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The ocean is a reservoir for CFC-11, a major ozone-depleting chem-
ical. Anthropogenic production of CFC-11 dramatically decreased
in the 1990s under the Montreal Protocol, which stipulated a
global phase out of production by 2010. However, studies raise
questions about current overall emission levels and indicate unex-
pected increases of CFC-11 emissions of about 10 Gg - yr~' after
2013 (based upon measured atmospheric concentrations and an
assumed atmospheric lifetime). These findings heighten the need
to understand processes that could affect the CFC-11 lifetime, in-
cluding ocean fluxes. We evaluate how ocean uptake and release
through 2300 affects CFC-11 lifetimes, emission estimates, and the
long-term return of CFC-11 from the ocean reservoir. We show
that ocean uptake yields a shorter total lifetime and larger
inferred emission of atmospheric CFC-11 from 1930 to 2075 com-
pared to estimates using only atmospheric processes. Ocean flux
changes over time result in small but not completely negligible
effects on the calculated unexpected emissions change (decreasing
it by 0.4 + 0.3 Gg - yr~'). Moreover, it is expected that the ocean
will eventually become a source of CFC-11, increasing its total life-
time thereafter. Ocean outgassing should produce detectable in-
creases in global atmospheric CFC-11 abundances by the mid-
2100s, with emission of around 0.5 Gg - yr~"; this should not be
confused with illicit production at that time. An illustrative model
projection suggests that climate change is expected to make the
ocean a weaker reservoir for CFC-11, advancing the detectable
change in the global atmospheric mixing ratio by about 5 yr.

CFC-11 | air-sea flux | lifetime estimates | emission estimates

M an-made chlorofluorocarbons (CFCs) are the primary
cause of the Antarctic ozone hole (1). The atmospheric
lifetimes of these chemicals range from about 50 to 500 yr. The
Montreal Protocol agreed to a complete phase out of worldwide
CFC production and consumption by 2010. Evidence for healing
of the Antarctic ozone layer has indeed emerged (2, 3), indi-
cating the overall success of the Montreal Protocol. Atmospheric
loss processes of CFC-11, the most abundant ozone-destroying
CFC, are due to photolysis and reaction with excited oxygen
(O'D) once the gas reaches the stratosphere. The atmospheric
lifetime of CFC-11 is assumed to be inversely related to the at-
mospheric abundance of the molecule, with due consideration of
the lag times between tropospheric and stratospheric burdens
(4). Given its lifetime of about 50 to 60 yr and continued emis-
sions from storage banks such as chillers and building insulation
foams (5), the CFC-11 inventory in the atmosphere is decreasing
slowly. However, the rate of decrease in atmospheric concen-
trations has been slowing down since about 2012, suggesting
higher overall emission and an unexpected additional post-2013
emission increase of CFC-11 of about 7 to 13 Gg - yr™* [10 to
20% of the total global emission during that time (6, 7)]. The
latter is clearly inconsistent with the global zero new production
that has been agreed to by the Montreal Protocol.

CFC-11 is soluble in water, and therefore the ocean has absor-
bed some CFC-11 from the atmosphere. CFC-11 ocean uptake is
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greatest in high latitudes where cold sea surface temperatures
(SSTs) enhance CFC-11 solubility (8), and mixing and transport
from the surface into the deep ocean is enhanced. By 1994, the
ocean had stored up to 1% of the total anthropogenic emissions of
CFC-11 (9), and by 2014, the ocean held roughly 110 Gg of CFC-
11 (10), or about 5 to 10% of the CFC-11 inventory in the various
anthropogenic storage banks (5). While some CFC-11 is removed
in sulfidic anoxic waters (11), this effect is small for the current
climate, and CFC-11 has long been employed as a useful passive
tracer to study ocean circulation (e.g., refs. 12 and 13). Early
studies using a global model incorporating CFC-11 air-sea fluxes
suggested that the ocean’s effects on atmospheric CFC-11 life-
times and concentrations were negligible in the 1980s, when
anthropogenic emissions were high (14). However, now that
anthropogenic emissions have dramatically decreased and at-
tention is focused on unexpected emissions of 10 Gg - yr™" or
even less, changes in ocean uptake of CFC-11 could be affecting
the atmospheric CFC-11 inventory enough to influence emission
estimates and could introduce a time-dependent effect on its
total lifetime. Further, as anthropogenic emissions continue to
decrease in the future, the ocean must eventually become su-
persaturated with respect to atmospheric CFC-11 and turn into a
source instead of a sink. No study has yet estimated when that
should be expected to occur and what its magnitude will be.

Significance

Manufactured CFC-11 is depleting the Antarctic ozone layer.
CFC production has been strictly controlled by the Montreal
Protocol, but emission estimates are very sensitive to choices of
lifetimes, which are often assumed as constant over time. We
employ a hierarchy of models to study the effect of the ocean
on the time-dependent uptake and release of atmospheric CFC-
11. The ocean is a sink for CFC-11 and significantly affects its
total lifetime and hence the emission inferred from concen-
tration data of past decades. This has not been explicitly in-
cluded in international ozone assessments. We show that, as
anthropogenic production ceases, ocean fluxes become more
important, suggesting a need for further studies with high-
resolution global models linking atmospheric chemistry and
ocean processes.
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Here, we address the following questions: 1) How is the ocean
affecting the atmospheric CFC-11 inventory, the lifetime of
CFC-11 in the atmosphere and its time dependence, and how
does this in turn influence emission estimates based on observed
concentrations? 2) When will the ocean become a source of
CFC-11 to the atmosphere, and how much will ocean outgassing
affect the apparent emission and atmospheric mixing ratio in the
future? 3) How will climate change affect ocean CFC-11 uptake
in the future?

For a conceptual understanding, we use a hierarchy of models
starting with a simple six-box model that simulates the CFC-11
inventory in the atmosphere, ocean mixed layer, and deep ocean
layers (each layer has two boxes representing the two hemi-
spheres, see the schematic in Fig. 14). CFC-11 in each box is
assumed to be well mixed in this illustrative model. The atmo-
spheric CFC-11 lifetime is kept constant at 55 yr and estimated
emissions are taken from published work (15). We assume
constant interhemispheric exchange timescales for each layer
and constant cross-layer timescales for mixed layer to deep ocean
exchange (SI Appendix, Table S1). Atmospheric CFC-11’s ver-
tical distribution does affect its lifetime and surface concentra-
tion. Here, we subsume stratosphere—troposphere exchange into
our adopted atmospheric lifetime estimates assuming a well-
mixed atmosphere and focus on the ocean’s effect on atmo-
spheric CFC-11. We then replace the four ocean boxes with a
more sophisticated albeit low-resolution representation of the
ocean (2.8° x 2.8° horizontal resolution and 15 vertical layers
down to 5,000 m), the Massachusetts Institute of Technology
general circulation model (MITgcm; 16, 17), which includes a
physics-based CFC-11 air-sea flux and transport into the interior
ocean and treats CFC-11 as a conservative tracer in the ocean
(depicted in Fig. 1B). The MITgcm (for brevity, we refer to the
combined coupled box model atmosphere—ocean model simply
as the MITgem) is run in two modes. First, we use the model
forced with climatological average wind stress and buoyancy
fluxes (Hist run) to assess the influence of parameters (i.e., SST,
wind stress, etc.,) on air-sea CFC-11 fluxes. Second, we force the
MITgem using global monthly representative concentration
pathway 8.5 condition (RCP8.5) output from the Max Planck
Institute Earth System Model low-resolution version (MPI-ESM-
LR) fully coupled global climate model (RCP8.5 run; 18, 19).
This model has been shown to provide a realistic response of the
Southern Ocean (55 to 70 °S), the region that stores the most
CFC-11, to the southern annular mode (20). In the RCP8.5 run,
interannual variability within the MPI-ESM-LR output provides
changes in the forcing of the ocean applied after 1930, but vari-
ability in the atmospheric circulation is not explicitly incorporated

A * * B 1 *
SH o NH SH o NH
atmosphere atmosphere atmosphere atmosphere
£ 2 £ 2 ks b 2
SH NH
mixed layer mixed layer
3 T MITgcm ocean

-“- —
Fig. 1. Schematic diagrams showing the box model (A) and the MITgcm
setup (B). The box model has three layers that represent the atmosphere,
ocean mixed layer, and deep ocean. Each layer has two boxes that indicate
the NH and the SH. The MITgcm setup replaces the four ocean boxes with
the MITgcm ocean but keeps the atmospheric boxes unchanged. One-way

arrows indicate CFC-11 atmospheric loss; two-way arrows indicate CFC-11
transport into/out of the box.
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into the box model atmosphere. We compare these runs to a “no-
ocean” run in which the CFC-11 air-sea flux is turned off. Both
the box model and MITgem runs extend from 1930 (essentially the
start of emission of this anthropogenic gas) to 2300.

Results

Near-Term CFC-11. To evaluate the performance of the box model
and MITgem, we compared the computed CFC-11 atmospheric
concentrations with observations (Fig. 24). While the box model
is essentially tuned (both atmosphere and ocean parameters), the
MITgem setup is a fairly standard off-the-shelf coarse-resolution
global ocean model without any specific tuning for this applica-
tion. Both the box model and MITgem agree well with observa-
tions, capturing the increase in CFC-11 before 1990 due to the
large anthropogenic emissions, as well as the concentration de-
crease after 1990 given the decline in the emissions and losses due
to chemical reactions in the atmosphere and exchange with CFC-
11-depleted ocean waters. The gradient in CFC-11 between the
Northern Hemisphere (NH) and Southern Hemisphere (SH) is
also well captured. Because most of the emissions (around 90%)
occur in the NH and the CFC-11 lifetime is long, the NH minus
SH difference can be up to 17 parts per trillion (ppt) when an-
thropogenic emissions are large (comparable to 20 ppt reported in
ref. 21). As the emissions decrease, the interhemispheric exchange
brings the NH and SH CFC-11 abundances closer to each other.
Both the box model and MITgem slightly underestimate the ob-
served CFC-11 mixing ratio after 1990, as emissions decline (2.0
ppt lower in box model; 2.7 ppt lower in MITgem averaged from
1990 to 2017). Reasons for the underestimation of the atmo-
spheric CFC-11 concentration could be any of the following: 1)
the ocean uptake is overestimated, 2) the CFC-11 atmosphere-
only lifetime at that time is larger than our adopted constant value,
and/or 3) CFC-11 emissions are higher than those prescribed in this
simulation.

Fig. 2 B and C provide a qualitative comparison of the MITgecm
global ocean-column—integrated CFC-11 with observations for
1994 (9). The MITgcm captures the spatial distribution of ob-
served CFC-11 in the ocean rather well given a well-mixed at-
mospheric CFC-11 distribution, indicating that local dynamics are
the driving factor for ocean uptake. Intercomparisons between
the MITgcm and other models of similar resolution as well as
observations (22) also indicate that the MITgem does a favorable
job in simulating CFC-11 distribution. In the MITgem, CFC-11 is
overestimated in the Weddell Sea, although the Weddell Sea
only stores less than 4.5% of the global ocean CFC-11 inventory
(81 Appendix, Fig. S1) and has only a minor impact on the global
estimate (also note ref. 22 showed large model spread in the
Southern Ocean inventory due to ventilation differences among
models). Most CFC-11 in the NH ocean is stored in the North
Atlantic, with subduction into the thermocline and the Atlantic
Meridional Overturning Circulation (AMOC) playing key roles
(13). The SH is the major reservoir for CFC-11, which is trans-
ported in Antarctic Intermediate Water and Subantarctic Mode
Water (23) and accumulates in the interior ocean between 40 °S
and 60 °S. In 1994, the best estimate of the global ocean CFC-11
inventory from the World Ocean Circulation Experiment is
75.6 Gg [with cumulative error of 16.5 Gg (9)], while the
MITgcem suggests about 82 Gg of CFC-11 in the same year,
which is slightly larger but well within the uncertainty range of
the observational value.

Box Model Sensitivity Tests. For a conceptual understanding of the
primary factors affecting CFC-11 inventories in the atmosphere
and ocean, we perturbed key parameters (SI Appendix, Table S1)
in the box model by +15% (SI Appendix, Fig. S24). Before 1990,
all the sensitivity tests produce similar CFC-11 inventories for
both the atmosphere and ocean, underscoring that high an-
thropogenic emission dominated the behavior during that time.
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(A) Model validation of CFC-11 atmospheric abundances compared to CFC-11 atmospheric surface data (14); (B) the MITgcm ocean column integrated

CFC-11 under Hist run; and (C) observations of ocean-column-integrated CFC-11 (9). B and C both show the CFC-11 inventories in the year 1994 and are in the

same units of moles per square kilometer (mol - km™2).

After 1990 as global emissions decrease, the importance of other
drivers in affecting CFC-11 inventories increases. For example, a
15% change in the prescribed atmospheric CFC-11 lifetime af-
fects the atmospheric inventory by up to about 570 Gg in the
2050s, or about 15% of the total atmospheric CFC-11 inventory
at that time. A 15% change in mixed layer depth (MLD; a proxy
in the box model for the rate of ventilation of intermediate
waters) affects the atmospheric inventory by up to 13 Gg in the
1990s. The biggest impact of MLD on CFC-11 inventory is
expected to occur in the 20th century because larger CFC-11
emissions and undersaturated ocean waters result in the highest
ocean uptake then. Changing the piston velocity only has a small
effect on the CFC-11 atmospheric inventory, up to 0.1 Gg.
Changes in interhemispheric exchange constants adopted for the
atmospheric and ocean reservoirs only affect the NH-to-SH
gradient but do not affect the total inventory in each reservoir,
and +15% changes in this parameter only generate differences
within computational error. However, in the real world, if the
exchange timescales between different CFC-11 reservoirs (e.g.,
between the atmosphere and ocean or the atmospheric loss in
the stratosphere versus the troposphere) are significantly dif-
ferent in each hemisphere, the effects of interhemispheric ex-
change could become more significant.

The MLD in the box model affects the CFC-11 concentration
in the shallow ocean boxes. A deeper MLD implies that the
ocean has a larger capacity to store CFC-11. This is crucial to
determining whether the ocean is supersaturated or undersatu-
rated with CFC-11 at the air—sea interface. Our box model as-
sumes a constant MLD in time. In the real world and in more
complex ocean models, ocean circulation changes can be
expected to be dominant factors driving surface ocean-CFC-11
concentration, and changes in the meridional overturning cir-
culation with climate change are likely to be important. This
highlights the importance of using an ocean model with realistic
ocean dynamics to understand CFC-11 evolution in the atmo-
sphere and ocean, as done here with the MITgcm (albeit with
low spatial resolution in this configuration of the MITgcm). SI
Appendix, Fig. S2B shows CFC-11 inventories using the MITgcem.
Ocean inventories in the box model and MITgcm agree well
before 1990 because emission is the driving factor for CFC-11
air-sea fluxes, but they deviate significantly in the future, when
ocean dynamics begin to drive changes in surface-ocean CFC-11
concentration and the air—sea flux. Our box model only has two
ocean layers, which equilibrate CFC-11 between the atmosphere
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and ocean more rapidly than the MITgem. Further, some CFC-
11 can be transported very deep in the ocean. With 15 ocean
layers in the MITgcm, the ocean is able to sequester more CFC-
11 in the interior and it takes more time to release that CFC-11
back to the atmosphere, such that the ocean CFC-11 inventory
peaks in the year 2075 in the MITgcm, roughly 80 yr after the
peak in atmospheric CFC-11 concentrations.

Box model results should be considered illustrative rather than
quantitative regarding the future CFC-11 inventory. Nonethe-
less, although some parameters in the box model may have co-
dependencies in the real world, our sensitivity analysis
qualitatively highlights the importance of two key factors that
affect the CFC-11 inventory as anthropogenic emissions drop:
the atmospheric lifetime and ocean dynamics. We next focus on
the MITgem results to further explore these issues.

Effect of the Ocean on Atmospheric CFC-11 Concentration. We first
present results using the climatological ocean forcing adopted in
the Hist scenario. Fig. 34 shows the difference in CFC-11 at-
mospheric inventories and abundances between the MITgem run
and no-ocean runs. A similar plot but for dichlorodifluoro-
methane, or CFC-12, is shown in SI Appendix, Fig. S3. CFC-11
and CFC-12 are treated in the same manner in the MITgcm, but
CFC-12 is less soluble; therefore, results for CFC-12 generally
follow the same pattern as CFC-11 but the magnitude is smaller.
Under this forcing, the cumulative effect of the ocean reaches its
maximum in 2009, at which point the atmospheric CFC-11 in-
ventory is 76.6 Gg less with the presence of the ocean (equivalent
to 3.5 ppt less mole fraction) compared to the no-ocean run. As
anthropogenic emissions further decrease, the CFC-11 gradient
between the atmosphere and the ocean decreases, decreasing the
flux going into the ocean. Atmospheric CFC-11 differences be-
tween the ocean and no-ocean runs reach zero around 2135.
After that, the atmosphere accumulates more CFC-11 due to
release from the ocean, and this outgassing accumulates in the
atmosphere. Based on the current typical detection precision of
CFC-11 measurements (24) for the Advanced Global Atmo-
spheric Gases Experiment network, the net increase of global
CFC-11 released from the ocean is expected to become detect-
able by 2145 or earlier based on this model. At that point, the
atmosphere is expected to contain about 0.5 ppt-more average
CFC-11 compared to a no-ocean run (and the global average
abundance of CFC-11 is about 50 ppt at that time). Future in-
strument improvements may allow earlier detection. By 2225, the
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Fig. 3. (A) Atmospheric CFC-11 inventory (left axis) and abundance (right
axis) for different ocean forcing tests (different colors and markers) in the
MITgcm minus the atmosphere under no-ocean run; results are shown both
for the Hist and RCP8.5 runs (the differences between sea ice-only and the
wind speed-only forcing results are nondifferentiable from the Hist run in
this figure). (B) MITgcm hemispherically integrated CFC-11 air—sea flux under
different ocean forcings. Positive values indicate fluxes going from the at-
mosphere to the ocean. Solid lines are the NH integrated flux, and dashed
lines are the SH integrated flux. Bottom is zoomed in between 2050 and
2090 when the flux changes sign.

atmosphere contains about 16 Gg-more CFC-11 than in the no-
ocean run (about 0.8 ppt). The ocean keeps releasing CFC-11
back to the atmosphere until the end of our study period. By the
end of the run in 2300, the effect of the ocean on atmospheric
CFC-11 remains significant.

The calculated CFC-11 hemispherically integrated air-sea flux
is shown in Fig. 3B. Most of the uptake in the NH happens in
northward-flowing western-boundary currents of the North At-
lantic and North Pacific (SI Appendix, Fig. S4 A-D) due to local
cooling and the upwelling of deep undersaturated water favor-
able for CFC-11 uptake in the subpolar gyres. Even though 90%
of the emissions are in the NH, interhemispheric exchange in the
atmosphere mixes the CFC-11 concentration quickly. The Southern
Ocean is a hotspot of CFC-11 uptake due to cold SSTs, upwelling
of CFC-poor deep waters, and strong surface winds conducive to
CFC-11 uptake. Upwelling brings undersaturated circumpolar deep
water to the surface south of the Antarctic polar front in the
Southern Ocean, inducing CFC-11 uptake. These surface wa-
ters are transported northward and are ultimately subducted
into the interior ocean with intermediate and mode water for-
mation in the sub-Antarctic, accumulating CFC-11 in the in-
terior ocean and preventing it from readily escaping back to the
atmosphere in the near future (SI Appendix, Fig. S4 E-H). Due
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to these processes, more than twice as much CFC-11 is effec-
tively stored in the SH ocean reservoir. The uptake of CFC-11
into the global ocean via the air—sea flux is about 8.8% of the
destructive loss in the atmosphere in the 1950s (Table 1). The
flux gomg into the ocean reaches a maximum in the 1980s at 3.6
Gg-yr ' As anthropogenlc emissions increase and more CFC-
11 accumulates in the atmosphere glven its long lifetime, loss in
the atmosphere reaches a maximum in the 1990s (at 103.1 Gg -
yr~"). By the 2010s, the flux going into the ocean is only about 1.2
Gg - yr~', or about 1.3% of the loss occurring in the atmosphere at
that time, a significantly smaller percentage than in the 1950s. This
reduction suggests a similar fractional increase of the overall CFC-
11 lifetime due to the weakening of the ocean uptake.

The calculated global net flux is expected to reverse direction
around 2075, with the NH displaying an earlier release of CFC-
11 to the atmosphere in 2067, while the SH begins outgassing in
2077 in this model. The reason for the late release of the CFC-11
flux in the SH is due to more CFC-11 being transported into the
deeper ocean, which then takes longer to get back to the surface
(81 Appendix, Fig. S4). The maximum flux of CFC 11 out of the
ocean occurs in the 2120s, with up to 0.5 Gg - yr~" of flux coming
back into the atmosphere globally. By the end of 2300, the total
flux from the ocean is still 0.2 Gg - yr 1. At thlS pornt the loss of
CFC-11 in the atmosphere is only 1.4 Gg - yr~ glven the low at-
mospheric burden. The effect of the ocean source is counteracting
the atmospheric loss by 14% in the 2290s, suggesting that the CFC-
11 lifetime should continue to increase far into the future.

Effect of the Ocean on CFC-11 Lifetime and Emission Estimates. The
effects of the ocean on CFC-11 lifetimes and therefore on
emissions inferred from concentration data are significant. Fig. 44
presents lifetimes calculated by taking the model-calculated at-
mospheric abundances of CFC-11 and dividing by the loss rates in
the atmosphere only and in the atmosphere and ocean together
(and similar results for CFC-12 are also given in SI Appendix, Fig.
S5). As expected, when only the atmospheric loss is considered,
the lifetime is a constant 55 yr as prescribed, but the results in-
cluding the ocean loss are quite different, at around 50 yr in
1950, increasing to about 54 yr by 2000 and 60 yr by 2250.

To evaluate the effect of the ocean on inferred emissions es-
timates, we adopt the concentrations from the MITgcm as if they
were measured data and infer emissions considering different
lifetime assumptions (see Materials and Methods). We then
compare these inferred emissions to the emissions used to drive
the model. As expected, inferred emission using the dynamic
lifetime that includes both the ocean and atmosphere loss (the
red curve in Fig. 44) fully recovers the input emissions that drive
the MITgem. Because knowing the exact atmospheric loss rate is
not possible in real world, assumed constant atmospheric life-
times are typically used to estimate emissions. We thus tested
using constant 52- to 55- and 58-yr lifetimes to explore the range
of uncertainty in emission estimates. From the 1970s to the
1990s, when the ocean uptake was large, inferred emissions using
a constant atmospheric lifetime of 52 yr provide a closer match
to the prescribed emissions that were input to the MITgem.
From 2000 and beyond, when the ocean uptake is small, inferred
emissions using a constant 55-yr atmospheric lifetime provide a
closer match to the prescribed emissions, showing how the large
ocean uptake in earlier decades is equivalent to having a shorter
atmosphere-only-CFC-11 lifetime. Thus, the ocean-CFC-11
uptake acts to decrease the overall atmosphere plus ocean life-
time between 1970 and 2000 by about 3 yr.

For the key period from 2002 to 2012 and 2014 to 2016, the
increase in the 1nput emission for the MITgcm is 11.2 Gg - yr!
while the increase in the 1nferred emission assuming a constant
55-yr lifetime is 11.6 Gg - yr~". This highlights the time-dependent
influence of the ocean on atmospheric loss rates of CFC-11. If the
ocean’s role is ignored and a constant atmosphere-only lifetime is
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Table 1.

Calculated loss of CFC-11 in the atmosphere assuming a constant 55-yr lifetime, loss of

CFC-11 to the ocean as air-sea flux (positive values indicate a flux of CFC-11 from the
atmosphere to the ocean), and relative loss in the ocean compared to that in the atmosphere

from the MITgcm simulations

Ocean loss (Gg - yr™")

Ocean/atmosphere loss (%)

Time Atmosphere loss (Gg - yr™")
1951 to 1960 23+14
1961 to 1970 142 + 6.5
1971 to 1980 50.4 + 12.7
1981 to 1990 88.3 + 10.5
1991 to 2000 103.1 + 1.2
2001 to 2010 96.6 + 2.3
2011 to 2020 90.0+1.4
2101 to 2110 35.0+ 1.8
2111 to 2120 293+ 15
2121 to 2130 245 + 1.3
2131 to 2140 205+ 1.0
2141 to 2150 17.2 £ 0.9
2281 to 2290 1.6 + 0.1
2291 to 2300 1.4+ 0.1

0.2 + 0.1 88 + 1.1
1.0+ 04 7.1+03
28 +04 57 +0.7
3.6 +0.2 41+03
26+04 25+04
1.6 +0.2 1.6 +0.2
1.2 + 0.1 1.3+0.0
-0.4+0.0 -1.2+01
-0.5+0.0 -1.6 £ 0.1
-0.5+0.0 -2.0 £ 0.1
-0.5+0.0 -2.3 +0.1
-0.5+0.0 -2.7 £ 0.1
-0.2 + 0.0 -12.7+ 0.4
-0.2+0.0 -14.0 + 0.4

Values for several decades around the period of maximum loss in the atmosphere (1990s), the period of
maximum flux of CFC-11 from the ocean to the atmosphere (2120s), and the outgassing late in the 23rd century
are shown. Error bars indicate +1 SD associated with the decadal average.

assumed, then inferring emissions from concentration changes for
2014 to 2016 compared to 2002 to 2012 would overestimate the
unexpected emission of CFC-11 by 0.4 + 0.3 Gg - yr! (assuming a
constant lifetime of 55 + 3 yr).

In addition, the atmospheric CFC-11 lifetime has also been
shown to be time dependent rather than constant, largely as a
result of the lag time between surface release and stratospheric
loss (4). SI Appendix, Fig. S6 overlays calculated atmosphere-
only lifetimes from a suite of chemistry-climate models studied
in the Stratosphere-troposphere Processes and their Role in
Climate intercomparison. While atmospheric processes alone act
to decrease the calculated total lifetime from 1930 to 2010, ocean
processes have the opposite effect. The total lifetime would be
best captured by models including both effects, which offset each
other to some extent. Changes in atmospheric lifetimes likely
explain why our model underestimates the CFC-11 mol fraction
after 1990 in Fig. 2 since we used a constant atmospheric CFC-11
lifetime throughout those model runs.

Effect of Climate Change on CFC-11 Ocean Uptake. The MITgcm
simulation under the MPI model’s RCP8.5 scenario makes the
ocean a weaker reservoir for CFC-11, leading to less uptake in
the earlier period and less outgassing in the later period, and
climate change affects the timing at certain critical periods. The
global ocean starts to release CFC-11 in 2075 under Hist forcing,
but the outgassing begins 10 yr earlier under the RCP8.5 sce-
nario (Fig. 3B). Without climate change, the ocean’s effect on the
atmospheric concentration of CFC-11 becomes detectable after
2145, compared to 2140 under RCP8.5, suggesting that climate
change accelerates the shift toward outgassing CFC-11.

We tested the drivers of these changes using the MITgcm
simulations with only certain ocean-forcing fields changing under
RCPS8.5 in order to identify which factors dominate CFC-11
ocean uptake under a changing climate. Zooming in on the pe-
riod between 2050 and 2090 in Fig. 3B, the flux of CFC-11 in the
NH under the full RCP8.5 forcing most closely follows that
obtained under SST + Qnet (surface heat flux, calculated as la-
tent heat + sensible heat + shortwave + longwave)—only forcing.
The additional warming of the surface ocean under this forcing
leads to more stratified conditions and reduces the solubility of
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CFC-11 in seawater, which results in earlier outgassing in the NH.
In SST + Qnet-only and full-RCP8.5 runs, the AMOC decreased
similarly (SI Appendix, Fig. S7C), suggesting that changes in ocean
circulation are also playing a major role in weakening uptake, as
found in other model studies (13). In the SH, the SST does not
increase as much as in the NH due to the upwelling of deep cold
water (25, 26); as such, we find that the SH air-sea CFC-11 flux is
mainly affected by changes in salinity as forced by changes in
evaporation—precipitation (E-P) and surface restoring of sea
surface salinity (SSS). In particular, increases in net precipita-
tion in the Southern Ocean (SI Appendix, Fig. S8F) decrease
mixed layer depths, leading to weaker ventilation of the inter-
mediate and deep ocean. Thus, more CFC-11 is stored in shal-
lower ocean depths in response to these changes, leading to an
earlier outgassing of CFC-11 to the atmosphere in the SH. Note
that changes in SSS + E-P forcing do not cause an appreciable
weakening of the AMOC (SI Appendix, Fig. S7C) in this model,
unlike changes in SST + Qnet. We emphasize that other models
could have different responses to these forcings, and this analysis
is intended to be illustrative rather than quantitative.

When the ocean is acting as a sink for CFC-11, the atmosphere
has up to 5.0 Gg more CFC-11 under full RCP8.5 forcing than
under Hist forcing (S Appendix, Fig. S9). In contrast, when the
ocean turns into a source of CFC-11, the atmosphere has up to 2.4
Gg less CFC-11 with the full RCP8.5 scenario, which is due to
weaker outgassing from the ocean. The combined effect of changes
in SST, SSS, and buoyancy fluxes exceeds those in the full RCP8.5
forcing run because the effects of wind stress on ocean circulation,
and of sea ice fraction on air-sea CFC-11 exchange partially
counteract the ocean-CFC-11 uptake due to thermal and saline
changes in this model. Under RCPS.5, there is a poleward inten-
sification of the SH westerly winds (S Appendix, Fig. S8), which
modifies the ventilation rate and transport of CFC-11 into the
ocean (27). In a simulation that isolates the effects of changes
in wind stress on the ocean dynamics, there is enhanced ocean
uptake, especially over 50 to 60 °S during the early ocean sink
period (SI Appendix, Fig. S4), and the atmosphere has up to
0.8 Gg less CFC-11 compared to the Hist forcing run. When
the ocean turns into a source of CFC-11, changes in wind stress
forcing can lead to 1.4 Gg more CFC-11 in the atmosphere due to
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Fig. 4. (A) Lifetime of atmospheric CFC-11 in the model calculated by in-
cluding only atmospheric losses (blue line) and including both atmosphere
and ocean (red line). (B) Comparison between emissions prescribed in the
MITgcm runs to those inferred by treating the model-calculated concentra-
tions as data and ignoring the effect of the ocean on the lifetime. The black
dashed line shows the emission input to the run. We use a one-box model to
do a top-down estimate of the emission (see Materials and Methods) given
the CFC-11 concentrations that are output from the MITgcm using the fol-
lowing: a dynamic CFC-11 atmospheric-ocean lifetime (same as the red line
in A); constant 55-yr atmosphere-only lifetime (same as the blue line in A);
and constant 52- and 58-yr lifetimes to test the sensitivity of the inferred
emissions. Inferred emission is shown from 1950 to 2020; emission after 2020
approaches zero linearly.

enhanced equatorward Ekman transport and stronger upwelling in
the Southern Ocean (28).

Discussion

Previous work has not explicitly analyzed the effects of the ocean
on atmospheric CFC-11 and has generally assumed that the
effects of ocean uptake and outgassing can be accounted for by
adjusting the uncertainty in atmospheric lifetimes. The results
shown here reveal that ocean uptake and outgassing have a
much more pronounced effect on our understanding of the
lifetime of atmospheric CFC-11 than previously anticipated.
The results have small but significant implications for past
CFC-11 emission estimates and key conceptual implications for
the future.

Here, we summarize our findings on the three primary ques-
tions posed in the introduction: First, our model suggests that
the ocean’s CFC-11 uptake ability varies significantly in time,
translating to time dependence in the total CFC-11 lifetime if
the ocean’s effect is subsumed into the atmospheric lifetime
estimate. This result does not significantly affect calculated ozone
depletion or radiative forcing, which often employ prescribed
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concentrations based on observations. The significance of our
work is that knowledge of lifetimes is required to estimate emis-
sions from concentrations and, in turn, to examine emissions
sources and consistency with the Montreal Protocol. The calcu-
lated 7.5% increase in lifetime from the 1950s to the 2010s due to
weakening ocean uptake affects estimates of CFC-11 emissions by
up to 4 Gg - yr " and also affects their time dependence com-
pared to calculations neglecting this effect. We estimate that
the ocean’s influence reduces inferred unexpected emission of
CFC-11 after 2013 (6, 7) by about 0.4 + 0.3 Gg - yr~' (assuming
a constant lifetime of 55 + 3 yr) compared to calculations that
neglect the ocean effect. This is because the ocean’s weakening
sink leads to an increased accumulation of CFC-11 in the atmo-
sphere, which biases estimates of new emissions if the ocean’s
effect is unaccounted for.

Second, a global net flux coming out of the ocean is projected
to begin around 2075, and the release of CFC-11 from this bank
implies an accumulating influence on atmospheric CFC-11
abundances that should become detectable in the global average
after about 2145, with outgassing up to 0.5 Gg - yr~'. Detectable
signals could be greatly enhanced and occur sooner if observation
sites are located close to ocean-upwelling regions where stronger
CFC-11 outgassing can be expected (SI Appendix, Fig. S4). The
ocean ultimately leads to up to a 0.8 ppt increase in the global
average atmospheric abundance by 2225. Such observations will
signal the return of CFC-11 from the ocean, rather than new
production outside the Montreal Protocol at that time.

Finally, an illustrative model projection suggests that climate
change will likely make the ocean turn into a source of CFC-11
about 10 yr earlier and will make the effect on atmospheric
mixing ratio detectable 5 yr earlier according to the scenario
presented here. Different models or scenarios could yield dif-
ferences in detail regarding these findings but are unlikely to
alter the general result.

In closing, we note that our results illustrate the importance of
the ocean in the new era of the Montreal Protocol in which
global anthropogenic productions of ozone depleting substances
(ODSs) has dramatically decreased, which means that small
sources, sinks, or differences in estimates of lifetimes have now
become extremely important because they affect emissions esti-
mates. Atmospheric CFC-11 is not the only ODS taken up to
some extent by the ocean. Other gases including CFC-12, CCl,
(carbon tetrachloride), and CH3CCl; (methyl chloroform) are
also subject to significant ocean uptake and sequestration, even
though it has been demonstrated that CCl, and CH3CClj; are not
entirely conserved within the ocean (29-32). Indeed, CFC-11 is
also not entirely conserved in sufficiently anoxic water charac-
terized by sulfide accumulation (11). Whether this effect could
become more significant in future climates depends on where
and how deep the ocean sequesters CFC-11 and if sizable regions
of anoxic conditions develop in future oceans. Together with
changes in ocean temperatures and circulation patterns, these
effects could be important in the future for detection of global and
regional sources of ODSs. This work highlights the need for the
atmospheric chemistry and oceanography communities to further
examine these questions involving other ODSs. High-resolution
global atmosphere—ocean models and continued observational
programs for global monitoring of ODSs in both the atmo-
sphere and ocean will be key tools for predicting and detecting
these changes in the future.

Materials and Methods

Emission Data. Global CFC-11 emissions up to 2016 (15) are split into NH and
SH (33). We adopted a simple constant declining rate of CFC-11 emission
from 1995 to 2016 to predict emissions beyond 2016. Emissions in both
hemispheres reached zero at around 2100 and were kept at zero to the end,
2300. A similar treatment is applied for CFC-12 emissions.
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Box model equations. Box model equations are as follows:

dm?
S = Ep + Fo = (Tags + L) My + T w13, [1]
dmg,
dtSh = Esp + Fon = (T + L3) M3y + Topg wmpy 2l
dmﬁ,,, t t t t
gt~ ‘nh T~ Thas *Mpp + Ton x My, B3l
dm;,, t t t t
dt = —Fsh = Tspp Mgy + T % My 4l
dmg, d2t | 1d d 2d ot d d
dt = _( nh Tn25> My + Tob My + T x Mgy 5]
dmg, d2t | 1d d t2d ot d d
dt = _( sho t TsZ"’) * Mg, + Tsh * Mgy + TnZs *Mpp 6]
Fon = —k([CFCI2,, — [CFCE,) (7
Fo = —k(ICFCI3, — [CFC]%,) t8l

where m indicates mass of CFC-11, L is the CFC-11 atmospheric loss rate, T
is the exchange timescale between each box, E is the CFC-11 emission, F is
the flux of CFC-11 between the atmosphere and ocean, k is the piston ve-
locity at 10 cm - h™' (34), [CFC] indicates the concentration in the atmosphere
and mixed layer boxes. Superscript characters indicate layers and subscript
characters indicate the hemisphere. S/ Appendix, Table S1 shows a description
of each term as well as the numerical values associated with each parameter.

MITgcm Model. Emission, atmospheric loss rate, and the atmosphere inter-
hemispheric exchange timescale for CFC-11 in the MITgcm runs are the same
as used in the box model setup. The CFC-11 air-sea flux equation is the
same as shown in Egs. 7 and 8 (35), except that each term is calculated locally
and dynamically given changes in the ocean forcing. Transport of CFC-11
within the ocean is done by the MITgcm. The MITgcm ocean model used here
has 2.8° x 2.8° horizontal resolution and 15 vertical layers down to 5,000 m.
This is a fairly coarse resolution but appears sufficient to provide a first-order
estimate of CFC-11 uptake in the past based on Fig. 2 and hence is used to
estimate the long-term future. A mesoscale eddy parameterization (36) is
used with an eddy diffusivity set to 1,000 m? - s~'. Convective adjustment is
applied to statically unstable water columns, and background vertical dif-
fusivity is set to 5 x 107> m? - s~". Improved resolution and adjustments in
ocean model parameters have been shown to impact details of CFC storage
within the ocean (13, 37), but we would not expect such changes to alter
our qualitative results. S/ Appendix, Fig. S7 shows the resulting residual
mean meridional overturning circulation in the Atlantic Ocean, which
appears reasonable.

MITgcm Forcing Fields. The MITgcm is forced by monthly net evaporation-
precipitation-river runoff (E-P-R) and Qnet climatologies (38). In addition,
SST and SSS in the upper-50-m ocean layer are restored to a monthly cli-
matology based on survey data taken from 1950 to 1990 (39, 40) with re-
storing timescales of 60 and 90 days, respectively. Wind stress and wind
speed climatologies over this period are from the European Centre for
Medium-Range Weather Forecasts (41, 42). Wind speed is decoupled from
the wind stress in this setup and is only used to calculate the piston velocity
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for CFC-11 air-sea flux (i.e., it has no impact on ocean dynamics, in contrast
with applied wind stress). The monthly sea ice concentration climatology (43,
44), like the surface wind speed, is only used in the calculation of CFC up-
take; note our MITgcm setup does not include a prognostic sea ice model.
The ocean was subject to 5,900 yr of spin-up with the above climatology to
produce an equilibrium state, followed by runs with CFC-11 from 1930
to 2300.

MITgcm RCP8.5 Setup. In this simulation, the ocean dynamical model is spun
up to equilibrium in the same way as the Hist run. Modified forcing fields
using RCP8.5 output from MPI-ESM-LR (18, 19) during the transient simula-
tion from 1930 to 2300 were constructed as follows: First, we coarse grained
the output from MPI-ESM-LR using a nearest-neighbor algorithm to
MITgcm’s 2.8° x 2.8° resolution and constructed a base period from 1850 to
1930 (using MPI-ESM-LR’s historical simulation). Monthly anomalies from
1930 to 2300 compared to the base period were then added to the MITgcm
Hist forcing discussed above (anomalies were imposed beginning in the early
20th century to avoid any abrupt changes in forcing fields that might cause
unphysical changes in ocean circulation). S/ Appendix, Fig. S8 shows the
spatial patterns of the RCP8.5 anomalies for all the forcing variables nudged
in MITgcm. Unlike in the Hist simulation, in the RCP8.5 simulation the ocean
circulation and air-sea gas exchange piston velocity both evolve over time.
AMOC strength in the MITgcm RCP8.5 run decreases by 60% from 1930 to
2000 to 2200 to 2300 (S/ Appendix, Fig. S7), comparable to a 56% decrease
obtained in the MPI-ESM-LR.

Top-Down Inferred Emission Based on the MITgcm Output. We inferred the
emission and the atmospheric lifetime from the MITgcm output of the CFC-11
(and CFC-12) inventory by the following equations:

dm m
Einr = e [9]
m
= 1
Tatm L,am I L?h [10]
m
Tatm+ocn = 73 T 7a . £ L & [11]

L2, + L3 + Fop + Fan

where E;,s is the inferred emission, m is the mass of CFC-11 (and CFC-12) as
calculated from the MITgem, and 2 is the tendency of the CFC-11 (and CFC-
12) inventories. 7,m is the inferred CFC-11 (and CFC-12) lifetime only con-
sidering the atmospheric loss, and z,tm+ocn is the total lifetime considering
both the atmospheric loss and the bidirectional flux from the ocean. 7 in Eq.
9 is replaced with inferred lifetimes from Egs. 10 and 11 as well as assumed
constant 52- and 58-yr lifetime for the inferred emission estimates in Fig. 4B
for CFC-11 (assumed constant 90- and 100-yr lifetime in S/ Appendix, Fig. S58
for CFC-12).

Data Availability. The MITgcm output under different forcing runs and the
code used here are available publicly on Zenodo (DOI: 10.5281/zenodo.
4435502) (45).
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