integra-
tions driven by velocity fields from a seasonally-
varying, eddy-permitting model of the Mediter-
ranean; the model is described in Section 3 and the
results in Section 4. The idealised age and oxygen
distributions are both strongly dependent on the
physical circulation, but have different source and
sink terms associated with them. Separate functional
relationships between the age and AOU are estab-
lished for the western and eastern basins, since there
are different levels of new production, and hence
oxygen consumption, in each basin.

Finally, the implied age distribution is inferred
from the climatological AOU distribution using the
model derived functional relationship between age
and AOU. This age distribution is discussed and
compared with independent estimates in Section 5,
along with the limitations and uncertainties inherent
in the approach.

2. Climatological oxygen data

Oxygen data have been obtained from the MED2
Ž .historical data base see Brasseur et al., 1996 , which

itself is a compilation of three separate data sets. The
Žfirst is the BNDO Bureau National des Donnees

.Oceaniques set which consists of about 17,000 ver-
tical profiles—mainly bottle data at original depths.
These measurements were all collected after 1911,
while the data set as a whole is representative of the

Ž1945–1978 period. The second is the NODC Na-
.tional Oceanographic Data Centre which includes

over 20,000 profiles interpolated to standard levels.
ŽThe final source was the IRPEM Instituto per la

.Ricerca sulla Pesca Maritima data set made up of
around 4000 stations mainly in the Adriatic Sea. This
merged data set also provides observed temperature
and salinity for the estimation of oxygen solubility in
addition to the measured oxygen concentration.

These raw data have been processed here so that
smooth fields are available on the same grid as is
used by the model, employing a mapping technique
based on a spatially weighted averaging procedure.
Initially, a linear interpolation of values in the verti-
cal was performed, onto the 19 depth levels of the
model. Next, the observations were binned in 0.258

=0.258 latituderlongitude boxes at exactly the same
co-ordinates as the model tracer grid. This was
achieved by applying a two-dimensional moving av-
erage filter subject to the constraint that there be at
least 10 raw data points within the averaging range.
Thus, for example, if an area of four grid points
contained fewer than 10 raw data points, the averag-
ing was extended to encompass 16 boxes, and so on
until a maximum of 100 boxes was reached. In this
way one obtains a varying resolution ranging from
0.58=0.58 down to a minimum of 2.58=2.58. In
order to avoid extensive leakage of features between
adjacent locations, data were averaged with a weight
proportional to the square of the inverse distance
between their position and the grid point of interest.

2.1. Oxygen and AOU distributions

Fig. 1 shows the annual average oxygen concen-
tration and AOU distributions on the 1500 m isobath,
which is typical for the mid-depth and deep waters.
It can be seen that the oxygen concentrations are
generally higher in the western basin, where one sees
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Ž y3 .Fig. 1. Annual average observed oxygen and apparent oxygen utilisation both mol O m on the 1500 m isobath, as derived from MED22
Ž .historical database of Brasseur et al. 1996 .

the clear signature of deep convection in the Gulf of
Lions with concentrations greater than 21 mol O2

my3. At this depth in the eastern basin, concentra-
tions are significantly lower, typically less than 19
mol O my3, with the lowest concentrations appear-2

ing off the coast of Turkey in the Levantine basin.
For the AOU values the gradient is reversed with the
higher values to the south and east, although a
broadly similar pattern can be seen.

Fig. 2 shows vertical sections of both the oxygen
concentration and the AOU on a transection which

passes through both the western and eastern basins.
ŽFrom those regions where data are available shaded

.regions represent missing data it is possible to as-
sess the vertical trends in the two basins. The west-
ern basin exhibits a number of pronounced features:
deep convection in the Gulf of Lions is clear as a
vertically uniform region of high oxygen concentra-

Ž y3 .tion greater than 21 mol O m extending to the2

bottom. Also visible is a clear mid-depth minimum
in the oxygen concentration at around 500 m, which
appears as a maximum in the AOU picture. No such
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Ž . Ž . Ž y3 .Fig. 2. Annual average observed a oxygen and b apparent oxygen utilisation both mol O m . The contour interval is 0.01 mol O2 2

my3 in both cases. The path of the section is shown in the inset, and passes from the Gulf of Lions in the west to the coast of Turkey in the
east. Lightly shaded regions indicate missing data.

mid-depth minimum is present in the eastern part of
the section, where the maximum in AOU is generally
towards the bottom. Furthermore, in the eastern basin
the 0.07 mol O my3 AOU contour is nearest the2

surface in the Levant, suggesting that the oldest
water resides in this part of the basin.

3. Model details

The oxygen and ideal age distributions are mod-
elled using an off-line approach, making use of fields

Žfrom the GFDL primitive equation model MOM,
.see Cox, 1984 , to compare with the climatological

fields presented in Section 2.
The MOM for the Mediterranean region has been

integrated for 100 yr following studies by Pinardi

Ž . Ž .and Navarra 1993 , Roussenov et al. 1995 and Wu
Ž .and Haines 1996 . This length of integration is

sufficient for the upper and mid-depth circulation to
reach equilibrium, but the deep water is ventilated
too slowly owing to a number inadequacies in the
model circulation, particularly near strong topogra-

Ž .phy see Haines and Wu, 1998 . Instead of renewing
bottom waters, ventilation of dense water occurs
largely at mid-depth, leading to bottom water which
is typically older than water at mid-depth. The model
has 0.258=0.258 horizontal resolution along with 19
levels in the vertical, the surface layer being 10 m in
depth. The Strait of Gibraltar is open allowing an
free inflow of Atlantic water and outflow of Mediter-
ranean water. The model is initialised to the Levitus
Ž .1982 climatology, and forced by an annual cycle of
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Žmonthly mean winds from National Meteorological
.Centre data along with a temperature and salinity

relaxation at the surface, a device to maintain realis-
tic temperaturersalinity structure within the model.

Ž .Wu and Haines 1996 employ sufficiently low hori-
zontal viscosity and diffusivity to allow the back-
ground flow to become baroclinically unstable, form-
ing eddies on a scale slightly larger than the Rossby

Žradius of deformation about 15–20 km in the
Mediterranean compared with a horizontal resolution

.of around 20 km . These baroclinic eddies are found
to be essential in achieving realistic spreading of
water mass properties, particularly for Levantine In-
termediate Water, from formation sites.

The off-line tracer integrations employ a single
Ž . Ž .annual cycle of temperature u , salinity S , and

Ž .mean velocity field u with a temporal resolution of
5 days. This single annual cycle is formed using
output from the final 10 yr of the GCM integration.
The oxygen and ideal age models use this annual
cycle in conjunction with the appropriate boundary
conditions and sourcersink terms. The off-line ap-
proach provides an effective and efficient way of
carrying out a large number of different calculations
based on the same model, although at the cost of
removing some explicit variability. However, the
temporal resolution of 5 days is short enough on the

Ž .scale of a typical eddy lifetime perhaps weeks that
a reasonable representation of the eddies is retained.
Clearly, to retain variability at all frequencies, one

Žmust return to use of the full GCM albeit with
.consequent computational penalty .

The equation for the time evolution of a passive
tracer in the off-line model is:

C sy= . uC qk = 2 Cq k C 1Ž . Ž . Ž .t h h v z z

where u is the three-dimensional velocity field, while
subscripts t and z represent derivatives with respect
to time and the vertical co-ordinate respectively. See

Ž .Williams et al. 1995 for further details of the
off-line model. The horizontal diffusivity, k , ish

chosen to be 50 m2 sy1, which is close to that
implied by the biharmonic diffusion term in the
prognostic model, and can compensate for the loss of
explicitly variability in some regions. In other re-
gions, the effect of the time-varying flow leads to an
up-gradient transfer of tracer and requires an advec-
tive parametrisation of the sub-scale such as the

Ž .scheme of Gent and McWilliams 1990 ; see, for
example in the Mediterranean, Stratford and Williams
Ž .1997 . The vertical diffusivity, k , is exactly thatv

used in the prognostic model, being 3=10y5 m2

sy1 at the surface, smoothly decreasing towards the
bottom.

3.1. Oxygen model

The oxygen concentration is calculated using the
Ž .off-line tracer model described by Eq. 1 , together

Žwith additional sources and sinks as depicted in Fig.
.3 . The full equation for the time evolution of the

oxygen concentration is then:

w x w x 2 w x w xO sy= . u O qk = O q k OŽ . Ž .2 2 h h 2 v 2t z z

XX w xy w O qF 2Ž .Ž .2 zz

w xHere, O is the time rate of change of the dis-2 t
XX w xsolved concentration of oxygen, w O is a vertical2

Ž .Fig. 3. Schematic diagrams showing the nature of a oxygen and
Ž .b the ideal age tracer. Oxygen is exchanged with the atmosphere
at the surface, and is transferred through the mixed layer into the
interior where the concentration is reduced by consumption, repre-

Ž .sented by F z . In comparison, the age tracer is set to zero in the
Ž .mixed layer dashed lines at all times; once subducted, fluid

Ž .parcels move along isopycnals solid lines in the interior where
Ž .the age increases linearly in the limit of no mixing .
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turbulent flux of oxygen within the mixed layer, and
F is a term representing the net consumption ofz

oxygen.
The air–sea transfer of oxygen is parametrised

according to the mismatch between the surface oxy-

w xgen concentration O and the saturated oxygen2 zs0
w xsatconcentration O :2

X satX w x w x w xw O sk O y O 3Ž .Ž .2 w 2 2zs0

w xsatThe saturated oxygen content O , a function of2

Ž . Ž y3 . Ž . Ž y1 .Fig. 4. Model predictions of a oxygen concentration mol O m and b apparent oxygen utilisation mol O m for the case of 122 2
y2 y1 Ž .and 24 g C m yr new production in the eastern and western basins respectively. In c , the apparent oxygen utilisation is shown for the

increased consumption rate relating to the case of 36 g C my2 yry1 new production in the western basin. The contour interval is 0.01 mol
O my3 in all cases.2
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both temperature and salinity, is calculated from the
Ž .empirical formula of Weiss 1970 and varies on the

5-day annual cycle following u and S. A piston
velocity, k , measuring the equilibration time be-w

tween air and water, is computed from the empirical
Ž .relation of Liss and Merlivat 1986 using the

Žmonthly NMC wind data adjusted from 1000 mb to
.10 m after Thompson et al., 1983 used to drive the

GCM. The magnitude of the piston velocity is typi-

cally of order 10y5 m sy1, corresponding to an
equilibration time of around 30 days for a mixed
layer depth of 30 m.

Turbulence within the mixed layer is assumed to
homogenise the oxygen concentration vertically, the
depth of the mixed layer being identified by an
increase in the density of 0.05 kg my3 over the
surface value. During periods of mixed-layer deepen-
ing, oxygen-poor water is introduced from below,

Ž y3 .Fig. 5. Model predictions of oxygen concentration and apparent oxygen utilisation both mol O m on the 1500 m isobath with 12 and2

24 g C my2 yry1 new production in the eastern and western basins, respectively.
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with an entrainment flux at the base of the mixed
layer given by

XX w x w x w xw O sH O y O h . 4Ž .Ž .2 2 2 tth zs0zsyh

w xHere, O represents the oxygen concentration of2 th

the entrained water from the thermocline, and the
Heaviside function, H, is defined to be unity when
there is mixed layer deepening with h )0, and zerot

otherwise.
The interior sink of oxygen is represented by the

Ž .term F in Eq. 2 , the form of which is based on thez
Ž .empirical parametrisation of Martin et al. 1987

following measurements of particulate nutrient fluxes
as a function of depth in the VERTEX experiment in
the North Pacific. The divergence of these fluxes is
associated with a consumption of oxygen when there
is particulate remineralisation, and can be converted
to an implied oxygen consumption by multiplication
by the appropriate Redfield ratio. In this way the
consumption of oxygen can be described by:

gy1F sF zrz 5Ž . Ž .z 0 0

Ž .where z is some reference level 100 m while F0 0

and g are empirically determined parameters. In the
VERTEX region, the overall oxygen consumption
can be represented to a good approximation by tak-
ing F s4.7=10y10 mol O my3 sy1 and gs0 2

y0.87. The new production in the VERTEX area
was estimated to be 12 g C my2 yry1.

Ž .We choose to employ the parametrisation Eq. 5
based on the VERTEX region, but adjust the value
of the prefactor F according to the local value of0

the new production. The exact functional form of the
parametrisation could be different in the Mediter-

ranean, where the water column is significantly
warmer than the Pacific and higher microbial activity
might be expected to lead to a more rapid decrease
in the consumption rate with depth. For example,

Ž .Suess 1980 describes a model based on data from
different areas of the world ocean in which the

y2 Žoxygen consumption decreases as z compared
y1.87 .with z here . However, the uncertainty in the

exact functional form is probably small compared
with that in the new production, which determines
the value of F .0

In the eastern Mediterranean, an oligotrophic re-
gion like the VERTEX area, new production is

y2 y1 Ž .estimated to be 12 g C m yr Bethoux, 1989 ,
so we adopt the above values of F and g here. This0

gives rise to an oxygen utilisation rate of around
0.015 mol O my3 yry1 at 100 m, which is similar2

Ž .to that estimated by Jenkins 1987 for the beta
triangle site in the North Atlantic. Estimates of the
new production in the western Mediterranean are

Ž .more wide-ranging: Bethoux 1989 gives 12–36 g C
my2 yry1. In an attempt to address this uncertainty,
we have undertaken two off-line oxygen integrations
corresponding to new production of 24 and 36 g C
my2 yry1, where the values of F are scaled by a0

factor of 2 and 3 respectively, while g is unchanged.
The comparison of these two integrations allows the
sensitivity of oxygen model to the consumption rate
to be assessed.

3.2. Ideal age

The ideal age for a given fluid parcel is defined
here as the elapsed time since that fluid was sub-

Ž .Fig. 6. A transection of modelled age years . The contour interval is 10 yr.
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ducted into the thermocline from the base of the
Žmixed layer see, for example, Thiele and Sarmiento,

. Ž .1990 . The age, A x; t , is set to be zero in the
mixed layer at all times:

A x ;t s0 6Ž . Ž .
while in the interior, the time evolution of A follows

Ž .Eq. 1 with the appropriate source term included

A sy= . uA qk = 2 C q k C q1 7Ž . Ž . Ž .t h h z v z

In an ideal case where there is no mixing in the
interior, a fluid parcel leaving the mixed layer will

Ž .age linearly with time Fig. 3b .

4. Model results

The initial conditions for the off-line tracer model
are a homogeneous constant value, zero in the case
of age and 0.1 mol O my3 for oxygen. Integrations2

of 200 yr have been performed for both the ideal age
and oxygen, sufficient for a statistically steady state
to be approached. In all cases the result presented
will be an annual average from the final year of
integration.

4.1. Oxygen distribution

The oxygen results are presented in terms of both
absolute oxygen concentration and AOU, where the
saturation values of oxygen have been computed

Ž .from the average model u , S properties.
The modelled oxygen concentration is shown in

Fig. 4a for the case in which the new production is
24 g C my2 yry1 in the western basin and 12 g C
my2 yry1 in the eastern basin. The modelled oxygen
shows higher values in the western basin compared
to those in the east, although the contrast of up to
0.015 mol O my3 is typically only half that re-2

vealed in the climatology. In the western basin the
deep water oxygen concentration is around 0.20 mol

y3 Ž .O m with corresponding AOU Fig. 4b values2

of around 0.06 mol O my3. However, there is little2

or no evidence of a mid-depth oxygen minimum as
observed in the data. In the eastern basin, the deep
water oxygen values are generally 0.18–0.19 mol O2

my3 with a minimum in the deepest part of the
Ionian. There is no oxygen minimum at mid-depth in

the eastern basin, which is consistent with the data.
Also consistent with the data are lower oxygen con-
centrations towards the surface in the Levant, sug-
gesting older water upwells in this region.

Fig. 4c shows the model prediction of AOU for
the case of the higher consumption in the western
basin based on new production of 36 g C my2 yry1.
In the western basin the change in consumption has
caused a decrease in the oxygen concentration of
roughly 0.01 mol O my3, with a corresponding2

increase in the AOU. Even with the increased con-

Ž . Ž .Fig. 7. The AOU relationship for a the eastern basin and b the
western basin, where there are two curves representing the differ-
ent oxygen utilisation rates relating to 24 and 36 g C my2 yry1

new production; the rightmost is for the case of 36 g C my2 yry1

which gives rise to consistently lower age values for a given
AOU. The width of the cross indicates the variance about the
mean in each AOU bin.
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sumption, the model AOU does not exhibit a mid-de-
Ž .pth maximum as is observed Fig. 2b .

Fig. 5 shows the modelled fields of oxygen con-
centration and AOU on the 1500 m isobath for the
lower consumption rate in the west. Both fields are
qualitatively similar to the equivalent climatological

Ž .fields Fig. 1 , although the model has failed to
capture the extremes of high oxygen associated with
deep convection in the Gulf of Lions, and the lowest
values observed in the Levant. The correlation coef-
ficient between observed AOU and modelled AOU
for the whole Mediterranean is 0.87, while that
between observed and modelled oxygen is 0.75.

4.2. Modelled age

A transection of age values from the off-line
tracer model is shown in Fig. 6, from which it can be
seen that in general, water becomes older as depth
increases. In the western portion of the section,
which passes through the Gulf of Lions, there is
some evidence of deep convection with younger
water penetrating to mid-depth. However, the mod-
elled deep convection in this region is not reaching
the bottom which suggests that the highest ages seen

Ž .in the western basin ;50 yr are overestimates.
In the eastern part of the section, which passes to

the south of both Crete and Cyprus, considerably
older water is observed. At mid-depth, the highest

Ž .ages ;70 yr are seen towards the east of the basin,
while in the deepest region of the model the situation

Ž .is reversed with the highest ages ;100 yr seen in
the Ionian, and slightly lower ages in the Levantine.
Again, ventilation of bottom water is too weak so
that bottom water ages should be younger than those
at mid-depth as reflected in higher CFC concentra-
tions in bottom waters observed in the Ionian by

Ž .Roether and Schlitzer 1991 .

4.3. The AOU–age relationship

The model results presented above suggest that
increasing AOU is associated with older water. In
order to quantify this relationship the results for
AOU and age from each position in the model have
been binned according to the AOU value. The means

Ž y3of the values for each AOU bin width 5=10 mol
y3 .O m are computed, along with the standard2

deviations to measure the variance. These values are
indicated by the error bars in Fig. 7, which are 2
standard deviations in extent.

Ž .For the eastern basin Fig. 7a there is a clear
monotonic increase in the age with increasing AOU.
A simple polynomial fit has been drawn through the
points. For a given AOU value, the variance in the
model age is typically 10–15 yr. In the western basin
Ž .Fig. 7b results are plotted for both the higher and
lower consumption cases. The higher consumption

Ž y2 y1 .rate based on 36 g C m yr new production
gives lower ages for a given AOU. However, in both
cases the variance in the age values associated with a
given AOU is large: 15–20 yr in the higher AOU

Fig. 8. A transection of age computed using the observed AOU field and the modelled AOU–age relationship. The contour interval is 20 yr.
Lightly shaded regions again indicate missing data.
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range. The difference between the two consumption
cases is even larger for AOU values beyond 0.06
mol O my3.2

Using the AOU–age relationships for the east and
Ž .the west with the lower consumption rate , an age

value can be recovered from the climatological AOU
values. The resulting transection is shown in Fig. 8,
suggesting that the age of the deep water is around
20–40 yr and 80–120 yr in the western and eastern
basins respectively. However, values for the age at
mid-depth in the western basin where the observed
AOU exceeds 0.06 mol O my3 are clearly unreli-2

able, reflecting the large difference seen between the
curves in Fig. 7b.

5. Discussion and Conclusion

Climatological oxygen distributions reveal greater
oxygen concentration at depth in the western
Mediterranean, when compared with the eastern
Mediterranean. This oxygen distribution reflects the
enhanced ventilation of the western basin, since the
higher new production in the western Mediterranean
tends to reduce the oxygen concentration at depth. In
this way, the oxygen distribution is providing a
qualitative measure of the age of fluid, defined as
elapsed time since fluid is at the surface. However,
obtaining a more quantitative measure of the age is
difficult, as the circulation pathways and mixing
rates are not well known.

In this study, we attempt to deduce the age distri-
bution from the climatological oxygen distribution
by using a functional relationship between apparent

Ž .oxygen utilisation AOU and age derived from off-
line tracer integrations in the Mediterranean. The
ideal age integration shows ages reaching up to 100
yr in the eastern basin and up to 50 yr in the western
basin, although deep convection should be more
active in the model. The oxygen model includes
air–sea transfer of oxygen, entrainment, advection

Žand an interior loss through consumption that is
enhanced in the western basin owing to the higher

.new production there . The model produces an oxy-
gen distribution that captures the gross features of
the climatology, apart from the oxygen minimum at
mid-depths in the western basin, which is caused by
deep convection being underestimated. The correla-

tion between the observed and modelled AOU is
0.87, while between observed and modelled oxygen
it is 0.75. The functional relationship between AOU
and age obtained from the model shows the expected
increase in AOU with age, but the exact form of the
relationship differs in each basin. The different
choices in oxygen utilisation rate in the western
basin modify the AOU–age relationship and lead to
an offset of at least 20 yr for higher values of AOU.

Using the separate functional relationships for the
western and eastern basins leads to predictions for
the climatological age reaching 80–120 and 20–40
yr at the bottom of the eastern and western Mediter-
ranean respectively. There are a number of signifi-
cant sources of error to be considered in this ap-
proach. First, the variance in the AOU–age relation-
ship as measured by the error bars in Fig. 7 suggests
an error of around 10–15 yr in the eastern basin and
15–20 yr in the western basin. Second, the choice of
oxygen utilisation rate, which is here related to the
new production, alters the model relationship as seen
in Fig. 7b. The new production in the western basin

Ž .is estimated by Bethoux 1989 to be 12–36 g C
my2 yry1, while in the eastern basin to be 12 g C
my2 yry1 with an uncertainty of perhaps "6 g C
my2 yry1. Therefore, the error in the recovered age
in the western basin will be perhaps 40 yr, whereas
in the eastern basin it will be smaller, around 20 yr.
However, an age estimate for the bottom water of
20–40 yr in the west turns out to be quite reason-
able, although a reliable estimate is made difficult by
the problems with deep convection.

Ž .In comparison, Ovchinnikov et al. 1985 estimate
an overturning timescale for the eastern basin of 70
yr, and for the western basin of 40 yr. Roether and

Ž .Schlitzer 1991 use tritiumrhelium and CFC obser-
vations to deduce a renewal timescale of 120–130 yr
for the deep waters in the eastern basin. Our recov-
ered ages are broadly consistent with these indepen-
dent estimates. It should be noted that the present
work takes no account of changes in the deep circu-

Ž .lation recently observed by Roether et al. 1995 ,
which suggest Aegean deep water formation gives
rise to a more rapid renewal timescale of perhaps
30–40 yr. New GCM integrations would be required
to try to address such variability.

The accuracy of biogeochemical tracer modelling
is clearly limited by a number of factors. The impor-
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tance of a credible physical simulation is highlighted
by the problems with deep convection in the present
model, which has a large effect on the oxygen
concentrations and ages of the deep water. Experi-
mental measurements of new production are also
uncertain, although an oxygen model could be used
to try to discriminate between different estimates.
The combined oxygen–age approach was adopted to
try to overcome the deficiencies exhibited by the
individual tracer models, and shows a degree of
success in estimating the overturning timescale. Fi-
nally, we note that this approach could be adopted in
other regions of the world ocean provided dynamical
and tracer models can be adapted successfully to
local conditions. This approach could be useful in
parts of the world ocean to which anthropogenic
tracers have not penetrated.
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