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Abstract.

Changes in pCFC-12 ages and AOU are investigated in the eastern subtropical
North Pacific, where a portion of a 1991 WOCE cruise along 152°W was repeated
in 1997 and a portion of a 1985 WOCE cruise along 24°N was repeated in 2000.
Between 1991 and 1997, a large increase in pCFC-12 ages and AOU is observed at the
subtropical-subpolar gyre boundary at 152°W. pCFC-12 ages (including a correction for
mixing biases) and AOU increased by as much as 4 years and 40 umol/kg, respectively,
which corresponds to an increase of 33-40%. The data are in agreement with previous
studies suggesting a reduction of ventilation in the subpolar gyre (Watanabe et al., 2001;
Ono et al., 2001). A proposed mechanism for these changes is a reduction or cessation
of the outcropping of the core isopycnal (oy = 26.65kg/m3) during this period. Since
mixing-bias corrected pCFC-12 ages and AOU at 152°W changed in approximately
equal proportions, the average OUR (=AOU/age) remained roughly constant during
this period. In contrast, OUR appears to have decreased off the coast of California
from 1985 to 2000. The reduction in OUR indicates that export production may have
decreased in the fresh subpolar waters that form the eastern limb of the subtropical
gyre. It is recognized, however, that the estimation of OURs is sensitive to assumptions

about outcrop saturations.
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1. Introduction

With the growing concern about global warming and climate change on all
timescales, the study of interannual to interdecadal variability in the atmosphere-ocean
system has seen an expansion of effort in recent years. Transient tracers such as
chlorofluorocarbons (CFCs) provide the unique opportunity to directly observe changes
in ventilation rates that could be a result of oceanic adjustment to changes in wind
forcing and subduction rates. CFCs supplement non-conservative tracers such as oxygen
because they can help distinguish temporal changes which have occurred due to physical
processes from those due to changes in the sources or sinks of these tracers.

In the North Pacific Ocean, there have been a few studies using repeat measurements
of CFCs and oxygen to investigate variability of thermocline ventilation. Based on
reoccupation of two sections along 47°N and 165°E, Watanabe et al. (2001) determined
that pCFC ages and apparent oxygen utilization (AOU) increased from 1985 to 2000,
and they inferred that the formation of subpolar waters had slowed down, possibly as
part of a longer term climate trend in the subpolar region (Ono et al., 2001). An increase
in AOU was also observed from the 1980s to the 1990s on four transects along 152°W
in the eastern subtropical gyre (Emerson et al., 2001). This change was attributed to
either an enhancement of the biological pump or a reduction of ventilation. Because
the 1980s data did not contain CFC measurements, Emerson et al. (2001) could not
distinguish between the two effects, though concurrent changes in the C:N:P ratios of

organic matter supported ideas about variations in the nutrient and carbon export



system. In contrast, Min et al. (2000) suggested that neither ventilation ages nor oxygen
utilization rates (OURs), estimated as the ratio of AOU over ventilation age, changed
significantly from 1982 to 1994 at a location further to the east near 28.5°N, 122.5°W.
In this paper, we revisit the eastern North Pacific subtropical gyre including the
subtropical-subpolar transition zone and discuss pCFC age changes in conjunction with
AOU and OUR changes for two reoccupations, in 1997 and 2000, of WOCE sections,
from 1991 and 1985 respectively (Figure 1). Special consideration is given during this
data analysis to uncertainties in the CFC and oxygen mixed layer boundary conditions

and to mixing biases that are associated with the pCFC ages.

2. Data and Methods

Two student cruises to the eastern subtropical North Pacific (Figure 1) were
carried out by the School of Oceanography at the University of Washington (Stump
and Emerson, 1998; Mecking, 2001). The first cruise, STUD97 in November 1997,
repeated a portion of WOCEP16N (March 1991) (WOCE, 2002) between 23°N and
45°N along 152°W. The oxygen and AOU data of this cruise have been presented
previously (Emerson et al., 2001). The second cruise, GS2000 in January 2000 with a
nominal latitude of 24°N, followed the cruise track of TPS24 (WOCEP3, March—June
1985) (WOCE, 2002) as far west as 152°W. CFC-11 and CFC-12 data were collected on
all four sections following the analytical procedures described by Bullister and Weiss
(1988). We focus here on the CFC-12 data because its atmospheric source function

continued to increase throughout the 1990s ( Walker et al., 2000).



The CFC-12 partial pressure (pCFC-12) is defined as the ratio of the measured
CFC-12 concentration in a water sample to the solubility the gas at the temperature and
salinity of the water (Doney and Bullister, 1992; Warner et al., 1996). pCFC-12 ages
are calculated by projecting the observed pCFC-12 onto the CFC-12 atmospheric history
(Figure 2). Uncertainties in the pCFC-12 ages are estimated by taking into account
the uncertainties in the measurements (Mecking, 2001; WOCE, 2002), in the solubility
(Warner and Weiss, 1985), and in the atmospheric CFC-12 history ( Walker et al.,
2000) as well as the observed variability of CFC-12 mixed layer saturations from an
individual cruise (see Mecking (2001) for a detailed description of the error estimates).
Uncertainties in AOU, which is the calculated difference between the oxygen saturation
concentration and the measured concentration, are based on the errors in the oxygen
solubility (Garcia and Gordon, 1992) and the oxygen measurements (1% for GS2000
and less than that for the other cruises). Possible calibration offsets between cruises,
determined from comparisons of deep oxygen samples, are on the order of 1 ymol/kg for
the sections along 152°W (Emerson et al., 2001) and 1-5 umol/kg for the sections along
24°N (Mecking, 2001). The uncertainty in OURs in determined through standard error
propagation when taking the ratio of AOU over pCFC-12 age.

To account for mixing biases that result from nonlinearities in the atmospheric
source function, a bias correction is applied to the pCFC-12 ages for gy < 26.6 kg/m3,
using simulations done with an advection-diffusion model of the North Pacific
thermocline (Mecking et al., 2004). Model integrations were performed on isopycnals for

CFCs and an ideal age tracer using geostrophic flow fields based on climatological data



and isopycnal diffusivities derived from the best-fit between the modeled CFC-12 fields
and the North Pacific WOCE data (see Mecking et al. (2004) for a detailed description of
the model). The model results revealed, that pCFC-12 ages are continuously increasing,
independent of changes in physical processes, due to the curvature in the atmospheric
time history. This is illustrated by two-endmember mixing examples which show that
the positive curvature of the atmospheric time history until ~1980 causes mixing
biases (difference between ideal ages and pCFC-12 ages) toward younger pCFC-12 ages
and that the negative curvature of the atmospheric time history since ~1988 causes
biases toward older pCFC-12 ages (see Figure 2). For the purpose of this paper, the
model-derived difference between ideal ages and pCFC-12 ages at the time and location
of the measurements are subtracted from the data-derived pCFC-12 ages to obtain ages
that more closely represent the “true” ideal age of the water. The difference in these
bias corrections along repeat sections is also used to estimate how much of the observed
differences in pCFC-12 ages can be explained through mixing biases.

When determining pCFC-12 age and AOU of a water sample, it is intrinsically
assumed that these gases are in equilibrium with the atmosphere when a water sample
is permanently subducted from the late winter mixed layer. There is evidence, however,
from Atlantic Ocean observations and a series of mixed layer models that CFCs become
undersaturated where winter mixed layers are deep (Haine and Richards, 1995). For the
North Pacific, Mecking et al. (2004) find that CFC-12 mixed layer undersaturations of
5-20% give the best agreement between the WOCE data and their steady-state model

(see above) for isopycnals that outcrop in the northwestern Pacific (oy > 25.4 densunits)



where mixed layers deepen to >250m in late winter. Here, we do an ad hoc mixed
layer model calculation for CFC-12 and oxygen that starts with initial profiles based
on a North Pacific WOCE cruis at 40°N, 165°E (Figure 1) where winter mixed layers
are among the deepest (see appendix A). Stepping this model forward by evoking gas
exchange (using climatological wind speeds and mixed layer temperatures, salinities
and depths) and entrainment, a CFC-12 saturation of 85-90% and a somewhat higher
oxygen saturation of 90-95% is obtained for late winter. These estimates represent
upper bounds for the CFC and oxygen undersaturations occuring in the North Pacific.
We use the upper limit of these saturation ranges (90% for CFC-12 and 95% for oxygen)
to test how robust any oceanic changes derived from the CFC and oxygen distributions
are to assumptions about mixed layer undersaturations. It must be recognized, however,
that these saturation estimates are extreme values that apply to the region of deepest
winter mixed layers centered around ~ 40°N, 165°E, but overestimate winter mixed
layer undersaturations elsewhere. Thus assuming bulk mixed layer undersaturations
can improve age and oxygen utilization estimates in some locations, but worsen them
in others, and the resulting pCFC-12 age and AOU distributions can be very noisy. We
nevertheless use the bulk undersaturation estimates to examine the sensitivity of our
results. In addition to the default assumption of 100% saturation and the extreme value
of 90% saturation, a lesser CFC-12 undersaturation of 5% (95% saturation) is also used

for examining the robustness of pCFC-12 age differences.



3. Results
3.1. 152°W sections - WOCEP16N (1991) and STUD97 (1997)

3.1.1. pCFC-12 ages Along 152°W, pCFC-12 ages are older in 1997 than in
1991 everywhere except for young waters near the mixed layer where the age difference
is close to zero (Figure 3a). The largest age increases are observed at the northern end
of the overlapping sections between 41°and 45°N, where the age difference is as large
as Tyears for 0y =26.6-26.7kg/m3. This region is located within the Subpolar Frontal
Zone (SFZ), which marks the boundary between the subpolar and subtropical gyres
and extends, based on the outcrop of the 33.0 and 33.8 isohalines (Roden, 1991), from
~38°-45°N for both cruises. A pCFC-12 age increase, however, is expected even in the
case of steady-state ocean circulation due to the nonlinear mixing biases associated with
pCFC ages. Based on the advection-diffusion model by Mecking et al. (2004) (described
in section 2), it is estimated that the difference in pCFC-12 age mixing biases along
152°W between 1991 and 1997 amounts to 0-2years for oy <26.6kg/m? (Figure 3b).
When the pCFC-12 age differences are corrected for these mixing bias estimates, the age
difference at the northern end of the section at 44°-45°N and oy = 26.6 kg/m? reduces
to 4years (Figure 3c). It remains significant compared to an uncertainty of 0.5-1 years,
calculated as the rms of the pCFC-12 age uncertainties of each cruise (Figure 3a). The
corrected pCFC-12 ages at this location in 1991 are 10-12 years (Figure 3c), and thus
the age increases by 33-40%.

Increases in the bias-corrected ages that are > 3 years are also observed on lower



density levels at the northern end of the section and at 32-34°N (Figure 3b). However,
the uncertainty associated with the age differences also increases toward the surface
(Figure 3a) due to large age uncertainties in younger water during the 1990s which
result from the reduction of annual CFC growth rates in the atmosphere (Figure

2). In addition, the age differences at these lower density levels are sensitive to
assuming outcrop saturations of 95% or 90% which causes some of the age differences at
o9 > ~26.3kg/m? to become neagtive (Figures 4a and 4b). In contrast, the age increases
at densities > 26.3kg/m® remain robust to possible outcrop undersaturations. Thus,
only the latter changes can be considered significant.

3.1.2. AOU and OUR AOU increased from 1991 to 1997 in a tongue that
extends southward from 45°N and is centered around oy =26.6-26.7kg/m3(Figure 5)
which is the density range of the largest pCFC-12 age change (Figure 3a). The greatest
AOU increase amounts to 40 umol/kg at 44°~45°N where the mean depth of the core
isopycnals is 250-300 m. This change in AOU is not affected by assumptions about
oxygen outcrop saturation because the saturation concentrations drop out when taking
AOU differences on isopycnal surfaces (assuming that temperature and salinity on the
isopycnal have remained approximately the same). It corresponds to an AOU increase of
~40% — matching the change in bias-corrected pCFC-12 ages at oy = 26.6 kg/m?(Figure
3c).

The agreement between the increase in AOU and bias-corrected pCFC-12 ages can
also be illustrated by comparing OURs, calculated as the ratio of AOU over pCFC-12

age, for oy = 26.4-26.6kg/m? (Figure 6a), which is slightly above the core of the largest
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AOU and pCFC-12 age increases. If no mixing-bias correction is applied, OURs appear
to have decreased from 1991 to 1997 along the entire section, in particular at the
northern end (Figure 6a). With the bias correction, however, OURs at the northern
end of the section match very well, amounting to an average of ~8 umol/kg north of
41°N in 1991 as well as 1997 (Figure 6b). The OURs decrease toward the south which
reflects the southward deepening of isopycnal surfaces combined with the decrease of
OUR with depth (Sonnerup et al., 1999) and also possibly lower productivity in the
subtropical gyre compared to the subpolar gyre. At the southern end of the section,
OUR averages remain slightly higher in 1991 (5.940.1 ymol/(kgyr)) compared to 1997
(5.6+0.1 pmol/(kgyr)) even with the bias correction. But this OUR difference reduces
further and becomes negligible if outcrop saturations of 90% and 95% are used when
determining pCFC-12 ages and AOU respectively (Figure 6¢). The large scatter in the
OURs at the northern end of the section, in this case, results from noise in the pCFC-12
age data and indicates that bulk estimates of outcrop undersaturation can result in high
uncertainties closer to the outcrops, particularly in recent years.

At densities < 26.4kg/m3, OURs appear lower in 1997 than in 1991 with and
without bias correction if 100% outcrop saturation is assumed (not shown). This is due
to regions where pCFC-12 ages (Figures 3a and 3c), but not AOU increased (Figure 5).

This OUR change, however, is not robust to assumptions about outcrop saturations.
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3.2. 24°N sections - TPS24 (1985) and GS2000 (2000)

3.2.1. pCFC-12 ages Along 24°N, pCFC-12 ages also mostly increased from
1985 to 2000 (Figure 7a). However, the time period between the sections is more
than twice as large as than the one between the sections along 152°W. Thus, the age
differences that can be explained through pCFC-12 age mixing biases are also larger
amounting to as much as 4 years at the bottom of the model domain at oy =26.6 kg/m?
(Figure 7b). Correcting the observed pCFC-12 age differences for these model-derived
mixing biases reduces the age difference between 1985 and 2000 mostly to <2 years
for 09 =25.0-26.6kg/m? (Figure 7c). At 140°W, a small patch with age differences
>5 years persists at o9 =26.2-26.3kg/m3. This patch also shows an AOU increase
greater than 24 pmol/kg (Figure 9). It corresponds to a doming of the pCFC-12 age
and AOU contours (not shown) during GS2000 at this location and may reflect a water
mass intrusion left behind by an eddy. At oy <25.5kg/m3, pCFC-12 ages appear to
have decreased from 1985 to 2000 (Figure 7c) by as much as 3years. However, the
uncertainties in the age differences in this density range are also large (>3 years; Figure
7a), so the decrease in ages at low densities cannot be considered significant. The age
differences along 24°N are also very sensitive toward the assumed outcrop saturation,
mostly because the age calculations for the 2000 data are very sensitive to the outcrop
saturation due to the continuous reduction in atmospheric growth rates throughout the
1990s. The core of the negative age differences moves to oy = 25.4kg/m3 for 95% outcrop

saturation (Figure 8a) and to oy = 25.8kg/m? for 90% saturation (Figure 8b). But
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particularly in the latter case, the assumed undersaturation at the outcrop is probably
too large according to the model-data fits by Mecking et al. (2004) (who estimated a

bulk outcrop saturation of 95% for oy =25.8kg/m?), and we find that there has been

neither a robust increase nor decrease in pCFC-12 ages along 24°N.

3.2.2. AOU and OUR AOU differences along 24°N are patchy (Figure 9). The
predominant feature, aside from the patch at 140°W discussed above, is a decrease in
AQU eastward of 130°W with a maximum at oy = 26.2-26.4kg/m3. This decrease is not
accompanied by a decrease in pCFC-12 age, including mixing-bias corrections, if 100%
CFC-12 outcrop saturation is assumed (Figure 7c). pCFC-12 age differences, though,
become more negative at lower outcrop saturations (Figure 8). Accordingly, OURs agree
better in this region if CFC-12 concentrations are assumed to be undersaturated at the
outcrop. But first without mixing-bias corrections and for 100% outcrop saturation
for both CFC-12 and oxygen, it appears, similar to the 152°W sections, that OURs at
o >25.5kg/m3 decreased over time as shown for gy =26.2-26.4kg/m? (Figure 10a).
The OUR differences between 1985 and 2000 vanish in the western part of 24°N sections
after the mixing-bias correction is applied (Figure 10b). With the bias correction,
average OURs to the west of 144°W amount to about 5.5 umol/(kgyr). OURs increase
eastward because of a shoaling of the isopycnals, similar to a northward shoaling in the
152°W sections. Enhanced productivity in the coastal upwelling region off the coast
of North America and the inflow of subpolar water from the north between the coast
and 125°-130°W, the approximate location of the SFZ here, may also contribute to

the higher OURs in the east. OURs including the mixing-bias correction for pCFC-12
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ages still appear to have decreased in in this region, with averages to the east of 127°W
amounting to 9.7 +0.2umol/(kgyr) in 1985 and 8.2 4 0.3 umol/(kgyr) in 2000 (Figure
10b). If outcrop saturations of 90% and 95% are assumed for pCFC-12 ages and AOU,
respectively, this OUR difference almost vanishes (Figure 10c), but average OURs to
the east of 127°W remain sligthly higher in 1985 (9.3 £0.3umol/(kgyr)) compared to
2000 (8.5+0.3umol/(kgyr)). Hence, there is evidence from the OUR comparisons that
OURs may have decreased in the subarctic waters off California, though this reduction

in rates appear to have been small.

4. Discussion and Conclusions

The most significant change that is observed in the repeat data from the eastern
North Pacific is an increase in pCFC-12 ages (4 years after bias-correction) and AOU
(40 pmol/kg) from 1991 to 1997 at the boundary between the subpolar and subtropical
gyres at 152°W (section 3.1). It agrees with other observations of increases in AOU
(Ono et al., 2001; Andreev and Watanabe, 2002) and pCFC ages ( Watanabe et al., 2001)
in the subpolar gyre. The maximal pCFC-12 age and AOU differences along 152°W,
which are centered around oy =26.6-26.7kg/m? are of the same order of magnitude
as the changes observed by Watanabe et al. (2001) on two repeat sections along 47°N
in 1985 and 1999. The AOU changes are also of the same size as the amplitude of a
bidecadal oscillation in AOU, derived from a 30-year hydrographic time series in the
northwestern Pacific, which overlays a smaller linearly increasing AOU trend (Ono

et al., 2001). However, the maximal AOU differences at the subtropical-subpolar gyre
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boundary at 152°W are about the same between the 1991 and 1997 as between the
early 1980s (1980/1984) and 1997 (Emerson et al., 2001, see their Figure 7). Hence, it
is not clear that the increase in AOU and pCFC-12 age here is related to a bidecadal
oscillation as well.

The increase in AOU and pCFC-12 age in the subpolar regions has been attributed
to a reduction in water formation rates (Watanabe et al., 2001). More specifically, Ono
et al. (2001) speculated that vertical mixing may have reduced in the northwestern
North Pacific based upon a decrease in winter mixed layer salinity and density with a
subsequent increase in stratification. However, Ono et al. (2001) focused on densities
that do not outcrop in the open North Pacific (o9 > 26.7kg/m3). In contrast, the
density at the core of the AOU/CFC-12 age feature at 152°W (0p = 26.65kg/m?) does
outcrop in the climatological data (Figure 11). Hence, an alternative mechanism for
the apparent reduction in ventilation is a northwestward movement of the outcrop of
09 = 26.65kg/m3 which would lengthen the advective pathways on this isopycnal, or a
complete cessation of the outcropping of oy =26.65kg/m3. The reduced ventilation of
09 = 26.65 kg/m? would then also affect deeper isopycnals surfaces which are ventilated
through vertical mixing from above. This hypothesis is consistent with the observed
decrease in mixed layer density (Ono et al., 2001) in the northwestern Pacific. Further
support comes from a recompilation of the 47°N data ( Watanabe et al., 2001) showing
that the AOU and pCFC-12 age increases here also have a vertical maximum near
09 =26.65kg/m? (Emerson et al., 2004).

Simulations with a General Circulation model (GCM) forced by interannually
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varying winds suggest that a reduction in the Sverdrup transport in the northeastern
North Pacific in the 1990s may also be causing the increase in pCFC-12 ages and AOU
at the gyre boundary at 152°W (L. Thompson, pers. communication). This model,
however, does not resolve interannual variations in mixed layer density that could
result in changes of the isopycnal outcrop positions, and it remains to be determined
why a slow-down in the wind-driven circulation would preferentially affect AOU and
pCFC-12 ages on 0y = 26.65 kg/m?. A simple northward shift in gyre position could also
contribute to the changes, but it is estimated, based on salinity changes and lateral AOU
and salinity gradients, that this effect could account for at most 25% of the observed
AOU change at the gyre boundary (Mecking, 2001). We conclude that a combination of
the different mechanisms described above is causing the increase in AOU and pCFC-12
age at the northern end of the 152°W sections (Figure 11), with a reduction or cessation
of the outcropping of oy =26.65 kg/m? possibly being the predominant one.

Another reason why AOU may have increased along 152°W is an enhancement in
biological export production from the mixed layer (Emerson et al., 2001). In this case,
an increase in OUR, the ratio of AOU over pCFC-12 age, would be expected since a
change in biology does not affect pCFC-12 ages, but only AOU. From 1991 to 1997,
however, OURs along 152°W remained constant (g = 26.4-26.6kg/m3) or possibly
even decreased (og < 26.4kg/m?). Hence, there is no first-order evidence that OURs
and subsequently carbon export increased over this period of time. These OURs are
sensitive, though, to assumptions about oxygen and CFC-12 undersaturations at the

isopycnal outcrops and to the model-derived mixing-bias corrections. Without the bias
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corrections the ratios would appear to have decreased on all isopycnals which reveals
the importance of accounting for the mixing biases. Along 24°N from 1985 to 2000, a
decrease in OUR in the subpolar waters found to the east of ~130°W is more robust
toward the application of the mixing-bias correction and assumed outcrop saturation
(09 =26.2-26.4kg/m?), though it may be small (section 3.2). Since Min et al. (2000),
using similar methods, suggest that OURs remained constant in this area from 1982 to
1994, it is likely that the decrease in OUR and the associated reduction in carbon export
occurred in the late 1990s. Changes in the bias-corrected pCFC-12 ages along the 24°N
sections show neither a robust increase nor decrease, indicating that the reduction in
ventilation observed in the subpolar gyre and at the subtropical-subpolar gyre boundary

at 152°W has not been affecting the eastern subtropics by 2000.
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Appendix A: Mixed Layer Budget

To determine appropriate limits for CFC-12 and oxygen mixed layer undersaturations
in late winter, one-dimensional month-to-month simulations of mixed layer gas equilibration
are performed at 40°N, 165°W (Figure 1) where winter mixed layer depths are among the
deepest in the North Pacific (>250m). CFC-12 and oxygen profiles, that were collected along
165°N during WOCEP13 between 39°and 41°N in 1993 close to September 1, are interpolated
to this location (Figure A1) and then used to initialize the simulations. To step the model
forward until later winter, monthly mixed layer depth (Figure A2a), temperature (Figure
A2b) and salinity (not shown) are derived from the Levitus 1994 temperature and salinity
climatologies (Levitus and Boyer, 1994; Levitus et al., 1994), and monthly wind speed (Figure
A2c) is determined from the National Center for Environmental Prediction reanalysis fields
(see http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.derived.html). Following Wanninkhof
(1992), Schmidt numbers (not shown) and gas transfer velocities for CFC-12 and oxygen
(Figure A2d) are calculated from the temperature and wind fields.

It is first assumed that the mixed layer and wind data change to their new monthly
value at the first of each months (solid lines in Figures A2a-d). If the mixed layer is deeper
than in the previous month, it also assumed that CFC/oxygen concentrations from below are
entrained into the mixed layer at this time. Gas equilibration between the mixed layer and the
atmosphere then occurs for the following month.

The monthly evolution of the mixed layer concentrations show that mixed layer
saturations decrease from September to March, reaching 87.4% for CFC-12 (Figure A2e) and
92.8% (Figure A2f) for oxygen at the end of March. The increase in mixed layer depths and

the decrease in mixed layer temperatures and subsequent increase in saturation concentrations
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are the main reason for the undersaturations. The entrainment of water from below is of less
importance because CFC-12 and oxygen concentrations do not begin to decrease rapidly until
below 200-250 m (Figure Al). The late winter undersaturation is greater for CFC-12 than for
oxygen because the saturation concentrations are more temperature-dependent and the gas
transfer velocities are smaller for CFC-12 than for oxygen. For CFC-12, the continuous increase
in atmospheric concentrations (Figure 2) may also contribute to the air-sea disequilibrium on
monthly and interannual time scales. The minimum CFC-12 saturation at the end of March,
however, remains between 85% and 90% if faster or slower rates of atmospheric CFC-12
increase, that correspond to the 1980s (~5%/yr) and late 1990s (~0.5%/yr), respectively,
are assumed. This indicates that interannual variations in CFC-12 saturation may be small
though changes in the water that is being entrained may also be important.

Assuming constant mixed layer depth and temperature during each months may
overestimate the period of deepest mixed layer depth and lowest temperature in March.
Therefore, the model calculations are repeated after linearly interpolating the monthly mixed
layer and wind data to daily intervals (dotted lines in Figures A2a-d). In this case, CFC-12
mixed layer saturations (Figure A2g) and oxygen mixed layer saturations (Figure A2h) reach
minima, of 87.3% and 94.4%, respectively, at the middle of March. From both the daily and the
monthy model runs, we conclude that CFC-12 saturations of 85-90% and oxygen saturations
of 90-95% are good limits for the undersaturations that may occur in the presence of deep

winter mixed layers.
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Figure Captions

- +TPS24 (Mar: 30 --Jun. 3, 1985) . LR
XWOCEP16N (Mar. 8 - Afr 7, 1991) Hawalii

- 0STUDY7 (Nov. 1 - Nov. 23, 1997)

- ©GS2000 (Jan. 8 - Jan. 17, 2000)
ixed layer model Iocfatlon (app- A)

10°N ! L ‘

125% 150% 175°E 160°W 135°W 110°W
Figure 1. Cruise tracks of two University of Washington student cruises, STUD97 (1997) and
GS2000 (2000), which followed the cruise tracks of WOCEP16N (1991) from 23°to 45°N and
of TPS24 (1985) from San Diego (CA) to 152°W, respectively. The cruise tracks are colored
dark in the regions where the cruises overlapped. They are shaded otherwise. The asterisk
marks the location of the mixed layer model calculation used for determining limits on the
outcrop saturations (appendix A). The shaded lines indicate the late winter outcrop locations

of selected isopycnals based on the Levitus 1994 climatology (Levitus and Boyer, 1994; Levitus

et al., 1994).
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Atmospheric CFC-12 concentrations
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Figure 2. Atmospheric time history of CFC-12 concentrations (dark line). Shaded lines and
symbols give examples of the nonlinear mixing that occurs between two endmembers (shaded
dots). x’s mark the average year and concentration of the endmembers, and crosses mark the

projection of the average concentrations onto the atmospheric curve (adapted from Figure la

in Mecking et al. (2004)).
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152°W: pCFC-12 age difference between 1991 and 1997
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Figure 3. Age differences along 152°W on density surfaces: (a) pCFC-12 ages from STUD97
(1997) minus pCFC-12 ages from WOCEP16N (1991), (b) pCFC-12 age difference between 1991
and 1997 due to mixing biases derived from steady-state advection-diffusion model (see section
2), and (c) pCFC-12 age difference between WOCEP16N and STUD97 corrected for mixing
biases ((a) minus (b). Shaded lines in (a) mark uncertainty estimates of the age difference based
on the rms pCFC-12 age error of the two cruises. Ages at the bottom of the domain, where
CFC-12 concentrations approach the detection limit, are omitted in (a). Shaded lines in (c)
mark the average bias-corrected age of the two cruises. Note that the vertical axes in (b) and
(c) ends at 0y = 26.6 kg/m® because the advection-diffusion model only extends to this density.
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152°W: pCFC-12 age difference (95% outcrop saturation)

—YT9/T’TT)Y(YYYTTVTYYYTTTTYYYYTT B
25 30 35 40 45
152°W: pCFC-12 age difference (90% outcrop saturation)
24+
~
1,
2453 ¢
] A
I S O
? B e NN
£ 1 < ., b_/‘“ N
()] 1 LIE T
X - x
=255
o

A pCFC-12 age [yr]

Figure 4. pCFC-12 ages from STUD97 (1997) minus pCFC-12 ages from WOCEP16N (1991)
assuming (a) 95% outcrop saturation and (b) 90% outcrop saturation when calculating the
pCFC-12 ages. In both cases, the model-derived mixing-bias correction (Figure 3b) was sub-
tracted from the data. Shaded lines mark the average bias-corrected age (using the respective

saturation assumptions) of the two cruises.
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152°W: AOU difference between 1991 and 1997
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Figure 5. AOU differences along 152°W: (a) AOU from STUD97 (1997) minus AOU from
WOCEP16N (1991): (a) on density surfaces, and (b) projected onto the average depth of the
isopycnals (but also calculated on density surfaces) to illustrate the spatial dimensions of the
differences. Shaded lines in (a) mark the average AOU of the two cruises. Shaded lines in (b)

mark the density surfaces.



(a) AOU/pCFC-12 age

(b) AOU/bias-corrected pCFC-12 age

20
— 0y = 26.4-26.6 OUR (>41°N):7.2+/-0.2 — 0y = 26.4-26.6 OUR (>41°N):8.0+/-0.2
5,15 5,15
o o
‘o ‘o
X X
S 10 S 10
£ ® 5 @é@l
S oERasd® @uniP T AcHCacEm @oNESI®
5 5 5 5
[e] O WOCEP16N [e] O WOCEP16N
0 OUR (<28°N):6.0+/-0.1 B STUD97 OUR (<28°N):5.6+/-0.1 B STUD9?
25 30 35 40 45 25 30 35 40 45
Latitude [°N] Latitude [°N]

28

(c) AOU (95% sat.)/bias-corr. pCFC-12 age (90% sat.)
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Figure 6. OUR along 152°W for WOCEP16N (1991) and STUD97 (1997) for oy =26.4—

26.6 kg/m3: (a) without mixing-bias correction for pCFC-12 age, (b) with the model-derived

mixing-bias correction for pCFC-12 age, (c¢) with the model-derived bias correction for pCFC-12

age and assuming 90% saturation for pCFC-12 ages and 95% saturation for AQU.
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Figure 7. Age differences along 24°N on density surfaces: (a) pCFC-12 ages from GS2000

(2000) minus pCFC-12 ages from TPS24 (1985), (b) pCFC-12 age difference between 1985 and

2000 due to mixing biases derived from steady-state advection-diffusion model (see section 2),

and (c) pCFC-12 age difference between TPS24 and GS2000 corrected for mixing biases ((a)

minus (b)). Details as in Figure 3.






