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Abstract A suite of eddy-resolving ocean transient tracer model simulations are first compared to
observations. Observational and model pCFC-11 ages agree quite well, with the eddy-resolving model
adding detail. The CFC ages show that the thermocline is a barrier to interior ocean exchange with the
atmosphere on time scales of 45 years, the measureable CFC transient, although there are exceptions. Next,
model simulations are used to quantify effects on tracer ages of the spatial dependence of internal ocean
tracer variability due to stirring from eddies and biases from nonstationarity of the atmospheric transient
when there is mixing. These add to tracer age uncertainties and biases, which are large in frontal boundary
regions, and small in subtropical gyre interiors. These uncertainties and biases are used to reinterpret
observed temporal trends in tracer-derived ventilation time scales taken from observations more than a
decade apart, and to assess whether interpretations of changes in tracer ages being due to changes in
ocean ventilation hold water. For the southern hemisphere subtropical gyres, we infer that the rate of ocean
ventilation 26–27.2 rh increased between the mid-1990s and the decade of the 2000s. However, between
the mid-1990s and the decade of the 2010s, there is no significant trend—perhaps except for South
Atlantic. Observed age/AOU/ventilation changes are linked to a combination of natural cycles and climate
change, and there is regional variability. Thus, for the future it is not clear how strong or steady in space
and time ocean ventilation changes will be.

1. Introduction

Observations of transient tracers in the ocean have been used to infer ventilation time scales by estimating
ages [e.g., Weiss et al., 1985; Rhein, 1991; Doney et al., 1997; Fine et al., 2002; Mecking et al., 2004; Fine, 2011].
Chlorofluorocarbons (CFCs) can be used to estimate an ‘‘age’’ or time scale that has elapsed between water
parcels transiting from the ocean surface into the interior. In recently ventilated waters—on the order of
decades [e.g., Willey et al., 2004], substantial changes in other tracers are also observed. For example, the
largest salinity changes are observed in waters ventilated on decadal time scales [Durack and Wijffels, 2010].
Much of the anthropogenic CO2 is also present in the recently ventilated thermocline waters [Sabine et al.,
2004]. Studies by, for example, Helm et al. [2011], find that most of the global oxygen decrease is consistent
with an overall decrease in the exchange between surface waters and the ocean interior—this making it
important to know the time scales for this exchange. Changes over time in CFC and sulfur hexafluoride (SF6)
concentrations due to the changing atmospheric transient (Figure 1) and ages can be used to quantify vari-
ability in ocean ventilation and highlight regions where penetration of climatically important constituents,
such as CO2, heat, and freshwater may vary on decadal time scales.

There have been a number of studies using repeat observations of CFCs and apparent oxygen utilization (AOU)
in the ocean to infer changes in ocean ventilation and estimate time scales [e.g., Doney et al., 1998; Mecking
et al., 2006; Fine, 2011; Sonnerup et al., 2013, 2015; Tanhua et al., 2013; Waugh et al., 2013]. If the apparent time
scale has changed between two sets of observations spaced years apart, the inference is often made that ocean
ventilation itself has either accelerated or slowed down. However, because the ocean is full of eddies and fronts
that are characterized by strong gradients in tracer concentrations and ages, a water sample at a given location
and given time may not be representative of the temporally and spatially averaged tracer at that location.
In order to quantify whether temporal changes in tracer ages at a given location are actually indicative of
large-scale ocean circulation changes, it is first necessary to quantify the aliasing errors associated with high
frequency internal ocean variability and biases associated with trends in the tracer atmospheric source.
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We begin by describing in section 2, the
observations and model. We also describe
how these are used to estimate the various
measures of the time—partial pressure ages
and transit time distributions (TTDs)—it takes
for a water parcel to be transported between
the surface and interior ocean. The purpose is
to fully describe those water masses having
similar ventilation time scales as the CFC and
SF6 transients. Maps of pCFC ages are pre-
sented for data and model on three isopycnal
surfaces. The maps identify waters that have
been in contact with the atmosphere on less
than a 45 year time scale. The model pCFC
ages are compared to TTD derived ages.
Gridding schemes are tested for their effects
on pCFC age differences, standard deviations
are presented to assess effects of internal
ocean variability, and age trends are pre-
sented to assess biases of nonstationarity of
the CFC transient on pCFC ages. Finally, the
main objective of this paper is to take a new
look at changes in tracer ages over time—by
taking into consideration model-derived
uncertainties and biases—along WOCE 1990s
and reoccupied CLIVAR/GoShip sections of
the 2000s and 2010s. Changes in ages are
compared to section differences in AOU. We
concentrate our comparison on the southern

hemisphere subtropical gyres 26–27.2 rh as recent analyses of Argo and historical data from there have
shown changes in circulation and increased warming over the past decade [e.g., Roemmich et al., 2007,
2015; Hakkinen et al., 2016; Hernandez-Guerra and Talley, 2016].

2. Methods

Here observations and model are described along with how they are used to estimate water mass ages,
uncertainties and biases. A water mass age is defined as an elapsed time since an interior water parcel was
last in contact with the atmosphere. We focus on two metrics of age: the ‘‘pCFC age’’ and the ‘‘TTD age,’’
and introduce uncertainties in partial pressure ages that can occur due to internal ocean variability and
biases related to the atmospheric source.

2.1. Observations
The tracer, oxygen, and hydrographic data are from World Ocean Circulation Experiment (WOCE) of the
1990s and CLIVAR/GoShip program of the 2000s and 2010s. The CFC and SF6 data used here were collected
by various measurement teams [e.g., Warner et al., 1996; Rhein et al., 2002; Smethie et al., 2000; Bullister et al.,
2006; Fine et al., 2001, 2008]. Age maps from observations as presented below are from WOCE, as these
have the greatest spatial coverage. No corrections were made for differences in ages related to different col-
lection dates during WOCE.

2.2. Partial Pressure Ages
Rates of water mass ventilation can be estimated using partial pressure ages. The partial pressure age is
defined as the elapsed time since the surface concentration was equal to the interior concentration [Waugh
et al., 2003]. It is calculated from a measured tracer concentration divided by the solubility function, in this
case pCFCs [for a review of CFCs as ocean tracers see Fine, 2011]. A fundamental assumption in computing
pCFC ages is that a water parcel has not experienced any mixing since it left the surface ocean, i.e., the

Figure 1. Southern hemisphere atmospheric time histories of CFC-11,
CFC-12, and SF6 in ppt.
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ocean is purely advective. This assumption is clearly not true, but it is one which is fundamental to the com-
putation of a pCFC age. Utility of pCFC ages is limited to interior regions of the ocean that connect to the
atmosphere with time spans of the past 45 or so years—the time of the measureable atmospheric CFC tran-
sient [e.g., Willey et al., 2004].

Often, repeat hydrographic surveys reveal changes in the pCFC ages at a given location. Correct interpreta-
tion of such changes is important for understanding ocean dynamics. For example, when comparing data
from repeated observations (1990s versus 2000s and 2010s), an increase (or decrease) in ages could be
interpreted as due to decreased (or increased) ventilation. However, the apparent change could rather be
from uncertainties in pCFC ages, which can be introduced from various sources. Analytical uncertainties
in pCFC ages are typically very small due to high quality of measurements [less than 3%; Bullister and
Wisegarver, 2008]. Also, errors are about 2% each from CFC solubility [Warner and Weiss, 1985], and from
accuracy in knowing the atmospheric source [Walker et al., 2000]. However, larger uncertainties from internal
ocean variability—stirring from eddies and movement of fronts, and biases in pCFC ages relative to the true
ventilation time scale will arise from effects of ocean mixing due to nonstationarity of the atmospheric CFC
transient. We will use model simulations to provide guidance for estimating these uncertainties and biases.

2.3. Biases in Partial Pressure Ages Due to Effects of Mixing and the Atmospheric Histories
Due to the effects of ocean mixing and the distinct atmospheric histories of different transient tracers,
tracer-derived ages are biased relative to one another and when compared with a true or ideal age. Since
considerable work has been done with pCFC ages, we concentrate on them.

Earlier work has shown that pCFC ages are not conserved when water masses undergo mixing even given a
steady ocean circulation [e.g., Wallace and Moore, 1985; Pickart et al., 1989; Wallace et al., 1992; Beining and
Roether, 1996; Doney et al., 1997; Waugh et al., 2003]. For older waters that have had time to undergo mix-
ing, ideal ages have been shown to be older than pCFC ages [e.g., Thiele and Sarmiento, 1990]. Recently,
Sonnerup [2001] used a numerical thermocline ventilation model to estimate the systematic effects of mix-
ing on CFC ages. They attributed differences in pCFC-11 and pCFC-12 ages to differences in their atmo-
spheric sources. For water <25 years, they found differences less than 62 years. Usually, pCFC-11 ages are
slightly younger than pCFC-12 ages, though the differences increase in older waters. Mecking et al. [2004,
2006] similarly used a diagnostic thermocline model to conclude that mixing biases in CFC ages evolve with
time, and reflect nonlinear increases in the atmospheric CFC time histories. Thus, in order to assess changes
in ocean ventilation, for instance, between WOCE and CLIVAR, an approach is needed that estimates tempo-
ral changes in ages due to mixing.

2.4. Uncertainties in Partial Pressure Ages Due to Stirring by Eddies
While pCFC ages could potentially change due to mixing (diffusion) even while advective fluxes remain con-
stant, also complicating interpretation of pCFC ages is stirring by mesoscale eddies in the ocean. Because
eddies and fronts tend to be characterized by strong tracer gradients, slight changes in the ocean eddy
field, or slight shifts in fronts, can cause changes in tracer ages, even in an ocean in which ventilation rates
are not changing. Haine and Gray [2001] using a model concluded that uncertainty due to ocean variability
exceeds by an order of magnitude that introduced from tracer instrument and navigation errors. Further-
more, effects of internal ocean variability on sampling need to be considered when comparing data and
model output.

Peacock et al. [2005] compared simulated CFC distributions combined with concentration variance esti-
mates provided by a high-resolution ocean model with Indian Ocean CFC data. They addressed the issue of
how much tracer variation should be expected at a given location. Snapshots of the CFC-11 distribution
were taken every 10 days in a model year to compute expected variance over the course of a year. Their
method is similar to that used here (section 2.6), which has a global eddy-resolving model to calculate stan-
dard deviations of tracer ages arising from eddy stirring

2.5. Model Description
The Community Climate System Model version 4 (CCSM4) results used in this study are from the experiment
described in Maltrud et al. [2010]. A brief overview of the model configuration and experimental design is
provided here for completeness. The simulation was carried out with the ocean component of CCSM4, the
Parallel Ocean Program version 2 (POP2) [Dukowicz and Smith, 1994] run on a global tripole grid [Murray,
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1996] with zonal resolution of 0.18 and meridonal resolution of 0.18 cos (latitude). There are 42 levels in the
vertical, varying from 10 m at the sea surface to 250 m in the abyss. The topography is represented with
partial bottom cells [Adcroft et al., 1997]. Biharmonic viscosity and diffusivity scaled by a cubic dependence
on local grid size provide subgrid scale closure in the lateral dimensions, and the K-profile parameterization
[Large et al., 1994] is used to represent diapycnal diffusivity and vertical viscosity.

Since one of the fundamental objectives of this simulation was to quantify the mesoscale eddy induced
component of tracer variability, we chose to restrict the time scales introduced by the surface forcing. The
atmospheric state was based on the ‘‘normal-year’’ Coordinated Ocean Reference Experiment (CORE) forcing
data set [Large and Yeager, 2004], with the 6 hourly forcing averaged to monthly. This compilation of a com-
bination of reanalysis and remote sensing estimates of surface atmospheric conditions, radiative fluxes, and
precipitation is filtered in the frequency domain to produce an exactly repeating single year of forcing data.
Wind stress was calculated offline using the CORE forcing atmospheric state variables along with the sea
surface temperature (SST) climatology of Hurrell et al. [2008] and the Large and Pond [1982] bulk formulae;
latent and sensible heat flux were calculated online using the model predicted SST and the CORE bulk for-
mulae. Precipitation was also taken from the CORE forcing data set. Monthly river runoff from 46 major riv-
ers [Fekete et al., 2002] was added to the freshwater flux at the locations of the actual outflow, with the
remaining ungauged runoff distributed evenly along the coasts of all of the continents. Ice cover was pre-
scribed based on the 21.88C isotherm of the SST climatology, with both temperature and salinity restored
on a time scale of 30 days under diagnosed/climatological ice. There is also weak surface restoring of salin-
ity in the open ocean with a time scale of 1 year to prevent global salinity drift.

The model was initialized at rest with temperature and salinity fields interpolated from the annual
mean WOCE Global Hydrographic Climatology [Gouretski and Koltermann, 2004]. The circulation spins up to
a statistically stationary state within 20 years, with the global average eddy kinetic energy exceeding the
mean kinetic energy by a factor of three. There is a weak warming trend in global average potential temper-
ature throughout the run with an average rate over the integration of approximately 5 3 1023 8C per
decade.

2.6. Design of CFC Ensemble Experiment
We quantify the sampling uncertainty in pCFC age measurements by providing an estimate of the standard
deviation associated with stirring by mesoscale eddies. To do so, we employ an ensemble of CFC-11 simula-
tions, each subject to identical forcing, but with independent realizations of the mesoscale circulation. The
design of the CFC-11 ensemble is adapted from that used for boundary impulse response functions
described in Maltrud et al. [2010, see their Figure 1]. A total of five CFC-11 ensemble members were simu-
lated. The atmospheric partial pressure of CFC-11 was prescribed from the observations of Walker et al.
[2000] and the flux across the air-sea interface computed using the OCMIP protocol [Dutay et al., 2002]. The
first ensemble member CFC-11 concentration field was set to zero on 1 January of model year 15 with the
CFC-11 atmospheric partial pressure set to the observed value in 1950. The simulation was integrated for-
ward to 1 January model year 50 corresponding to CFC-11 atmospheric forcing year 1985. The simulated
CFC-11 distribution for 1 January 1985 from the first ensemble member was extracted and used to initialize
all subsequent ensemble members. The model was then integrated forward through the remainder of
model year 50. After 1 year of integration the mesoscale eddy component of the circulation is uncorrelated
with that for the date from which the CFC-11 initial condition was extracted. The second CFC-11 ensemble
member was then initialized on 1 January model year 51, with its atmospheric forcing set to 1 January 1985
and the integration resumed. Ensemble members three through five were initialized in the same way on 1
January of model years 53, 54, and 55. Each ensemble member was integrated through atmospheric forcing
year 2000.

Because the forcing of the circulation is a repeating annual cycle, the flow is statistically stationary, with no
forced variations in ventilation rates on time scales longer than a year. Thus, each CFC-11 ensemble mem-
ber was transported by a very similar large-scale flow field, but an independent realization of the mesoscale
eddy field. From the deviations across the ensemble members, appropriately sampled at times given by
their respective atmospheric forcing histories rather than model year, we can estimate the variability that
should be expected in local CFC-11 concentrations due to the mesoscale variability component of the oce-
anic circulation on particular dates after 1985.
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During the integration, snapshots of the instantaneous distribution of CFC-11, potential temperature and
salinity were saved every 5 days for ensemble member 1 from 1985 to 2000, and for the remaining ensem-
ble members during the years 1985, 1990, 1994, and 1998. In the following, we consider pCFC-11 age statis-
tics evaluated on isopycnal surfaces in order to remove the part of the variability due to isopycnal heave
and isolate that due to eddy stirring. The CFC-11 concentrations are first interpolated to isopycnals using
the 5 day snapshots. CFC-11 partial pressure and age are computed from the interpolated concentrations,
and temperature and salinity dependent solubility. The isopycnally interpolated quantities are then aver-
aged across ensemble members and over a year.
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where c is the instantaneous CFC-11 concentration, partial pressure, or age at longitude-latitude position
k;uð Þ on isopycnal surface q, n indexes the sample number (of 5 day snapshots) within a CFC-11 forcing

year y, and m indexes the ensemble member.

2.7. Estimating Tracer Ages From Transit Time Distributions
Water masses consist of a collection of water parcels of different ages due to their different mixing time his-
tories. An ideal age is defined as the average transit time of a water parcel from its surface outcrop [Thiele
and Sarmiento, 1990]. The ideal or true age of a water parcel can be calculated from the first moment of the
entire transit time distribution (TTD) [e.g., Maltrud et al., 2010]. A TTD is a probability distribution of ages,
which explicitly accounts for the fact that a water mass contains a collection of ages [e.g., Haine and Hall,
2002; Hall and Haine, 2002]. As discussed above, tracer based ages will typically depart from the true, or
ideal, age of a water parcel, and the degree to which they differ can be time dependent even for steady cir-
culation. In order to determine whether a difference in tracer ages measured a decade or more apart is
indicative of a true change in ventilation, we must establish a null hypothesis of how much the tracer age
may have changed independent of any change in ventilation rate.

Transit time distributions provide a conceptual framework for doing this, and have been employed for this
purpose in a number of previous studies on changes in ocean ventilation [e.g., Waugh et al., 2013]. For sta-
tistically stationary flow, the concentration of a tracer ~c at some point in the ocean interior~x and time t can
be determined from

~c ~x ; tð Þ5
ð1
0

c0 t2sð ÞG ~x ; sð Þds (2)

where c0 is the surface concentration and G is the TTD, or distribution of transit times at location~x .

An illustration of this methodology is provided in Figure 2, following Waugh et al. [2003]. In this simple
experiment, a particular idealized functional form of the TTD, an inverse Gaussian (IG), is assumed with a
true mean age of 10 years. The ocean partial pressure is given by the convolution of the TTD and the north-
ern hemisphere CFC atmospheric history following (2) assuming 100% surface saturation. In the first exam-
ple, a narrower TTD (width delta 5 1, less mixing) more quickly approaches the true mean age, and has little
trend. In the second example, a broader TTD (the width is comparable to the mean, more mixing) reaches a
relatively stable tracer age that is biased low during the period when the atmospheric history is approxi-
mately linear. The pCFC age then increases markedly as the atmosphere and ocean CFC concentrations
level off, and more of the long tail of the TTD is sampled by the tracer.

In most previous studies investigating changes in ocean ventilation, the TTD was assumed to have an IG
form as in the simple example above, along with certain assumptions about the ratio of the mean age and
IG width. The mean age was estimated by matching the projected CFC concentrations with the measured
values. In this study, we extend the previous work in two ways. First, we use the global TTD determined by
Maltrud et al. [2010] from the ensemble mean of boundary impulse response functions provided by the
same circulation model used in simulating the CFCs as described above. This has the advantage that we do
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not need to assume the functional form of the TTD, nor the relationship among the IG parameters. Trossman
et al. [2014] have shown that the simulated TTD is in good agreement with estimates derived from tracer
observations on a number of repeat sections.

In order to utilize (2) with the simulated TTD requires knowledge of the surface tracer distribution through
time. Previous studies have assumed a range of saturation values to estimate the ocean surface partial
pressure based on the measured atmospheric values. Our second extension of previous work is to esti-
mate the mean saturation of subducted parcels for each interior point by minimizing the difference
between the CFC-11 concentration projected by (2) and the ensemble mean concentration actually simu-
lated by the general circulation model (method is a global extension of that used by Mecking et al.
[2004]). We minimize

k�c ~x ; yð Þ2~c ~x ; yð Þk2 1985 � y � 2000 (3)

where �c is given by (1) and

~c ~x ; yð Þ5
ð1
0

f ~xð ÞcA y2sð ÞG ~x ; sð Þds (4)

where f is the saturation estimate for point~x and cA yð Þ is the measured atmospheric partial pressure in year
y. The optimal saturation factors that were obtained are generally quite realistic (Figure 3): 90–100% near
the surface in midlatitudes and low-latitudes, decreasing to around 50% in high-latitude regions with deep
mixed layers and in the deeper water masses.

Because the TTD is a measure of the circulation
itself, independent of particular tracers, and
the surface saturations of CFC-11, CFC-12, and
SF6 are expected to be very similar, we can use
(4) with the optimized saturation values to pro-
ject the expected changes in tracer concentra-
tions, and thus partial pressure ages for all
three compounds. The null hypothesis of no
change in ventilation is thus given by the dif-
ference in the ages derived from the TTD con-
volution (4) for the two dates of observation.

The discussion above assumes that we are esti-
mating tracer ages for the two dates from
measurements of the same tracer. One disad-
vantage of pCFC-11 and pCFC-12 based ages is
that the atmospheric concentrations have lev-
eled out or declined following the implementa-
tion of the Montreal protocol [e.g., Walker et al.,
2000]. In section 5, it is preferable to use pCFC-
12 ages since the CFC-11 atmospheric source
reached a maximum in the southern hemi-
sphere in 1994, which was 9 years before the
CFC-12 maximum in 2003 (Figure 1). Note that
for midthermocline waters and below in sub-
tropical gyres (downstream from outcrops),
both CFC-11 and CFC-12 have continued to
increase for many years beyond when they
reached their atmospheric maxima. While meas-
urements of these tracer ages are available for
the 1990s, they are becoming less useful in the
2000s, and SF6 has been measured in addition
to CFCs.

Figure 2. (a) Idealized TTD versus years, advective in red and diffusive
case in blue. (b) pCFC-11 in the atmosphere (black curve), and in the
ocean for advective in red and diffusive case in blue versus time. (c)
pCFC-11 age in the ocean (dashed black curve) for advective in red and
diffusive case in blue versus time.
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The same TTD based methodology can be extended to derive a no ventilation change null hypothesis for
two different tracers. This is illustrated in Figure 4a showing possible differences between pCFC-12 and
pSF6 ages measured at various dates (assuming an IG form of the TTD and steady circulation). Also, Figure
4b shows possible age differences for fixed observation years of 1992 and 2010, but for a wide range of IG
parameters. In section 5, we will be comparing WOCE 1987-93 pCFC-12 ages with CLIVAR second decade
2009–2011 pSF6 ages. The results shown in Figure 4 indicate that for steady circulation, and plausible ranges
of the IG parameters, SF6 based ages measured in the early 2010s are expected to be very close (<1.5 years
difference) to pCFC-12 ages measured in the mid 1990s. Our null hypothesis for steady circulation for this
pair of dates is thus no change in age, and it is not necessary to apply age trends for pSF6 for the compari-
sons to be made. Some of the reasons are that we are on the linear part of the SF6 atmospheric curve (Fig-
ure 1), and ages are relatively young (<30 years) so that the effects of mixing are relatively small. It is clear
that age trends are tracer specific and highly dependent on the ratio of advection to diffusion. Thus, there
is not much of an age trend when comparing 1990s pCFC-12 and 2000s pSF6 ages due to the similarity of
the slopes in their atmospheric concentration histories in those two epochs [Tanhua et al., 2013]. However,
this is likely to change when post-1990s pCFC-12 ages are used. Note that the age trend for pSF6-pCFC-12
under steady flow can be positive or negative depending on the sampling dates, while in section 5 we can
see that pCFC-12 2000s minus 1990s age trends are always positive.

To permit the reader to explore age changes resulting from nonlinear trends in the atmospheric histories
for CFC tracers at any location on the globe and between arbitrary dates, we are providing the data and
example programs to compute the TTD convolution (4) as described in the supporting information.

3. The pCFC and TTD Ages in the Ocean: Observed and Simulated

We present mean pCFC ages on representative isopycnal surfaces, before investigating the associated
uncertainties and biases (section 4). Observational pCFC-11 ages are compared to CCSM4 model simulations
and ideal ages derived from the first moment of the simulated TTDs (hereafter referred to as TTD ages).
Numerous earlier studies have pointed out differences between pCFC and TTD ages [e.g., Sonnerup, 2001;
Waugh et al., 2003]. The pCFC age reflects the leading part of the TTD the most recent ventilation time,
while the TTD age is more representative of the average age of the TTD [Khatiwala et al., 2001]. TTD ages
are particularly useful in areas where waters have undergone considerable mixing and where waters are

Figure 3. Percent saturation for CFC-11 in the surface ocean from model output interpolated 18 3 18. Color bar on right shows
percentages from 45% to 100%.
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older than the CFC transient (>45 years). Usu-
ally, the pCFC and TTD ages help constrain
different time scales.

We focus on three isopycnal surfaces, which
represent thermocline (25.0 rH), lower-ther-
mocline/intermediate (26.8 rH), and deep
and bottom (45.85 r4000) water masses. The
observed and CCSM4 simulated WOCE era-
1990s pCFC-11 age distributions are shown
on these three isopycnal surfaces in Figure 5.
A global gridded product of simulated pCFC-
11 ages is also made available to the reader
as described in in the supporting information.

In general, the model and data agree quite
well and the model adds detail. The distribu-
tion of pCFC ages in the world ocean can be
summarized as follows:

1. Waters having a pCFC age of less than 10
years can be found
a. on 25.0 rH in the subtropical gyres,
b. on 26.8 rH close to the isopycnal winter

outcrops, and
c. on 45.85 r4000 south of 708S.

2. Waters having a pCFC age of less than 20
years can be found
a. on 25.0 rH everywhere but the North

Pacific oxygen minimum zone (OMZ)
and Bay of Bengal,

b. on 26.8 rH poleward of the tropics,
c. on 45.85 r4000 poleward of about 60

degrees latitude in both hemispheres.
3. Waters having a pCFC age exceeding the

analytical capability for the CFCs, �45
years, can be found

a. nowhere on 25.0 rH,
b. on 26.8 rH in the North and South

Pacific OMZs and Bay of Bengal,
c. on 45.85 r4000 equatorward of 408S

except for the western basins of the
Atlantic where waters are younger due
to transport from the North Atlantic
Deep Water sources in the Deep West-
ern Boundary Current.

3.1. The Isopycnal 25.0 rH

The 25.0 rH density surface coincides with the upper thermocline and level of Subtropical Underwater
[O’Connor et al., 2005]. In general, youngest water is observed at the poleward edges of the subtropical
gyres, where the water outcrops in winter-time. There is also younger water in the western tropics due to
the influence of the Low Latitude Western Boundary Currents [e.g., Fine et al., 1994], and oldest water in the
eastern tropical regions of the ocean [the so-called shadow zones, Luyten et al., 1983]. The North Pacific
OMZ and Bay of Bengal stand out as having the oldest water on this density surface (20–25 years). Bay of
Bengal water at this density originates in the South Indian subtropical gyre [Wyrtki, 1971], and along the
lengthy path to the North Indian Ocean waters will age and be diluted [Fine et al., 2008].

Figure 4. (a) Contour plot of differences between pSF6 age and pCFC-12
age versus year of SF6. Age differences calculated under stationary flow
conditions as a function of the years of observations using an inverse
Gaussian TTD with C 5 25 years and D 5 25 years. Contour interval 5 0.5
years. Red arrow shows time of interest for WOCE 1987–1993 pCFC-12
and CLIVAR/GO-SHIP 2009–2011 ages. (b) Difference between pSF6 age
observed in 2010 and pCFC-12 age observed in 1992 as a function
inverse Gaussian TTDs with parameters C and D. Contour interval 5 0.25
years.
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Figure 5. Global maps from WOCE observations and CCSM4 in 1994 of pCFC-11 age in years for three density surfaces: 25.0 rH, 26.8 rH, 45.85 r4000. Color bar on right shows for 25.0 rH

0–25 years, for 26.8 rH from 0 to 50 years, and for 45.85 r4000 from 0 to 50 years. The plots on the left show the observations and the model on the right, below is the difference between
observations and model at station locations. Note that 45 years is the maximum age given the analytical capability of CFC-11 measurement technique. The ages in regions showing 45
years could easily be substantially older.
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There are differences between observations and model in the three oceans. The South Atlantic OMZ has
pCFC ages <15 years. Note the model shows a bifurcation of the Atlantic OMZs by the eastward flowing
equatorial currents. In the observations, the northern most waters of the Arabian Sea have a pCFC age of
10–15 years, while the model-derived pCFC ages are <10 years. The map showing model pCFC ages (Figure
5) reveals detail of fine-scale structures such as fronts and meanders along the California coast where waters
are 5–10 years old. Such detail is not evident in the sparsely sampled data. While most of the observations
show younger pCFC ages than the model, the Indian Ocean is an exception where the model pCFC ages are
younger than observations. Differences are small except for near the Marginal Seas outflows, which could
be due to model parameterization.

Below 25.0 rH, there is some input of younger water from the Persian Gulf and perhaps from the Red Sea.
At a given density, the Marginal Sea waters are quite salty and have relatively high temperatures com-
pared with the surrounding gyre waters. Thus, North Indian Marginal Sea gas saturations are initially
lower, and while they are a local ventilation source, they are not an important ventilation source on the
large scale for the Indian Ocean [Olson et al., 1992; Fine et al., 2008]. Also below 25.0 rH, but above 26.8
rH, lies the Subtropical Mode Waters (STMW) [McCartney, 1982]. Here the pCFC age patterns are similar to
those on 25.0 rH.

3.2. The Isopycnal 26.8 rH

On 26.8 rH, both in the observational and model-derived maps (Figure 5), the oldest waters are found (>45
years) in the Bay of Bengal and Pacific OMZs. The signature of the OMZs is well developed in the eastern
tropical North and South Pacific, and they extend considerable distances westward—across the dateline.
Also evident on this density surface is the bifurcation of the Pacific OMZs by younger waters carried east-
ward in the equatorial currents [Fine et al., 1987]. In the model, the countercurrents and zonal flows are evi-
dent in the tropics.

Figure 5. (continued).
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In the southern hemisphere, 26.8 rH roughly coincides with Subantarctic Mode Waters (SAMW), and the
densest SAMW is formed in the southeast Pacific [McCartney, 1982; Hartin et al., 2011]. The influence of
SAMW is evident as younger water in all three subtropical gyres, [e.g., Fine, 1993]. Note that though Har-
tin et al. [2014] and Weijer et al. [2012] compare results from a coupled climate simulation with a course
resolution version of CCSM4 and observations for SAMW and AAIW in the South Pacific, there is no rea-
son to expect the biases they discuss to apply to the version of CCSM4 used here. The version used here
is forced by observationally based atmospheric conditions and has 10 times the horizontal resolution of
Weijer et al. [2012].

In the South Indian and Pacific (excluding coastal) subtropical gyres, both the model and observations
show younger waters in the East than West on 26.8 rH. The zonal difference is probably due to the western
boundary currents transporting older waters poleward into the subtropics from the tropics. In the South
Atlantic the eastern subtropical gyre is older than the western in the WOCE observations (1989–1990 and
1994–1995). The east-west difference in the South Atlantic is probably due to Agulhas leakage of older ther-
mocline waters into the eastern South Atlantic [Fine et al., 1988]. Observational model differences are dis-
cussed below (section 6.1) as regards effects on the comparison of pCFC ages between the decades of
2000s and 1990s for deducing changes in ventilation.

In the tropical South Indian Ocean, Indonesian throughflow waters are evident throughout the thermo-
cline as older pCFC ages that spread westward in both model and the observational data [Fieux et al.,
1994]. Observations in the Indian Ocean are younger than in the model, and differences between obser-
vations and model pCFC ages exceed 5 years in the eastern Indian. Differences could be due to model
parameterizations and large variability in the throughflow pathway (see section 4.2). Thus, as on the 25
rH surface, most of the observations show younger pCFC ages than the model. An exception is the
northwest Pacific as observations there are older than the model in the Okhotsk Sea where North Pacific
Intermediate Water is formed [Reid, 1965]. The model shows a pCFC age close to zero—this feature is
not apparent from the observational data maybe due to scarcity of data. Finally, a model detail that is
missing from the observed data is water older than 10 years, which is upwelled along the southwestern
coast of South America.

Looking below 26.8 rH, there is no direct ventilation of isopycnals in the North Pacific and North Indian
Ocean, which is consistent with the much older pCFC ages here. Also below 26.8 rH, oldest water continues
to be associated with the OMZs. Antarctic Intermediate Water (AAIW), whose formation primarily occurs in
the southeast Pacific [Talley, 1996], lies below 26.8 rH. Some of this AAIW water circulates with the South
Pacific subtropical gyre, while some is transported into the South Atlantic [e.g., Hartin et al., 2011]. In the
North Atlantic, Labrador Sea Water (LSW) lies below AAIW. From the relatively young pCFC ages of LSW
[e.g., Fine et al., 2002], it is obvious that the North Atlantic is the only location in the northern hemisphere
where this density is ventilated with atmospheric gases.

3.3. The Isopycnal 45.85 r4000

On the 45.85 r4000 isopycnal, it is only in the Southern Ocean and North Atlantic that waters with an age
younger than 45 years are observed. For the most part, water on this density surface has a pCFC age greater
than the CFC detection limit in both model simulations and observations. In the North Atlantic, the level of
45.85 r4000 (Figure 5) lies below the boundary between Iceland Scotland Overflow Water (ISOW) and
Denmark Straits Overflow Water (DSOW). Though these water masses are formed in the high latitudes of
the North Atlantic, they start out with a residual age due to mixing with entrained older water during the
formation process [Smethie et al., 1989; Fine et al., 2002].

The overflow waters are mostly transported equatorward by the Deep Western Boundary Current. They fill
the western North Atlantic transported by zonal jets, circulation in deep gyres and mixing. This is evident in
younger ages in the western North Atlantic as compared with eastern part of the basin [Fine et al., 2002]. In
observations and model simulations, there is younger water flowing across the equator into the South
Atlantic [Garzoli et al., 2015], and branching eastward along the equator [Weiss et al., 1985]. In the Southern
Ocean, model simulations reveal the extensive eddy activity there—something which is clearly not possible
to discern from sparse observations. In the southern hemisphere the 45.85 r4000 isopycnal coincides with
relatively older Circumpolar Deep Water and bottom waters [Orsi et al., 2002]. Ventilated bottom waters at
this density are shown in the CCSM4 model around the entire Antarctic continent. However, the
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observational map does not show ventilated water in the southeastern Pacific sector when sampled during
WOCE. This may be another difference between model and observations.

While on the shallower thermocline surfaces, observational pCFC ages are mostly younger than model ages,
the opposite is true on the deep surface. On 45.85 r4000, in the few areas where waters are <45 years,
observational pCFC ages are older than the model. This includes the Southern Ocean. One explanation is
that the model ventilation could be biased in those places. It is possible that in the model mesoscale eddies
are too vigorous, and that the model could be mixing in too much young water.

3.4. The TTD-Derived Ages on Three Isopycnals
Maps are presented of ages calculated from extrapolated TTDs [Maltrud et al., 2010 and see section 2.7] on
the three density surfaces (Figure 6). On 25.0 rH, the pCFC-11 ages from model are a little younger than
TTD ages. We would expect the best agreement on this shallow surface where the pCFC ages are evolving the

fastest toward the true age
due to their near-immediate
contact with the atmosphere.
Another possible reason for
agreement is that for two
decades before WOCE—
1990s, CFC-11 was increasing
linearly, so that pCFC-11 ages
were behaving more like ideal
tracers and the TTD mean
ages [e.g., Waugh et al., 2003;
Sonnerup et al., 2001; Doney
et al., 1997]. However, there
are a couple of areas where
the differences between
pCFC-11 and TTD ages are
very pronounced. Water in
the Bay of Bengal is consider-
ably older on the TTD maps,
pCFC-11 ages from model are
�25 years (Figure 5). A signifi-
cant difference is that on the
age map from TTDs there
are �100 year old waters
extending from the eastern
tropical South and North
Indian Ocean. On 26.8 rH, the
pCFC-11 ages from model are
again younger than TTD ages.
In the tropical OMZs, the TTD
ages are several hundred
years. On 45.85 r4000, all of
the TTD derived ages are
markedly older than the
pCFC-11 ages from model—
this is evident in the Southern
Ocean and in the North Atlan-
tic western basin.

In general, the model pCFC-
11 ages are younger than
the TTD ages, and the differ-
ences become more

Figure 6. Global maps from CCSM4 of ages derived from extrapolated TTDs on three density
surfaces. Shown are TTD ages derived from extrapolated TTDs that extend the �100 year simu-
lation results out to �1000 years. Color bar on right shows for 25.0 rH 0–100 years, for 26.8 rH

from 0 to 400 years, and for 45.85 r4000 from 0 to 1000 years.
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pronounced in progressively older waters (>20 years). Using CFCs, the maximum obtainable age is
�45 years (this is set by the amount of time CFCs have been present in the atmosphere and analyti-
cal capabilities). If CFCs had been present in the atmosphere for longer than a few decades, they
would also record ages older than a few decades. As it is, the pCFC ages in regions where the true
mean age is greater than 45 years will continue to evolve toward the extrapolated TTD ages with
time. This is why there are such large differences between the pCFC and TTD ages, particularly on
the deeper isopycnals.

4. Uncertainties in pCFC Ages From Gridding and Eddy Noise, and Biases From
Age Trends

When CFC concentrations are compared and CFC ages computed based on data from repeat oceano-
graphic cruises spaced years to decades apart, differences have been noted along identical transects [e.g.,
Doney et al., 1998; Mecking et al., 2006; Fine, 2011; Tanhua et al., 2013; Waugh et al., 2013]. Can such differ-
ences be attributed to actual changes in ocean ventilation, or are they the result of temporal differences in
sampling across a front or eddies, which are characterized by steep tracer gradients over a relatively small
distance?

Our objective is to provide estimates of uncertainties and biases in pCFC ages by accounting for variability
on time scales less than the decadal sampling interval; these uncertainties and biases could project onto
real trends in decadal variability. Two types of uncertainties are from gridding and from internal ocean vari-
ability, and there are biases from nonstationarity of the atmospheric CFC transient. The first type of uncer-
tainty, from gridding will be explored as to its effects on differences between pCFC age data. For the
second, internal variability, standard deviations will be used to provide bounds for the aliasing errors associ-
ated with high frequency internal ocean variability. The origin of the ventilation variance associated with
eddies displacing parcels across fronts—points to the colocation of the standard deviation maps and those
of high eddy kinetic energy. However, before examining these uncertainties and biases, we look at the
effects of gridding on pCFC ages.

4.1. Gridding
Two cruises, for example, in 1990s and 2000s, are never in exactly the same location or samples from the
same depths/densities, and this usually means some type of gridding is needed to compare the data.
Experiments were done to test the effects of gridding on differences between pCFC age data from the
1990s with data from the 2000s and 2010s. An example of what different gridding schemes can produce
is revealed by meridional sections of P16S along 1508W. The two gridding schemes presented for obser-
vational data are objective mapping (Figure 7a) and boxed data (Figure 7b). When the raw data were
used and pCFC ages computed the same way, differences in ages were obtained from the two gridding
schemes. For the objective mapping the following parameters were used: influence radius in x
direction 5 28 latitude, cutoff radius in x direction 5 48 latitude, influence radius in y direction for
depth 5 50 m, cutoff radius in y direction for depth 5 200 m, influence radius in y direction for
sigma 5 0.1, cutoff radius in y direction for sigma 5 0.4. We have tested the sensitivity of the mapped age
differences to the choice of influence radius in the objective mapping routine and there are slight
changes in the data sparse regions.

The boxed pCFC-12 ages on P16S along 1508W in 1991 and 2005 compared to observations are presented
as a check (Figure 7b). The raw data were boxed into 0.2 rh units by 1 degree latitude (or longitude) wide.
Any data that fell within a box were averaged. If there were no data, the box is left blank. The 2005–1991
difference plot of the boxed data perhaps not surprisingly, reveals a very clear pattern (although admittedly
noisy) of large age increases further south, and smaller increases in the subtropical gyre 408S–208S region.
Interestingly enough, the results change very slightly with choice of box size, but this small age change in
the 408S–208S region appears robust against all parameters tried. Note that no age trend as yet has been
applied, and this will be done in section 5.2. In summary, there are some differences between the ages from
the two methods, and this is notable in comparing the third plots of Figures 7a and 7b. A prominent exam-
ple is seen among the deepest density surfaces north of 408S. Differences in ages are due to the CFC gridd-
ing, not to the age calculation. Hence, differences are presented below using the boxed data rather than
objectively mapped fields.
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4.2. Eddy Noise
Since tracer observations are only snap shots in an ocean with considerable mesoscale variability, it is
expected that there will be differences between data and model output, and between data samples
taken at the same location separated in time by more than a typical eddy turnover period (weeks to
months). Our method for calculating standard deviations in tracer ages from the model ensemble is
discussed above in section 2.6. Standard deviations in the interior subtropical gyres are small, less
than 0.5 years. On the other hand, the largest eddy induced variability in ages (Figure 8) occurs in
regions of large mean gradients due to fronts and regions with high eddy kinetic energy. In the ther-
mocline (25.0–26.8 rH), largest standard deviations are mostly found near western boundary currents,
along the boundary between the ventilated and unventilated portions of the subtropical gyre, and
eastern boundary upwelling regions. The large standard deviations imply that if we were to go back
and resample CFCs in these regions at different times in 1994, we might find a change as large as 3–4
years in pCFC-11 age at that location due to internal ocean variability. As an example, on 26.8 rH,
standard deviations of about 3–4 years are estimated in the Gulf Stream and Kuroshio extensions.
Large standard deviations suggest that there is relatively large sampling uncertainty, which may
explain some of the differences between observations and model pCFC ages there (Figure 5). On the
other hand, there are small standard deviations on 26.8 rH in the Bay of Bengal and eastern Arabian
Sea, so that the differences between the model and observations should be considered robust and
attributed to model bias. On 26.8 rH, standard deviations of about 3–4 years also are also estimated
along 108S–158S, the pathway of the Indonesian throughflow and Antarctic Circumpolar Current
(ACC), which again may explain differences in observational and model ages there (Figure 5). These
large standard deviations portend difficulties when evaluating Southern Ocean tracer ages (see sec-
tion 6.2).

Figure 7. (a) Sections of pCFC-12 ages for WOCE 1991 (top plot) and CLIVAR 2005 (middle plot) observational data and 2005 2 1991 age differences (bottom plot) versus sigma-theta for
P16S using objective mapping grid. (b) Sections of pCFC-12 age from WOCE 1991 (middle plot) and CLIVAR 2005 (top plot) observational data and 2005 – 1991 age differences (bottom
plot) versus sigma-theta for P16S along 1508W using boxed grid.
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The discussion of pCFC-11 age sampling uncertainty above is relevant to comparisons of the model and obser-
vational estimates of pCFC11-age for the same year. For comparisons of tracer ages for different sampling
years, or for comparisons of ages from different tracers, we need to consider the relationship between tracer
concentration variability and tracer age variability. Consider a CFC like tracer with an atmospheric history given
by Ca tð Þ and an interior ocean concentration history at some point given by Co tð Þ. If the tracer concentrations
are growing monotonically, we can define inverse functions ta Cð Þ and to Cð Þ. The tracer age s is given by

s Cð Þ5to Cð Þ2ta Cð Þ5tobs2ta Cobsð Þ (5)

where tobs is the date of the observation and Cobs is the measured ocean concentration. The variance in
tracer age is related to the variance in tracer concentration by

Figure 8. (a) Global maps from CCSM4 of pCFC-11 standard deviations for 1994 and (b) 1990. Color bar on right shows standard deviation in years for 25.0 rH from 0 to 4 years, for 26.8
rH from 0 to 4 years, and for 45.85 r4000 from 0 to 12 years. However, for 45.85 r4000 equatorward of about 508S (deep blue) and except for western North Atlantic, where pCFC-11 ages
exceed 45 years, standard deviations are not meaningful. (c) Global maps from CCSM4 of pCFC-11 standard deviations 1994 minus 1990. Color bar on right shows difference standard
deviation in years for 25.0 rH, 26.8 rH, 45.85 r4000 from 21 to 11 years. Again, for 45.85 r4000 equatorward of about 508S (deep red) and except for western North Atlantic, where pCFC-
11 ages exceed 45 years, standard deviation differences are not meaningful.
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The variance in tracer age is determined by both the variance in tracer concentration resulting from eddy
stirring and the slopes of both the atmospheric and ocean concentration histories. All of these terms are

Figure 8. (continued).
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time evolving, and it is not straightforward to provide a precise estimate of the expected uncertainty of age
variance at one time based on its variance at another time or for one tracer based on the variance of
another.

Even for a statistically stationary eddy field, the tracer concentration variance will change depending on the
large-scale tracer gradients. These will change over time as tracer flows through the system, reaching peak
values at different times at different locations. We have compared observed 1990s and 2000s decade pCFC-
11 and pCFC-12 age gradients across some of the prominent oceanic fronts: Gulf Stream, North and South
Atlantic and North Pacific shadow zones, Indonesian throughflow across the South Indian, and deep Antarc-
tic fronts. Differences across these fronts between pCFC-11 and pCFC-12 age gradients during both 1990s
and 2000s decades are <625%. Also, differences across the fronts between pCFC-12 age gradients for
1990s and 2000s decade are <623%. This is because the shapes of the atmospheric CFC-11 during 1990s
and CFC-12 during the 2000s decade are fairly similar (Figure 1). However, differences across the fronts for
pCFC-11 age gradients between 1990s and 2000s are generally larger 636–86%, because of CFC-11 reach-
ing atmospheric maximum earlier than CFC-12.

The intent is to use the 1994 pCFC-11 age standard deviations for pCFC-12 from the 1990s, 2000s, and
2010s data. As a pragmatic step forward, we examine the changes in the standard deviation of pCFC-11 age
from the model ensemble between 1990 and 1994 (Figures 8a and 8b). On 45.85, r4000 and 26.8 rH, stan-
dard deviations are close to identical in spatial patterns with generally small (<1 year) changes in magni-
tude. On these density surfaces, there are places where the absolute changes in the standard deviation are
larger (e.g., ACC, northwest Pacific, Figures 8a and 8b), but the relative changes are still small. On 25.0 rH,
again spatial patterns are quite similar, but here 1994 numerical values are uniformly higher than in 1990.
The largest differences are in the North Atlantic and Pacific also somewhat coincident with largest absolute
values of standard deviations in both years.

These results indicate that regardless of the year, there are certain high eddy and frontal regions where
standard deviations of ages will be relatively large (�4 years), and other regions where standard deviations
will be relatively small (<1 year). Based on these results, we will take as a conservative estimate of tracer
age eddy noise for all decades and tracers the 1994 pCFC-11 values inflated by 25% (typical of the changes
in frontal gradients described above).

4.3. Age Trends
Global maps of mean age trends from the model simulated CFC-11 are presented over the decade 1985–
1995 (Figure 9). They show how much the pCFC-11 ages are increasing—due to the effects of nonstationar-
ity of the atmospheric transient when there is mixing. Trend rates vary from 0 to 1 year per year. Age trends
cannot be evaluated where the pCFC-11 age exceeds 45 years (black areas on maps), which is the limit of
the CFC analytical technique. On 25.0 rH, age trends are everywhere less than 0.8 years per year during this
decade. On 25.0 and 26.8 rH, largest annual increases in ages are in the older waters of OMZs and Bay of
Bengal. On 26.8 rH, there are large age trends (and standard deviations) in the western subpolar North
Pacific where North Pacific Intermediate Water is found. The large trend to the east of the southern island
of New Zealand is an area of high eddy kinetic energy and mixing. On 45.8 r4000, pCFC-11 ages have the
smallest trends near the deep and bottom water source regions—around the Antarctic continent and in the
western basins of the North and South Atlantic.

In general on the three density surfaces, age trend patterns are quite similar to patterns of the TTD and
pCFC ages (Figures 5 and 6). Based on TTD formalism presented above, it is not surprising that there is
excellent agreement in patterns showing large (small) annual increases in pCFC ages/trends and older
(younger) waters, which generally will have undergone more (less) mixing and thus have a broader long
(short) tail of the TTD. There is an exception, though the reason is not obvious. One is on 26.8 rH in the
North Pacific Kuroshio extension. There TTD ages (and pCFC) are relatively young and age trends are large.

5. Comparison of 2000s and 1990s Ages

With the objective of examining real changes in water mass ventilation, differences between pCFC ages
from the WOCE decade of the 1990s as compared with the two CLIVAR/GO-SHIP decades of the 2000s and
2010s are presented for sections across the South Atlantic, Pacific and Indian oceans. Differences in AOU are
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also presented across the same sections. AOU is the difference between observed oxygen concentration and
its equilibrium saturation concentration based on water with the same properties [e.g., Jenkins, 1977], though
this method does not consider the effect of increased consumption with temperature [Brewer and Pelzer, 2016].

The focus here is on the mid to lower thermocline 26.0–27.2 rh to include SAMW and AAIW and for two
practical reasons. Above 27.2 rh, analytical measurements will be robust and ages will be <45 years. The

Figure 9. Global maps of pCFC-11 age trends for the years 1985–1995 on three isopycnals: 25.0 rH, 26.8 rH, 45.85 r4000. pCFC-11 age
from CFC-11 explicitly simulated by CCSM4. Color bar on right shows annual increase in pCFC-11 age in years. Areas are colored black
where ages exceed the analytical capability of the technique >45 years.
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compound CFC-11 reached a maximum in the southern atmosphere in the mid-1990s (Figure 1). Although
CFC-12 was continuing to increase in atmosphere over the early part of 2000s, in water masses downstream
from outcrops and below 26.0 rh, CFC-12 continued to increase through the decade of the 2000s. Also, for the
2000s decade, SF6 data are not available on cruises of interest. For these reasons, we first compare pCFC-12
ages from the 2000s decade to pCFC-12 ages from 1990s using sections in the Pacific along 328S, in the Atlantic
along 308S, and in the Indian Ocean along 328S. Next for the same sections, we compare SF6 ages from the
decade of the 2010s to pCFC-12 ages from 1990s. Sections are plotted with density as the vertical coordinate
to best remove the influence of isopycnal heave [Bindoff and McDougall, 1994]. Data are gridded into boxes.
Standard deviations for central latitudes of southern subtropical gyres in mid to lower thermocline are less
than 2.0 6 0.5 (625%) years, see Figure 8a. This is based on the discussion above, in which we assert that
regardless of the year, there are regions where standard deviations in pCFC ages will be smaller than other

Figure 10. (a) Sections in the Pacific Ocean of pCFC-12 age (years, top three plots) differences versus sigma-theta along 328S. The P06 sections: 2003 minus 1992. Top plot is pCFC-12
age difference, which is the age trend and is model derived from TTD projected trends. Second plot is boxed observational pCFC-12 age difference. Third plot is a residual, observational
pCFC-12 age difference with age trend removed. Fourth plot is difference in AOU, contour interval is 10 mmol/kg. There are some areas where a few of the AOU difference points may
exceed the scale given on right, and still they show as positive or negative. The scale was chosen to emphasize where AOU differences are positive and negative over most of the
section. Figure plotted in Ocean Data View [Schlitzer, 2009]. (b) Sections in the Atlantic Ocean of pCFC-12 age (top three plots) differences versus sigma-theta along 308S. The A10
sections: 2003 minus 1993. Four plots are the same as in Figure 10a. Fourth plot is difference in AOU. (c) Sections in the Indian Ocean of pCFC-12 age (top three plots) differences versus
sigma-theta along 328S. The I5 sections: 2002 minus 1987. Four plots are the same as in 10a. Fourth plot is difference in AOU.
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ocean regions. We consider that 62.5 years is the best the model can tell us about the ages in the density
range of interest in the interior of the southern subtropical gyres, and we designate that as the error in pCFC
ages due to internal ocean variability. In addition, biases from age trends are considered.

5.1. Differences Between 2000s and 1990s pCFC-12 Ages in Three Southern Subtropical Gyres
For each trans-ocean section (P06 2003 versus 1992 Figure 10a, A10 2003 versus 1993 Figure 10b, I5 2002
versus 1987 Figure 10c), before comparing the 2000s decade to 1990s an age trend is estimated from
model-derived pCFC-12 TTD projected trends. Using the optimal saturation factors and the observed atmo-
spheric partial pressures with a steady circulation, pCFC-12 ages were projected by TTDs at each grid point
(see section 2.7). To get a trend, the age fields are then differenced for the years of the 2000s decade and
1990s cruises. For the observational sections, a criterion is applied where concentrations must exceed a
minimum to assure we are using data well above blank levels: 0.02 pmol/kg for CFC-12.

The top plots of Figures 10a–10c show the model age trend, which is the difference between the pCFC-12
age from the 2000s and from the 1990s for that section. The second plots are pCFC-12 age difference in
years from observations. Both model and observational age differences show ages increasing by up to 10
years between the two occupations. Again, ages increasing with time due to the changing atmospheric
source have been well documented. When the model age trend (top plot) is subtracted from observational

Figure 10. (continued).
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age differences (middle plot), then in
the third plot the result is ages with
the residual pCFC-12 age trend
removed. On the third plot (Figure 10a,
South Pacific), the light and dark blue
boxes are age differences decreasing
by more than 2.5 years, which is the
error from the standard deviation. In
the South Pacific, most or 68% of the
boxes show a decrease of at least 2–10
years, while 71% show a decrease that
is greater than zero. Taking the area of
each box (depth 3 18 latitude) and
percent of the total areas gives similar
results (Table 1). If assumptions were
made about age changes throughout

the subtropical gyres in the meridional direction, then areas could be converted into volumes. However, it
is not necessary to add large assumptions to make an important point. Based on these age decreases look-
ing at either boxes or areas, we infer real increases in ventilation in the lower thermocline of eastern South
Pacific subtropical gyre over the period between the 2003 and 1992 occupations.

Ventilation changes are also observed in the fourth plot (Figure 10a) of difference in apparent oxygen utili-
zation, AOU, between the 2000s and the 1990s. The AOU differences provide an independent and common
method to check patterns of ventilation changes—areas of decreasing (increasing) tracer ages should corre-
late with decreasing (increasing) AOU. Note that our focus is 26.0–27.2 rh, and in this density range most of
the section shows decreasing AOU. The decreasing AOU extends to the western part of the section, except
for two areas 26–26.3 and below 27 rh in the central Pacific. Decreases in AOU across most of the South
Pacific are consistent with the real increases in ventilation deduced from tracers in the lower thermocline.

In the South Atlantic and South Indian oceans, we also infer increased ventilation. In the South Atlantic A10
section along 308S (Figure 10b), most or 80% of the boxes show ages have decreased by at least 2–10 years
between the 2000s decade and 1990s, while 90% show a decrease that is greater than zero (Table 1). In the
South Indian I5 section along 328S (Figure 10c), also most or 64% of the boxes show an age decrease of at
least 2–10 years, while 76% show a decrease that is greater than zero. Based on age decreases of at least 2
years in most of the boxes, we infer increased ventilation in the three southern subtropical gyres between
1990s and the 2000s decade. In the Atlantic, decreases in AOU dominate the lower thermocline, with some
patches of increases in AOU (58W–108E). Also, in the Indian there is mostly decreasing AOU in the lower
thermocline across the section, with exceptions being above 26.5 rh in the east and west parts of the
section.

5.2. Differences Between 2010s Decade pSF6 and 1990s pCFC-12 Ages in Three Southern Subtropical
Gyres
As SF6 data are available from the beginning of the 2010s decade, we compare them to pCFC-12 ages from
1990s in the Pacific along 328S (P06 2009/2010 versus 1992, Figure 11a), in the Atlantic along 308S (A10
2011 versus 1993, Figure 11b), and in the Indian Ocean along 328S (I5 2009 versus 1987, Figure 11c). These
are the same three southern subtropical gyre sections used for the 2000s decade comparison with 1990s
(Figures 10a–10c). For the observational sections, a criterion is applied where concentrations must exceed a
minimum to assure we are using data well above blank levels: 0.03 fmol/kg for SF6, and 0.02 pmol/kg for
CFC-12. For SF6 2009-2011 and CFC-12 in mid-1990s, their atmospheric values were still increasing linearly
(Figure 1). As discussed in section 4.3, no age trend was applied when comparing the 2010s decade pSF6

ages to the 1990s pCFC-12 ages (Figures 11a, b, and c), as the pCFC-12 and pSF6 ages are on the linear part
of the atmospheric curve. Appling no age trend could suggest that the ventilation differences should be
considered lower bounds. Ages continue to decrease in the eastern South Pacific in this later occupation in
2010s, though less than for the 2000s decade. For the South Pacific Ocean between 26 and 27.2 rh,
differencing pSF6 from pCFC-11 or pCFC-12 ages gives similar results (Table 2). For the majority of boxes,
ages are decreasing. However, when considering an error of 2 years—then ages are decreasing for only

Table 1. Statistics on Sections of Age Differences 2000s (CFC-12)-1990s
(CFC-12)

Ocean

Total Difference
Boxes/Number

Boxes Percent
Total Difference
Area/Area (m2) Percent

S. Pacific 165
<22 years 112 68 4.9 3 109 69
<0 yearsa 117 71 5.0 3 109 70
S. Atlantic 152
<22 years 121 80 3.2 3 109 76
<0 yearsa 137 90 3.8 3 109 90
S. Indian 157
<22 years 101 64 2.4 3 109 65
<0 yearsa 119 76 3.0 3 109 81

aThose boxes <0 years show decreasing age from 1990s to 2000s, but only
those boxes <22 years satisfy the error based on the standard deviation of
2 years.
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30% of the boxes. AOU differences (Figure 11a fourth plot) show the same pattern as lower thermocline
age differences (Figure 11a, third plot): increasing AOU and ages in eastern and central Pacific, while
decreasing AOU and ages in the rest of the layer of interest. The central and eastern Pacific show larger
decreases in AOU between the 2000s and 1990s than between 2010s and 1990s, consistent with our assess-
ment of a weaker ventilation change during the later.

In the South Atlantic, age decreases are a little larger than in the South Pacific and considerably larger
than the South Indian (Figures 11b, 11a, 11c and Table 2). For 80% of boxes and 74% of the area, ages are
decreasing. However, when considering an error of 2 years, then decreasing ages are observed for only
38–46% of the boxes and area in the South Atlantic. The AOU differences show larger areas of increases
across the lower thermocline in the 2010s to 1990s than in the 2000s to 1990s (Figures 11b and 10b,
fourth plots).

For the South Indian Ocean, differencing pSF6 from pCFC-12 ages gives 35% of boxes and 43% in area
where ages are decreasing. However, when considering an error of 2 years then ages are decreasing for

Figure 11. (a) Sections in the Pacific Ocean of age (years, top three plots) differences versus sigma-theta from observations along 328S, the P06 sections. Top plot is CLIVAR/GoShip pSF6

age. Second plot is WOCE pCFC-12 age. Third plot is difference between observational ages 2009/2010 pSF6 age minus 1992 pCFC-12 age. Fourth plot is difference in AOU. (b) Sections
in the Atlantic Ocean of pCFC-12 age (top three plots) differences versus sigma-theta along 308S, the A10 sections for 2011 and 1993. Four plots are the same as in Figure 11a. Fourth
plot is difference in AOU. (c) Sections in the Indian Ocean of pCFC-12 age (top three plots) differences versus sigma-theta along 328S, the I5 sections for 2009 and 1987. Four plots are
the same as in Figure 11a. Fourth plot is difference in AOU.
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only 9% of the boxes and 15% of area. The South Indian age differences are least in the west and particu-
larly in the lower thermocline (Figure 11c), where AOUs are also increasing (Figure 11c, fourth plot). Note
that the AOU differences are considerably more positive between the 2010s and 1990s, as compared with
between the 2000s and 1990s.

Based on comparison of 2010s decade pSF6 ages with 1990s pCFC ages and comparison of AOUs, we can
infer increased ventilation only in the South Atlantic Ocean and perhaps in the South Pacific. There appears
to be no trend of increased ventilation in the South Indian. Thus, even considering aliasing from internal
ocean variability, ages decreasing across the three southern subtropical gyres are a large scale and robust
feature when comparing 2000s decade and 1990s. However, in general there is a weaker or no trend in for
the 2010s decade, and the later could be related to a decrease in the southern hemisphere winds as dis-
cussed in the next section.

Figure 11. (continued).
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6. Discussion

The main objective is to compare tracer
ages from the 1990s with reoccupations
during the two decades of 2000s and 2010s,
and take into account uncertainties and
biases. Model and observational ages are
evaluated, and in particular for their impact
on the data age comparisons. This is fol-
lowed by a discussion of ocean areas where
uncertainties can be significant. We con-
clude with a discussion of how the tracer
ages from the three southern subtropical
gyres of 1990s compare with tracer ages
from the 2000s and 2010s decades, and
what can be inferred from the differences as
regards changes in ocean ventilation.

6.1. Comparison Between Model and Observational pCFC-11 Ages
The location along 308S, the latitude chosen for 2010s and 2000s comparison to 1990s, where there are sub-
stantial differences between model and observational ages is the eastern South Indian. There, pCFC-11 age
observations are 5–7 years younger than in the model. These observational—model differences need to be
considered in terms of what they imply for the comparisons presented in section 5. Older water in the
model could cause age trends to be elevated, as age trends tend to increase with older ages (compare Fig-
ures 5 and 9). This could cause the residual ages between 2000s and 1990s to perhaps show too much of a
decrease. Again, the most likely place for the effect to be of concern is the eastern South Indian. However,
there most of the boxes are decidedly negative (Figure 10c, third plot). Thus, we expect that the effect of
model bias having ages older than observations for lower thermocline waters in the eastern South Indian to
have a minor impact on our comparisons.

6.2. Comparison Between 1990s With 2000s and 2010s Decades
Ages and AOU decreasing with time across the three southern subtropical gyres between 26.0 and 27.2 rh

are a large scale and robust feature when comparing 2000s decade and 1990s. However, in general there is
a weaker or no trend for the 2010s decade as compared with 1990s. These results are consistent with com-
parisons for the three southern gyres published elsewhere, changes in the Southern Annular Mode (SAM)
[Roemmich et al., 2007], and with changes described in salinity and oxygen [e.g., McDonagh et al., 2005;
Talley et al., 2016]. Our inference of real increased ventilation between 1990s and the 2000s decade (Figure
10) is in agreement with recent studies, which also inferred increased ventilation for the southern subtropi-
cal gyres [Fine, 2011; Waugh et al. 2013; Tanhua et al. 2013].

During the 2010s decade, there is less of a SAM effect. This is consistent with inferred smaller increases in
ventilation as compared with 1990s (Figures 11a–11c). For 1990s, when compared with the 2010s decade,
decreased ages above 27 rh also are found by Waugh et al. [2013] and Tanhua et al. [2013]. Waugh et al.
compare 2009/2010 to 1992 in the South Pacific also along P6, and Tanhua et al. [2013] compare 2007 to
1994 in eastern South Pacific along P18.

In the South Atlantic between the 2010s decade and 1990s, perhaps we can infer increased ventilation,
though not as large of an increase as between the 2000s decades and 1990s (Tables 1 and 2). Inferring
changes in the South Pacific is more questionable. However, in the South Indian lower thermocline, there
are no significant changes. This is in agreement with Tanhua et al. [2013] who, using a different method,
looked at data averaged along 328S (I5) between 1995 and 2009 and above 27 rh. While closer inspection
of Figure 11c suggests little to no age changes for lower thermocline and intermediate water in the south-
west, there is a larger age decrease in the southeast Indian. The larger age decrease in the southeast could
be due to model bias of older ages (section 6.1). However, other work tends to suggest that it could be real.
Waugh et al. [2013] looking at data from the southeast Indian along 908E (I8) at subtropical latitudes also
find ages decrease between 1994–1995 and 2007 above 27 rh. Fine [1993] showed that in the South Indian

Table 2. Statistics on Sections of Age Differences 2010s (SF6)-1990s
(CFC-12)

Ocean

pSF6-pCFC-12:
Total Difference
Boxes/Number

Boxes Percent

pSF6-pCFC-12:
Total Difference
Area/Area (m2) Percent

S. Pacific 671 7.1 3 109

<22 years 198 30 2.5 3 109 35
<0 yearsa 405 60 4.4 3 109 62
S. Atlantic 297 4.2 3 109

<22 years 136 46 1.6 3 109 38
<0 yearsa 239 80 3.1 3 109 74
S. Indian 225 3.7 3 109

<22 years 21 9 5.7 3 108 15
<0 yearsa 78 35 1. 6 3 109 43

aThose gridded boxes <0 years show decreasing age from 1990s to
2010s, but only those boxes <22 years satisfy the error based on the
standard deviation of 2 years.
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there are different SAMWs, with a lighter mode circulating in the southwest. Also AAIW entering at about
908E circulates in the western subtropical gyre. In addition, the SAMW and AAIW in the eastern subtropical
gyre are influenced by water flowing from the Pacific around Australia [Fine, 1993]. Between 1987 and 2002
McDongh et al. [2005] find that in the west oxygen changes are dominated by temperature changes related
to local air-sea fluxes, while in the east changes are density compensated and are dominated by advection
of Antarctic Surface Water. Decoupling of forcing mechanisms for the southwest and southeast Indian
Ocean similar to Fine [1993] and McDonagh et al. [2005], also is described by Alvarez et al. [2011]. Thus, the
southwest Indian perhaps is being influenced more by climate change and these signatures are also
observed in the subtropical gyres in oxygen and salinity. For instance, a 50 year climate change trend is
described for the South Indian Ocean by Kobayashi et al. [2012]—however, east of 758E.

Climate change signatures are warming, decreasing oxygen, and in high latitudes freshening. Of the three
southern gyres, the South Atlantic along the A10 section is the only subtropical gyre that is saltier in 2011
than in 2003. Schmidtko and Johnson [2012] analysis of global southern historical data shows that only in
the South Atlantic north of 408S is there increased salinity at the AAIW core. They relate the increased salin-
ity to increased Agulhas leakage due to changes in the SAM between Africa and Antarctica. Goes et al.
[2014] use models to argue that during 1993–2009 the South Atlantic is continuing to get saltier at the den-
sity levels of interest here, due to strong Agulhas leakage. In addition, Goes et al. discuss an expansion and
spin up of the South Atlantic subtropical gyre, which is consistent with regional SAM changes found by
Schmidtko and Johnson. These changes in the South Atlantic could explain why when comparing both
2000s and 2010s decades to 1990s, the South Atlantic has a greater percentage of decreasing ages (Tables
1 and 2) inferring real increased ventilation. However, studies such as Wang et al. [2014] suggest that as
ozone recovers in future, the stronger super gyre circulation and Agulhas leakage will lessen. In contrast to
the saltier South Atlantic, along the P6 section during the 2010s decade, waters are fresher than the 2000s
decade and fresher than during 1990s. Also, the South Indian along the I5 section is fresher in 2009 than
2002. The inferred ventilation changes described here appear to be embedded in longer time scale trends.
Thus, it is important that all comparisons should be considered as specific to the years of the observations.

7. Summary and Conclusions

The pCFC ages show that the thermocline is a barrier to interior ocean exchange with the atmosphere on
time scales of 45 years, the measureable CFC transient. These do not include parts of the North Indian
Ocean lower thermocline and OMZs where the time scales are longer. Similarly, the thermocline was found
to be a barrier to anthropogenic CO2 perturbations [Sabine et al., 2004], and salinity changes over the past
few decades are quite small in regions that were unventilated over this time scale [Durack and Wijffels,
2010]. Exceptions are in the deep North Atlantic downstream from deep water formations and the Southern
Ocean where there are waters ventilated on decadal time scales. The recent ventilation of these deeper
waters also makes them a likely oceanic heat sink on decadal time scales [e.g., Chen and Tung, 2014]. Tracer
ages <45 years highlight areas of the ocean that need more frequent monitoring in order to observe
changes in climatically important properties such as heat, freshwater, and CO2. There is good agreement
between observational and CCSM4 model pCFC-11 age maps (Figure 5)—both in terms of overall patterns
and quantitatively, which give broad scale validation of the model.

Uncertainties and biases in CFC ages have been assessed three ways. First, we have checked the effects of
gridding. Second, standard deviations are a way to look at uncertainties in tracer ages due to internal ocean
variability—stirring from eddies and migration of fronts—by using eddy-resolving tracer simulations. Third,
age trends look at biases in pCFC ages due to the effects of nonstationarity of the atmospheric transient
when there is mixing. Areas of the ocean that will be most plagued by uncertainties in pCFC ages as shown
by standard deviations and biases as shown by age trends include—frontal regions, boundaries between
ventilated and unventilated regions, and areas of upwelling and substantial mixing. These approaches for
assessing uncertainties and biases have promising aspects that should be considered when examining
changes in ventilation.

From a comparison of WOCE (1987–1993) and CLIVAR/GO-SHIP decade (2002–2003) pCFC-12 ages—taking
into account uncertainties due to standard deviations and biases due to age trends—we infer real increases
in ocean ventilation. These increases are consistent with decreases in AOU between these decades.
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A significant increase in ocean ventilation is inferred in southern subtropical gyres over the time scale of
the specific 2000s decade and 1990s cruises in the layer 26–27.2 rh. Increased ventilation can be due to a
spin up of the circulation and/or pathway changes. Other studies have concluded that increased thermo-
cline ventilation is consistent with changes in the SAM and spin up of the gyre circulation [e.g., Fine, 2011;
Waugh et al., 2013; Tanhua et al., 2013]. However, between 1990s ages and 2010s ages the decreases are
not significant—perhaps except for the South Atlantic Ocean and the South Pacific is questionable. Our
finding of no age decrease in the Indian Ocean is consistent with increased Agulhas leakage [Beal et al.,
2011] and regional changes in the SAM [e.g., Schmidtko and Johnson, 2012]. It is important to note that ven-
tilation changes are specific to the years of the cruises, and also are likely embedded in longer time scale cli-
mate trends.

In conclusion, it is a possible that ocean ventilation with atmospheric gases will decrease as climate change
progresses due to the effects of warming and stratification on oceanic uptake of gases [e.g., Helm et al.,
2011]. Decreased ventilation has been observed in places such as the tropical oxygen minimum zones [e.g.,
Stramma et al., 2008]. However, in the southern subtropical gyres, we infer real increased ventilation in the
2000s decade as compared with 1990s. Then, we do not infer a significant increase in ventilation in
the 2010s decade, perhaps except for a small increase in the South Atlantic and even less of an increase in
the South Pacific. An interpretation of our results is that natural cycles can overwhelm the climate change
signal of decreasing ventilation—at times—for example, the SAM up to 2005 [e.g., Roemmich et al., 2007;
Fogt et al., 2009;; Schmidtko and Johnson, 2012] as shown here for the 1990s compared with the 2000s
decade. However, future changes in the SAM will be affected by the rate of ozone recovery [e.g., Shindell
and Schmidt, 2004] and outgassing of natural CO2 and uptake of anthropogenic CO2 in the Southern Ocean
[e.g., Lovenduski et al., 2007]. Thus, it is not clear whether in the future global ocean we may expect to see
decreased ventilation by atmospheric gases, and how strong or steady in space and time ventilation
changes will be. Observational programs such as GO-SHIP that measure gases in the global ocean including
CO2, oxygen, CFCs/SF6 will have an essential role in documenting future ventilation trends.
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