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Abstract Changes in Southern Ocean ventilation imprint on dissolved gases, nutrients, radiocarbon,
temperature, and salinity. We deconvolve tracer measurements for the distribution, , of times and
locations of last ventilation using a maximum-entropy approach. Decadal changes of  are quantified by
deconvolving hydrographies measured during the early 1990s and again some 15 years later. Our analysis
reveals coherent changes across the five meridional sections analyzed: The fraction of water younger than
30 years decreased by ∼20% per decade south of 40∘S in circumpolar deep water (CDW) and increased
by ∼10% per decade north of ∼40∘S in subantarctic mode water (SAMW). Ventilation locations shifted,
with more water south of 40∘S being ventilated north of the subantarctic front. These ventilation changes
impacted CFC uptake, with concentrations south of 40∘S less than (and north of 40∘S higher than) expected
for steady flow. The inferred changes imply increased SAMW formation and CDW upwelling consistent with
strengthened westerly winds.

1. Introduction

The exchange of water between the Southern Ocean surface and the ocean interior, referred to as Southern
Ocean ventilation, is a key factor in the energy and carbon balance of the Earth. While ventilation is likely to
change throughout the world oceans as the climate changes, the Southern Ocean is particularly important: it
has been observed to be warming faster than the global ocean [e.g., Gille, 2008] and is estimated to have taken
up nearly 40% of anthropogenic carbon [e.g., Khatiwala et al., 2009]. It is therefore important to quantify how
the ventilation of the Southern Ocean has been changing given observed changes in atmospheric forcing
[e.g., Thompson et al., 2011; Swart and Fyfe, 2012], which have already led to detectable changes in heat and
carbon uptake [e.g., Purkey and Johnson, 2013; DeVries et al., 2017]. Using a 1-D transit-time distribution (TTD)
analysis applied to CFC-12 observations, Waugh et al. [2013] inferred that during the 1990s the mean age of
water became younger for subantarctic mode water (SAMW) and older for circumpolar deep water (CDW).

A number of modeling studies have investigated the consequences of changing atmospheric forcing on the
circulation [e.g., Hall and Visbeck, 2002; Sigmond et al., 2011] and on heat and carbon uptake [e.g., Russell et al.,
2006; Lenton and Matear, 2007]. The models show that stronger upwelling and Ekman drift driven by strength-
ened westerly winds cause increased outgassing of natural carbon, which weakened the oceanic carbon sink
during the 1980s and 1990s [Lovenduski et al., 2008], but that surface freshening will cause the deep overturn-
ing to slow and Southern Ocean carbon storage to increase [Ito et al., 2015]. These changes result from the
interplay between the carbon cycle and the changing ventilation.

While modeling studies tended to focus on changes in general circulation diagnostics (e.g., stream functions
or net mass fluxes), eddy diffusion is crucial for ventilation [Primeau and Holzer, 2006; Hall et al., 2007]. This has
been recognized in recent model analyses that use age tracers [e.g., Waugh, 2014] or idealized ventilation trac-
ers [e.g., Abernathey and Ferreira, 2015]. The latter study emphasizes that increased isopycnal eddy diffusion
driven by increased wind stress can overwhelm increased residual-mean upwelling. The overall dynamical
response of the Southern Ocean to changes in atmospheric forcing is complex, and details remain under
debate [e.g., Ferreira et al., 2015; Seviour et al., 2017], making observational constraints on ventilation changes
particularly valuable.
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Here we extract the transport information encoded in observed hydrographic tracers by deconvolving tracer
concentration measurements for the ocean’s fundamental boundary propagator,. contains complete infor-
mation on transport from the mixed layer into the ocean interior. Suitable spatial or temporal integrals of
 yield the distributions of transit times since last mixed-layer contact, or the fractions of water last in con-
tact with specified regions of the boundary layer. We perform our deconvolutions using a maximum-entropy
approach [Holzer et al., 2010; Holzer and Primeau, 2010; Khatiwala et al., 2009] applied to meridional hydrogra-
phy sections in the Southern Hemisphere (SH). By deconvolving two sets of hydrographies measured a decade
or more apart, we quantify changes in ventilation from the 1900s to the mid-2000s.

Our approach provides, for the first time, observation-based estimates of changes in the fraction of water in
a given transit-time band and in the fraction of water last ventilated in a specified geographic region. We can
thus quantify how increases in certain water masses are compensated by decreases in others. These advances
are possible because we estimate the full joint transit-time and surface-location dependencies of  and do
not impose a functional form on these dependencies. This also sets our work apart from the 1-D TTD analysis
of Waugh et al. [2013] who prescribed an inverse Gaussian for the TTD with width-to-mean parameter fixed at
an assumed value and mean-age parameter fitted using CFC-12. The TTD method provides no information on
ventilation location, and the prescribed unimodal functional form assumes a single dominant pathway pre-
cluding meaningful estimation of the fraction in a given transit-time band. Our maximum-entropy approach
makes no such assumptions and provides the flexibility to simultaneously use any number of tracer con-
straints. Here we use not only CFC-12 but also CFC-11, radiocarbon, phosphate, oxygen, temperature, and
salinity to constrain the boundary propagator.

We find coherent changes from the 1990s to the 2000s across all SH sections in the fraction of water younger
than 30 years and in the pattern of where water was last ventilated. Furthermore, our analysis allows us to
partition the observed changes in transient tracer concentrations into contributions due to changes in their
atmospheric time history and due to changes in circulation. The changes due to circulation have roughly half
the amplitude of the total changes, with increases in mode waters north of ∼40∘S and decreases in Antarctic
intermediate water (AAIW) and CDW south of ∼40∘S. Our findings are consistent with the results of Waugh
et al. [2013] and with the observed strengthening of the SH westerly winds driving increased upwelling of old
waters and increased subduction into mode waters.

2. Methods

The boundary propagator  partitions water at interior point r at time t according to where and when it was
last ventilated, so that (r, t|rs, t′)dt′ d2rs is the fraction of water last ventilated in surface area d2rs during
time interval (t′, t′ + dt′). Given the surface concentration field CS

j (rs, t′) of the jth tracer species, its interior
concentration field CI

j at time t is obtained by propagating CS
j (rs, t′) for times t′ ≤ t into the interior via the

convolution

CI
j (r, t) = ∫ d2rs ∫

t

−∞
dt′ (r, t|rs, t′)CS

j (rs, t′)e−𝛾j(t−t′) , (1)

where the spatial integral extends over the global ocean surface. Equation (1) includes radioactive decay with
inverse e-folding time 𝛾j (for nonradioactive tracers 𝛾j = 0). We deconvolve (1) for  using six tracers: conser-
vative temperature, Θ, absolute salinity, SA [McDougall and Barker, 2001], PO∗

4 [Broecker et al., 1998], CFC-11
and CFC-12, and the Global Ocean Data Analysis Project (GLODAP) estimates of natural (prebomb) Δ14C [Key
et al., 2004].

The deconvolution of the boundary propagator,, is highly underdetermined: at every interior point, we have
only six tracer constraints of the form (1). However, using 3∘×3∘ resolution with Ns ∼ 5000 surface points
and a transit-time resolution with Nt = 660 times, full specification of  at a given interior point requires
NsNt ∼ 3 × 106 numbers, which is many more unknowns than the six available constraint equations.

We follow Holzer et al. [2010] and regularize the deconvolution using a maximum-entropy approach [Jaynes,
1957], which demands that the information entropy of the boundary propagator relative to measure (or
“prior”) 𝜇 be maximized subject to the tracer constraints. We neglect instrumental measurement uncer-
tainty because the uncertainty in  is dominated by the underdeterminedness of the deconvolution
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[Holzer et al., 2010; Holzer and Primeau, 2010]. The maximum-entropy estimate of the boundary propagator is
then given by

(r, t|rs, t − 𝜏) =
𝜇(r; rs, 𝜏)

Z
exp

(
−

J∑
j=1

𝜆j(r, t)CS
j (rs, t − 𝜏)e−𝛾j𝜏

)
, (2)

where Z ensures the normalization ∫ ∞
0 d𝜏 ∫ d2rs (r, t|rs, t−𝜏) = 1, and 𝜏 ≡ t−t′ is transit time. The J Lagrange

multipliers 𝜆j(r, t) are determined by substituting (2) into the J tracer constraints (1) and solving the resulting
nonlinear system.

In the absence of tracer constraints, the deconvolution returns  = 𝜇. Uncertainty is assessed by performing
the deconvolution for a wide range of priors, 𝜇, constructed as described below. If the result is insensitive
to the choice of 𝜇, it is driven by the tracer constraints and hence robust. We emphasize that we always use
the same prior for the original and repeat hydrographies thus ensuring that all changes detected are entirely
data driven.

The data analyzed were measured along the same hydrography lines at times t1 and t2 roughly 15 years apart
(section 3 and supporting information S1 (SI-1)). Independent estimates of (r, t|rs, t′) at t = t1 and t = t2

reveal ventilation changes, quantified below in terms of changes in suitable integrals of . Given the two esti-
mates of , we can partition observed changes in the interior tracer concentration CI into contributions from
the changing surface concentration history CS and contributions from changing surface-to-interior transport
. It follows from (1) that the change 𝛿CI(r) ≡ CI(r, t2) − CI(r, t1) can be written as

𝛿CI(r) = ∫ d2rs ∫
∞

0
d𝜏 𝛿(r, 𝜏; t1, t2)CS(rs, t2 − 𝜏) e−𝛾𝜏 + ∫ d2rs ∫

∞

0
d𝜏 (r, t1|rs, t1 − 𝜏) 𝛿CS(rs, 𝜏; t1, t2) e−𝛾𝜏 ,

(3)

where the first term is the contribution from changes in ventilation, 𝛿(r, 𝜏; t1, t2) ≡ (r, t2|rs, t2 − 𝜏) −
(r, t1|rs, t1 − 𝜏), and the second term is due to changes in surface history, 𝛿CS(rs, 𝜏; t1, t2) ≡ CS(rs, t2 − 𝜏) −
CS(rs, t1 − 𝜏).

2.1. Prior Ensemble
To construct the prior, 𝜇, we divide the global ocean surface into 14 regions (denoted by Ω𝓁 , with 𝓁 =
1, 2,… , 14 and plotted in SI-2), and for every interior location r we estimate the fraction f0(r,𝓁) last venti-
lated in Ω𝓁 and the mean Ω𝓁-to-r transit time Γ0(r,𝓁). As estimates of f0(r,𝓁) and Γ0(r,𝓁) we use their values
computed with the steady coarse-resolution data-assimilated ocean model of Primeau et al. [2013]. Because
this model is steady it contains no information about decadal changes, and by only using the water-mass
fractions from large regions and the mean transit time from those regions, our prior captures only gross fea-
tures of the model circulation such as the noninstant connectivity between different basins and the fact that
the ideal mean age increases with depth. To fold as little model information into the prior as possible, we
do not use the model’s  but instead approximate the Ω𝓁-to-r transit-time dependence of 𝜇 with an inverse
Gaussian (IG) gIG(𝜏; Γ,Δ∕Γ), with meanΓ = Γ0(r,𝓁) and width-to-mean ratioΔ∕Γ. Our base-state prior is then
constructed as

𝜇(r; rs, 𝜏) = f0(r;𝓁) gIG(𝜏; Γ0(r;𝓁),Δ∕Γ)M(rs,Ω𝓁) , (4)

where mask M(rs,Ω𝓁) = 1 if surface point rs lies inΩ𝓁 , and M = 0 otherwise. For the base-state prior, we chose
Δ∕Γ = 1 [e.g., Waugh et al., 2013] and then perturb to generate an ensemble of priors. We perturb the 𝜏 depen-
dence by using Δ∕Γ = 0.5 and 1.5, which covers the relevant oceanographic range of this shape parameter
[e.g., Waugh et al., 2006]. We explored additionally perturbingΓ independently by stretching and compressing
𝜏 but found the corresponding effects to be weaker. The ventilation-location dependence (index 𝓁) is per-
turbed by replacing f0(r;𝓁) in (4) with f0(r;𝓁)𝛽𝓁∕Z𝛽 , where the 𝛽𝓁 are random numbers drawn independently
from a uniform distribution over the interval [0.1, 1.9], with Z𝛽 ≡ ∑14

𝓁=1 f0(r;𝓁)𝛽𝓁 to ensure normalization. For
each of the 3 choices of Δ∕Γ, we use 5 sets of 𝛽𝓁 to generate an ensemble of 15 very different priors.

2.2. Uncertainty Estimation
We assess the uncertainty due to the underdeterminedness of the deconvolutions from their spread across
the ensemble of priors. Where the inferred differences between repeat and original hydrographies are smaller
than the ensemble spread, they are deemed to be insignificant. We acknowledge that this is an ad hoc
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uncertainty assessment, but experiments with synthetic data [Holzer and Waugh, 2015] have shown that the
spread of the deconvolutions due to a wide range of priors is a reasonable indicator of robustness.

3. Data

The interior tracers were measured during the original World Ocean Circulation Experiment (WOCE) (t1) and
repeat Climate Variability and Predictability (CLIVAR) (t2) hydrographies of lines P16, P18 (∼150∘W and 103∘W)
in the Pacific, A16 in the Atlantic, I8S/I9N (∼82∘–95∘E) in the Indian Ocean, and S3 (∼140∘–147∘ E) south of
Tasmania, with t2 − t1 ranging from ∼12 to 16 years. The bottle data of each transect were interpolated to
a uniform latitude-depth grid to reduce effects of possible measurement inconsistencies. The dates of the
hydrographies are collected in SI-1.

The time histories of the mixed-layer concentrations needed for deconvolution (2) were estimated as fol-
lows. The mixed-layer histories for Θ, SA, and PO∗

4 are derived from the World Ocean Atlas 09 (WOA09)
monthly-mean climatology [Locarnini et al., 2010; Antonov et al., 2010; Garcia et al., 2010a, 2010b] assum-
ing cyclostationarity. Information on interannual and longer timescale variability is provided by CFC-11,
CFC-12, and prebombΔ14C, whose annual-mean surface concentrations for nominal year yGP were taken from
GLODAP [Key et al., 2004]. The prebomb Δ14C is assumed to be constant in time, while the time history for
the CFC’s is constructed by scaling the surface concentration of year yGP with the measured atmospheric con-
centration (Walker et al. [2000] and its updates). This implies a surface CFC saturation that does not change in
time, while the real ocean’s CFC saturation has generally increased over time [e.g., Shao et al., 2013]. However,
the effects of increasing saturation are at least an order of magnitude smaller than the main signal (see SI-3)
and therefore neglected here. Although the nominal GLODAP year is reported as 1994 [Sabine et al., 2004],
the measurements were made over the period 1985–1999, and the GLODAP climatology made no adjust-
ments for transient tracer evolution [Key et al., 2004]. We therefore allowed yGP to vary and found that using
yGP = 1988 gives a better fit to the SH data (see SI-4). To minimize the effects of variability for those tracers
assumed to be cyclostationary, we restrict our analysis to depths below 250 m.

4. Results

In this study, changes in transport along isopycnals are of central interest, and we thus analyze the changes on
surfaces of constant density to avoid including the effects of isopycnal heaving. Unless otherwise stated, we
calculate changes in 𝜎0-latitude coordinates and then map back to the depth-latitude space at t1 for plotting.
Filtering out the effects of heaving in this way results in a cleaner signal that is more easily interpreted in terms
of transport changes (see also SI-5).

4.1. Changes in Transit Time Since Last Ventilation
We first examine the changes in the transit-time aspects of ventilation regardless of where water was last
ventilated. Specifically, we quantify how the fraction of water younger than 𝜏∗ years, f𝜏 (r; 𝜏∗), and the ideal
mean age Γ(r) have changed from the original WOCE to the repeat CLIVAR hydrographies. With only three
transient tracer constraints, these quantities can be estimated more robustly than the full boundary propa-
gator because they are computed as integrals of the global surface-to-interior transit-time distribution (TTD)
g(r, t|𝜏) obtained by integrating out the dependence on ventilation location:

g(r, t|𝜏) ≡ ∫ d2rs (r, t|rs, t − 𝜏) . (5)

The fraction of water younger than 𝜏∗ is then simply

f𝜏 (r, t; 𝜏∗) = ∫
𝜏∗

0
d𝜏 g(r, t|𝜏) . (6)

For 𝜏∗ = 30 years, we obtain a coherent change signal across all the sections (see SI-6 for the sensitivity to the
choice of 𝜏∗). The ideal mean age, which is the mean time since last ventilation anywhere in the global mixed
layer, is given by

Γ(r, t) = ∫
∞

0
d𝜏 𝜏g(r, t|𝜏) . (7)

Although Γ(r, t) is sensitive to the poorly constrained tail of g, the mean age is a widely used diagnostic and
allows for comparison with the analysis of Waugh et al. [2013].
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Figure 1. (a) Changes in the fraction of water 30 years old and younger, 𝛿f𝜏 (r; 30 years) ≡ f𝜏 (r, t2; 30 years) − f𝜏 (r, t1;
30 years). (b) Fractional change in the global mean age, 𝛿Γ∕Γ̄. Changes within one ensemble standard deviation are
hatched. Potential density contours (𝜎0 in kg m−3) are shown for the original (black) and repeat (grey) hydrographies.
Locations where the CFCs were below 0.01 pmol kg−1 are masked out.

Figure 1a shows the isopycnal component of the changes in the fraction of water younger than 30 years,

𝛿f𝜏 (r; 30 years), between the original WOCE and repeat CLIVAR hydrographies (see SI-7 for plots of the t1 base

state). (Note that the reversed color scale with increases in blue for easier comparison with Figure 1b.) All

sections display a broadly dipolar pattern of 𝛿f𝜏 (r; 30 years), with more young mode and intermediate water

north of ∼40∘S and less young water (more old water) south of ∼40∘S. The 10–20% per decade decreases of

f𝜏 (r, t; 30 years) south of 40∘S overlap with upwelling CDW. North of 40∘S, f𝜏 (r, t; 30 years) increased by 5–15%

per decade in the density classes associated with SAMW and subtropical mode water (STMW; see SI-8 for our

definitions of density classes).

Figure 1b shows the changes in ideal mean age, Γ (see SI-7 for plots of the t1 base state). Because Γ increases

with depth, we plot the fractional change, 𝛿Γ∕Γ, whereΓ is the average over the original and repeat hydrogra-

phies. The changes in Γ are broadly consistent with 𝛿f𝜏 (r; 30 years): Increases in 𝛿f𝜏 (r; 30 years) are generally

associated with younger mean age, while decreases in 𝛿f𝜏 (r; 30 years) are associated with older mean age. The

correspondence between 𝛿f𝜏 (r; 30 years) and 𝛿Γ∕Γ is not perfect because 𝛿f𝜏 (r; 30 years) captures changes

for 𝜏 ≤ 30 years only, while 𝛿Γ(r) is more strongly influenced by the large-𝜏 tail of the TTD. Because the tail is

poorly constrained and changes for short 𝜏 are compensated by changes at long 𝜏 to keep the TTD normal-

ized, 𝛿f𝜏 is a better indicator of decadal changes than 𝛿Γ. The maximum changes inΓon the order of 50–100%

tend to occur in upper SAMW around 𝜎0 = 27 kg m−3.
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Figure 2. (a) The five regions Ωi for which water-mass fractions were calculated and the hydrography lines considered.
The regions are based on the climatological fronts defined by Orsi et al. [1995]. (b) Changes in the water-mass fraction
last ventilated in the SB-SAF, SAF-STF, and NA regions. Hatching, masking, and isopycnals as for Figure 1. Colored ticks
locate the SB (black), SAF (blue), and STF (red).

4.2. Changes in Ventilation Location
We now investigate changes in the contributions of different geographic regions to the ventilation of the
Southern Ocean. We therefore calculate the fraction of water fΩ(r, t|Ωi) last ventilated in a specified region Ωi

regardless of transit time. The climatological ventilation regions Ωi considered are defined in Figure 2a. These
regions cover the global ocean and are held fixed in time. The fraction at (r, t) last ventilated in Ωi is given by

fΩ(r, t|Ωi) ≡ ∫Ωi

d2rs ∫
∞

0
d𝜏 (r, t|rs, t − 𝜏) . (8)

Because
∑

i fΩ(r, t|Ωi)=1 (water must have been ventilated somewhere), the changes 𝛿fΩ(r|Ωi)= fΩ(r, t2|Ωi)−
fΩ(r, t1|Ωi) satisfy

∑
i 𝛿fΩ(r|Ωi) = 0. Thus, increases in the fraction from a given region must be compensated

by decreases in the fraction from other regions.
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Figure 2b shows the isopycnal changes 𝛿fΩ(r|Ωi) for three key Ωi: the SB-SAF region bounded by the ACC’s
southern boundary (SB) [Orsi et al., 1995] and the subantarctic front (SAF), the region between the SAF and the
subtropical front (SAF-STF), and the North Atlantic (NA). (The fraction ventilated south of the SB has relatively
small decadal changes; see SI-9.) For section P16, the SB-SAF fraction decreased ∼5% per decade within CDW
and to the south of 40∘S in general, while it increased at roughly the same rate north of 40∘S in the density
class of SAMW (26.6 < 𝜎0 < 27.2 kg m−3). The changes in the SB-SAF fraction are primarily compensated
by opposing changes in the SAF-STF fraction. For section P18, the 𝛿fΩ(r|Ωi) change pattern for the SB-SAF
fraction is more noisy and of lower amplitude than for P16, but the SAF-STF fraction north of 40∘S shows a
similar large-scale decrease in mode waters. Changes in the NA fraction are small in the Pacific (less than ∼2%
per decade).

Particularly strong compensating changes 𝛿fΩ(r|Ωi) can be seen for Atlantic section A16. The SB-SAF frac-
tion decreased in mode and intermediate waters throughout the SH Atlantic by as much as 10% per decade
centered on 𝜎0 = 27.2 kg m−3. These large-scale decreases are compensated by increases in the SAF-STF
fraction in mode waters and by increases in the NA fraction in intermediate waters throughout the SH Atlantic.
Section S3 south of Tasmania has a similar change pattern as A16 for corresponding density classes.

The changes 𝛿fΩ(r|Ωi) for Indian Ocean section I8S/I9N are relatively noisy but suggest a decrease of the
SB-SAF fraction by roughly 5% per decade in mode waters and a compensating increase in the SAF-STF frac-
tion, broadly similar to what is seen for A16. South of 40∘S, all sections except P18 show a broadly coherent
pattern: The SB-SAF fraction decreased most places, with compensating increases in the SAF-STF fraction in
mode waters and increases in the NA fraction in AAIW and denser CDW.

4.3. Effect of Ventilation Changes on CFC Concentrations
The changes detected for the surface-to-interior transport have implications for the concentration of trac-
ers of surface origin such as anthropogenic carbon and also for heat uptake. Here we illustrate the effects
of the changing circulation on trace species by considering CFC-12, which is one of the tracers used in the
deconvolution and for which we therefore have a reasonable estimate of the global surface time history. By
construction, our estimates of  allow us to propagate the surface time history accurately to the observed
CFC-12 concentrations.

Figure 3 shows the decomposition (3) of the observed CFC-12 increases into components due to changes
in ventilation (𝛿) and due to changes in the atmospheric, and hence mixed-layer, concentration (𝛿CS). For
simplicity, this was done in latitude-depth coordinates. CFC-12 increased everywhere during the 1990s by as
much as ∼0.8 pmol kg−1 decade−1 in mode and intermediate waters. The 𝛿CS component increased every-
where as expected given that CFC-12 did not start to decline in the atmosphere until ∼2004 and the most
recent hydrography analyzed was from 2007. The 𝛿 component has a broadly dipolar pattern with increases
of up to 0.4 pmol kg−1 decade−1 in SAMW and STMW north of 40∘S and decreases of up to 0.6 pmol kg−1

decade−1 south of 40∘S. Thus, north of 40∘S the increase due to 𝛿CS was enhanced by roughly 30% due
to increased ventilation, which increased the fraction of young CFC-12-carrying mode water (Figure 1a).
Conversely, south of 40∘S the overall concentration increase was impeded due to decreased ventilation there
as manifest by a decrease in the fraction of young water (Figure 1a). For P18 in AAIW and upwelling CDW
around 𝜎0 = 27.2 kg m−3, the components due to 𝛿CS and 𝛿 roughly cancel for near-zero total change.

5. Discussion and Conclusions

We applied maximum-entropy-based inversions to original and repeat hydrographies to estimate changes in
Southern Ocean ventilation from the 1990s to the 2000s and the effect of these changes on CFC-12 concen-
trations. Our approach makes no assumptions about the functional form of the ocean’s boundary propagator
and estimates both its transit-time and ventilation-location dependencies, allowing us to quantify the frac-
tion of water last ventilated in specific regions and transit-time bands. Our analysis detected robust, coherent
changes in the ventilation of the Southern Ocean with the following key findings:

1. The fraction of water less than 30 years old, f𝜏 (r, t; 30 years), shows a coherent decadal change signal that is
broadly consistent with changes in ideal mean age, Γ(r, t). The fraction f𝜏 (r, t; 30 years) decreased by ∼20%
per decade in CDW and increased by∼10% per decade in SAMW and STMW north of 40∘S. Correspondingly,
Γ increased by up to 50–100% per decade south of 40∘S and decreased north of 40∘S.
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Figure 3. Decadal changes in CFC-12 concentrations (total) partitioned into changes due to changing surface
concentrations, 𝛿CS , and due to changes in ventilation, 𝛿. Masking and isopycnals as for Figure 1.

2. The fractions of water last ventilated in specific regions regardless of transit time show coherent shifts south
of 40∘S for sections P16, A16, and S3. The changes in water-mass structure for sections P18 and I8S/I9N were
of smaller amplitude and more noisy. Water ventilated south of the subantarctic front decreased by 5–10%
per decade. This decrease was largely compensated by corresponding increases in the fraction ventilated
between the subantarctic and subtropical fronts. For sections A16 and S3, in waters with 𝜎0 ≳27.2 kg m−3,
the fraction last ventilated in the North Atlantic increased ∼5% per decade, which in the Atlantic occurred
throughout the Southern Hemisphere.

3. The ventilation changes affected the growth rate of dissolved CFC-12. In upwelling CDW and in intermedi-
ate waters south of ∼40∘S, decreased ventilation counteracted the increases due to increased atmospheric
concentrations, in places resulting in near zero growth. In mode waters north of ∼40∘S, increased ventila-
tion enhanced the growth rates of CFC-12 relative to a nonchanging circulation by roughly 30%. Because
the atmospheric time histories of anthropogenic carbon and CFC-12 are similar prior to 2000, we expect
the changes in anthropogenic carbon storage to have been similar in magnitude and pattern.

Our results are broadly consistent with the mismatch between observed CFC-12 concentrations and those
predicted with a steady data-assimilated circulation [Waugh et al., 2013]. The changes in mean age estimated
here have a similar magnitude as those inferred by the TTD method [Waugh, 2014], but they are spatially more
noisy. This is likely due to the additional tracer constraints used here and the fact that we do not impose a
smooth IG distribution for the TTD. Using a two-tracer method, Tanhua et al. [2013] found that for section P18
between 33 and 37∘S the ventilation rate increased for 𝜎0 ≲ 27 kg m−3, consistent with our estimate of an
increased young fraction there.

Our analysis suggests significant mixing between density classes. Regions of increased and decreased ven-
tilation are not as much separated by different water masses as they are geographically by ∼40∘S. South of
∼40∘S the young fraction is reduced for most densities in the upper 1500 m, suggesting significant exchange
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and transformation among density classes. This is also supported by the fact that (i) the fractions of water
ventilated north and south of the SAF overlap in the interior (see SI-9), and that (ii) the changes in these frac-
tions strongly compensate each other south of ∼40∘S, which points to diapycnal exchange by eddies in this
strongly baroclinic region.

The ventilation changes revealed here are broadly consistent with changes in Ekman transport expected in
response to strengthened westerly winds [Thompson et al., 2011; Swart and Fyfe, 2012]: Increased westerlies
drive a stronger northward Ekman drift of water that is then subducted into mode waters, which leads to an
increased fraction of young water in the associated density classes. A strengthened Ekman divergence also
drives enhanced upwelling of old CDW, consistent with a reduced young fraction south of 40∘S, an increase in
NA-ventilated water in the Southern Ocean, and a decreased fraction of water last ventilated south of the sub-
antarctic front. Direct ventilation of denser water masses might additionally have been reduced by freshening
and increased stratification [de Lavergne et al., 2014; Bernardello et al., 2014].

The hydrographies encode variability on all timescales, and the t1-to-t2 changes detected here are not nec-
essarily due to long-term trends but could be due to aliased interannual variability. The relative importance
of trends versus interannual variability will be quantified in a future modeling study. However, the detected
changes are coherent across all sections measured during different years, suggesting that the changes are
driven by large-scale low-frequency variations and trends.
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