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Abstract Anthropogenic perturbations from fossil fuel burning, nuclear bomb testing, and
chlorofluorocarbon (CFC) use have created useful transient tracers of ocean circulation. The atmospheric Y4crc
ratio (A'*C) peaked in the early 1960s and has decreased now to pre-industrial levels, while atmospheric CFC-
11 and CFC-12 concentrations peaked in the early 1990s and early 2000s, respectively, and have now decreased
by 10%—20%. We present the first analysis of a decade of new observations (2007 to 2018-2019) and give a
comprehensive overview of the changes in ocean A'*C and CFC concentration since the WOCE surveys in the
1990s. Surface ocean A'*C decreased at a nearly constant rate from the 1990-2010s (20%o/decade). In most of
the surface ocean A'*C is higher than in atmospheric CO, while in the interior ocean, only a few places are
found to have increases in A'C, indicating that globally, oceanic bomb 14C uptake has stopped and reversed.
Decreases in surface ocean CFC-11 started between the 1990 and 2000s, and CFC-12 between the 2000-2010s.
Strong coherence in model biases of decadal changes in all tracers in the Southern Ocean suggest ventilation of
Antarctic Intermediate Water was enhanced from the 1990 to the 2000s, whereas ventilation of Subantarctic
Mode Water was enhanced from the 2000 to the 2010s. The decrease in surface tracers globally between the
2000 and 2010s is consistently stronger in observations than in models, indicating a reduction in vertical
transport and mixing due to stratification.

Plain Language Summary The ocean contains many dissolved gases that can be measured by
sampling ocean water from ships. Some of these dissolved gases are changing over time because their
atmospheric concentrations are changing. By measuring these changes in the ocean, we can learn about ocean
transport and mixing, which is an important factor regulating climate change. We describe ocean measurements
from the past three decades of radiocarbon in dissolved inorganic carbon, that was affected by nuclear bomb
testing, and of chlorofluorocarbon gases, CFCs, that were banned in the 1990s due to their destructive effects on
the ozone layer. The measurements show how their oceanic distributions have changed, as a result of their
atmospheric histories and the patterns of ocean uptake and transport. By comparing the measurements with
ocean models, we can identify biases in the models that affect how well future climate change can be predicted.
In the most recent decade, the presence of all three tracers is shown to be decreasing in the upper ocean, a
reversal of the preceding decades. Also in the most recent decade, the decrease in surface tracers is stronger in
the observations than the models, suggesting a change to upper ocean mixing and stratification.

1. Introduction

Ocean transient tracers have been integral to the development of our understanding of the dynamical processes
and circulation of the ocean, and their role in the Earth's climate system and carbon cycle. One important tracer is
radiocarbon ('C), which is produced naturally in the atmosphere through cosmogenic radiation and mixes into
the ocean through air-sea gas exchange, creating a unique distribution in the ocean interior as it decays over time
(Key, 2001). The transient nature of 'C arises from the nuclear weapons tests in the 1950 and 1960s that pro-
duced “bomb” *C in the atmosphere, almost doubling the natural background level (Manning et al., 1990). The
mixing of bomb '*C into the land and ocean carbon reservoirs, combined with the emission of CO, from the
burning of fossil fuels, which are devoid of '*C, has reduced the ratio "*C/C in atmospheric CO, such that it is now
the same as before the Industrial Revolution (Figure 1) (Graven et al., 2017, 2022). In the ocean, measured
radiocarbon content is reported as A'*C, the deviation of the ratio of '*C/C atoms to a standard, corrected for age
and fractionation effects (Stuiver & Polach, 1977).

Radiocarbon has been used to estimate the rates of gas exchange between the atmosphere and the ocean surface
(Broecker & Peng, 1974), an approach which continues to be refined (Sweeney et al., 2007; Wanninkhof, 2014).

LESTER ET AL.

1 of 24


https://orcid.org/0000-0002-1263-4698
https://orcid.org/0000-0003-3934-2502
https://orcid.org/0000-0001-9048-3234
mailto:j.lester16@imperial.ac.uk
https://doi.org/10.1029/2023JC020387
https://doi.org/10.1029/2023JC020387
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JC020387&domain=pdf&date_stamp=2024-07-09

/.Yeld. )
M\I Journal of Geophysical Research: Oceans 10.1029/2023JC020387
900
—1C/C [%o]
800

14C/C [%o] projection
700

—CFC-11 [ppt] ’/\
600 |—CFC-11 [ppt] projection | | \
| '\\
500 —CFC-12 [ppt] | ’\.\

CFC-12 [ppt] projection

400

300

200

100

0

%o / ppm / ppt (parts per trillion) (see legend)

-100

-200
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure 1. Trace gas atmospheric histories. Observed historical A'*C and CFC-11 and CFC-12 through 2015 (Bullister, 2015;
Graven et al., 2017) and estimated A'C and CFC-11 and CFC-12 for 2015-2020 (Graven, 2015; Meinshausen et al., 2020).

'“C has been used to understand the ventilation of the deep ocean (e.g., DeVries & Primeau, 2011; Holzer
etal., 2010; Khatiwala et al., 2012; Toggweiler et al., 1989), water mass transformation (e.g., Miiller et al., 2006),
and the uptake of anthropogenic CO, by the ocean (Graven et al., 2012; Khatiwala et al., 2009).

Another important family of tracers are chlorofluorocarbons (CFCs): anthropogenic molecules composed of the
elements chlorine, fluorine and carbon, first produced in the 1930s. Their manufacture was phased out in the
1990s after it was discovered they could destroy the ozone layer (Molina & Rowland, 1974). CFCs have been
absorbed by the surface ocean through air-sea gas exchange, and are mixing into the ocean interior. The measured
concentration of CFCs in seawater can therefore be used to help understand ocean ventilation, mixing and
transport pathways (Fine, 2011). The most commonly measured CFCs are CFC-11 and CFC-12, which peaked in
atmospheric concentration in the 1990 and 2000s, respectively, according to their different sources and atmo-
spheric lifetimes (Figure 1).

Oceanic CFCs have been used to identify deep western boundary currents (Smethie et al., 2000; Weiss
et al., 1985); observe ocean ventilation and estimate subduction and formation rates (Purkey et al., 2018; Wallace
& Lazier, 1988); and estimate the anthropogenic CO, in the ocean, in concert with other ocean tracers (Khatiwala
et al., 2009; Sabine et al., 2004; Tanhua et al., 2009). CFC measurements from hydrographic transects conducted
in different decades have been used to identify changes in ocean circulation (Tanhua et al., 2013; Ting &
Holzer, 2017; Waugh et al., 2013).

Ship-based observations are the only way to measure oceanic A'C and CFCs. Global ocean hydrographic survey
campaigns were initiated in the 1970s with the GEOSECS program (Craig, 1972, 1974; Craig & Turekian, 1976,
1980). The WOCE and CLIVAR global programs followed in the 1990 and 2000s (Chapman, 1998; Tren-
berth, 1999), and now the international GO-SHIP consortium coordinates seagoing efforts from the 2010s for-
ward (Talley et al., 2016). Repeated surveys of meridional and zonal ocean sections allow for comparisons in
time. While studies of decadal changes have been made in the past (e.g., Fine, 2011; Graven et al., 2012;
Key, 2001; Waugh et al., 2013), there are now sections which have been occupied two or more times, allowing
longer term trends and variability to be investigated.

In this work we look at A'*C and CFCs together, because over the time period we consider they can be considered
conservative tracers of oceanic transport and mixing, but they also differ in many ways. For instance, the
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atmosphere-surface ocean equilibration time for CECs is ~1 month but it is ~10 years for A'*C (Broecker &
Peng, 1974). The temperature dependence of CFC solubility differs markedly from that of '*C, so air-sea ex-
change imprints different meridional trends on the two classes of tracer. The performance of ocean models can
vary between tracers due to the differences in air-sea exchange and in the timescales that encompass different
aspects of ocean circulation (e.g., Matsumoto et al., 2004).

Here we present a global compilation of oceanic A'*C and CFC-11 and CFC-12 observations since the global
WOCE survey in the 1990s. We identify the changes in each tracer and their spatial distribution between each
decade. We compare the observed decadal changes in each tracer to those modeled by two state-of-the-art ocean
models. By comparing the tracer observations and models, we identify either possible regions of decadal ocean
circulation variability, or poor model performance, and compare to prior studies.

2. Methods
2.1. Ocean Observations

We use observations of A'*C in dissolved inorganic carbon (DIC) and the partial pressure of CEC-11 and CFC-12
(pCFC-11 and pCFC-12) from the GLODAPv2.2019 database (Key et al., 2015; Olsen et al., 2016, 2019) (Table
S1 in Supporting Information S1). We also use additional data not included in GLODAPv2.2019, summarized in
Table S2 in Supporting Information S1 (Barbero et al., 2018; Baringer et al., 2016; Curry, 2012; Druffel, 2016;
King, 2018; Macdonald, 2016; Macdonald & Briggs, 2018; McCartney, 2012; Mecking & Rosso, 2018; Orsi &
Rosso, 2020; Perkin, 1999; Rintoul, 2018; Speer & Schulze, 2018; Uchida et al., 2011; Volkov & Mene-
zes, 2018). A'*C and pCFC samples meeting the WOCE data quality flag 2 “acceptable” standard (Olsen
et al., 2016) and which had valid accompanying potential density anomaly (c,) measurements were selected. The
measurement uncertainty on the A'*C observations we present is typically 2%0—3%o and the measurement un-
certainty on the pCFC observations is ~2 ppt. We focus on recent measurements since the 1980s but also consider
some early measurements including pre-GEOSECS data compiled by Graven et al. (2012) and estimates of
“natural” radiocarbon from GLODAP (Key et al., 2004; Rubin & Key, 2002).

We examine decadal changes in the tracers along more than 20 hydrographic sections in observations from 1987
to 2019 (Table S1 in Supporting Information S1 and Figure 2). In order to compare the sometimes sparsely
sampled tracer data between different time periods, following Graven et al. (2012) we bin the data by depth or
potential density anomaly (o,) and latitude/longitude, calculating an average tracer value for each bin per time
period from which we then subtract the earlier time period to calculate the change, A, in tracer (e.g., AA'C).
Generally, each section has enough samples to allow a reasonable comparison.

We show comparisons in depth coordinates in the main text and comparisons using potential density anomaly
coordinates in Supporting Information S1 (Figure S1-S3). Comparisons along potential density anomaly co-
ordinates help to remove the effect of vertical displacement of water masses by isopycnal heave. The observations
are presented in decadal clusters for the 1990, 2000, and 2010s, to allow comparison across oceans basins with
time. Some transects from the late 1980s in the Atlantic and Indian Oceans have also been considered because
there are limited measurements there in the 1990s. The tracer changes are reported per 10 years, normalizing for
the number of years separating the observations.

In general the ApCFC-11 profiles are less scattered than the AA'*C profiles, because the data has been recorded at
a much higher horizontal and vertical resolution, and the absence of CFCs in the ocean interior removes scatter in
the deeper waters. However, we have also excluded numerous CFC sections from this work because they showed
inconsistencies (Figures S4 and S5 in Supporting Information S1), as described in Table S3 in Supporting In-
formation S1. The sections we have excluded (Table S3 in Supporting Information S1) reflect that in some re-
gions, pCFC measurement errors or instrument offsets are larger than those reported. Some sections are not
consistent with neighboring sections, despite corrections made in GLODAPv2.2019.

2.2. Ocean Modeling

We compare the observations with A'*C and CFC simulations from two different ocean general circulation
models (Table S4 in Supporting Information S1). In both models A'C is simulated using the “abiotic” formu-
lation used in the Ocean Model Intercomparison Project (OMIP; Orr, Najjar, et al., 1999; Orr et al., 2017). CFCs
are modeled using the equivalent protocols for CFCs (Orr, Dutay, et al., 1999; Orr et al., 2017). Atmospheric
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Figure 2. Geographical overview of (a) A*C and (b) CFC sections used in this study, where yellow lines were occupied in the
1990 and 2000s, green lines in the 1990 and 2010s, and red lines were occupied in all three decadal clusters. See Table S3 in
Supporting Information S1 for sections excluded from detailed analysis in this study.

composition for 1850 to 2015 was specified by Meinshausen et al. (2017) and Graven et al. (2017), which both
account for zonal differences in composition.

First, we simulated A'*C and CFC using state estimates from Estimating the Climate and Circulation of the Ocean
version 4 (ECCOv4; Forget et al., 2015) based on a global configuration of the MITgem (Marshall et al., 1997)
model with a horizontal resolution of ~0.8° X ~0.5°, and 50 depth levels. ECCOv4 uses an adjoint strategy
(Wunsch & Heimbach, 2007) to minimize the misfit between the model and a range of hydrographic properties,
including profiled potential temperature and salinity, and gridded products for sea surface temperature, sea
surface salinity, sea level anomaly and mean dynamic topography between 1992 and 2011 (Forget et al., 2015).
We use a climatological average of the circulation over this period encapsulated as monthly-mean transport
matrices (TMs) and use the transport matrix method (Khatiwala, 2007, 2018; Khatiwala et al., 2005) to simulate
CFC-11, CFC-12 and abiotic DIC and *C in DIC “off-line” (Khatiwala et al., 2018). For gas exchange velocity, a
quadratic function of the local wind speed (Wanninkhof, 1992) was used with 6-hourly climatological Common
Ocean-ice Reference Experiments—Corrected Normal Year Forcing (CORE-CNYF; Large & Yeager, 2009). A
gas transfer coefficient of 0.272 (cm/hr) (s*>/m?) was selected such that when combined with the CORE forcing the
global mean gas exchange velocity was approximately 17 cm/hr, in line with recent studies (Khatiwala
et al., 2018; Naegler, 2009). Abiotic DIC and 14C in DIC were spun up to a steady state over 5,000 years, using
constant pre-industrial forcing of 277.89 ppm for CO, and 0%o for A'C. The historical simulation began to vary
atmospheric CO, concentration in 1765, following Meinshausen et al. (2017), while atmospheric A'“C remained
at 0%o until 1850. The simulation was continued after 2015 until 2019 using the RCP 8.5 forcing for atmospheric
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CO, (van Vuuren et al., 2011) and A'YC (Graven, 2015), and the SSP1-2.6 projection for CFC-11 and CFC-12
(Meinshausen et al., 2020).

Second, we use output from the “historical” run of the Community Earth System Model Version 2 (CESM2;
Danabasoglu et al., 2020) for the Coupled Model Intercomparison Project-Phase 6 (CMIP6; Eyring et al., 2016).
CESM2 is a fully coupled earth system model with interactive ocean, atmosphere, ice, land and ocean biogeo-
chemical components. CESM2 uses the Parallel Ocean Program ocean model with a horizontal resolution of
1.125° x 0.5° and 60 depth levels (Smith et al., 2010). Abiotic DIC and **C in DIC were implemented following
Orr et al. (2017) and spun up using a Newton-Krylov-based solver (Khatiwala, 2008; Li & Primeau, 2008;
Lindsay, 2017) with a constant pre-industrial atmospheric CO, concentration of 284.7 ppm and A'*C of 0%o. The
historical simulation with varying CO,, A14C, CFC-11, and CFC-12 begins in 1850 (Graven et al., 2017;
Meinshausen et al., 2017). CESM2 used a gas transfer coefficient of 0.251 (cm/hr) (s>/m?) (Wanninkhof, 2014),
which would equate to an average gas exchange velocity of 15.7 cm/hr were the CORE forcing used. Modeled
monthly ocean CFC-11 and CFC-12 concentrations were converted to equilibrium partial pressures pCFC-11 and
pCFC-12 by dividing by their respective solubility functions (Doney & Bullister, 1992; Warner & Weiss, 1985).
All model output was averaged from monthly into annual means. The annual mean model output was then
interpolated to the location of each observation in each year and binned in the same way as the observations.

The ocean models we present simulations from are the next generation to those used in Graven et al. (2012).
Improvements made to CESM2 from its preceding version, CCSM, include increased mesoscale eddy diffu-
sivities at depth in the ocean, and a new wave model component coupled with a new Langmuir mixing param-
eterization (Danabasoglu et al., 2020). Improvements from ECCO to ECCOv4 are provided by Argo floats
enhancing the data coverage of previously poorly sampled regions like the Southern Ocean (Forget et al., 2015).

3. Results

First, to illustrate the expected tracer changes in the ocean since the 1950s and over the 1990-2010s period we will
focus on, we present simulated vertical profiles of global average A'*C, pCFC-11, and pCFC-12 from the
ECCOv4-TM model (Figure 3). The patterns reflect the oceanic propagation of a tracer increasing and then
decreasing in the atmosphere, with differences between the tracers related to the timing and shape of the at-
mospheric variations (Figure 1).

In 1950, while the simulated oceanic pCFC-11 and pCFC-12 concentrations were nearly zero, natural radiocarbon
was present and global average A'*C decreased exponentially with depth from —60%o at the surface to almost
—200%o0 below 2,000 m (Figure 3), as previously found by others (Graven et al., 2012; Khatiwala et al., 2018). All
tracers increase from the 1950-1960s, and 1960—1970s, with the largest changes in the surface ocean (Figure 3).
From the 1970-1980s the depth of the maximum increase in A'*C drops from the surface to several hundred
meters depth. From the 1980 to the 1990s, global average A'*C starts to decrease above 200 m, while continuing
to increase below 200 m. The depth of this sign change deepens from the 1990-2000s, and then the 2000-2010s,
with the increases in A'*C becoming weaker over time. A nearly linear trend of —20%o per decade is simulated in
global average surface ocean A'*C since the 1980s. Atmospheric A'*C exhibited a nearly linear trend of larger
magnitude, —50%o/decade, since the 1990s (Figure 1; Graven et al., 2017).

For pCFC-11, increases that are strongest in the surface ocean continue until a subsurface maximum in pCFC-11
change emerges between the 1990-2000s, after atmospheric CFC-11 peaked (Figure 1). Then from the 2000—
2010s there is a decrease in pCFC-11 above 200 m and a weaker increase from 200 to 1,000 m, similar to the
pattern for A"*C. pCFC-12 lags these patterns by roughly 10 years, with negative changes only appearing in
surface pCFC-12 for the 2000-2010s.

In observations from recent decades, we thus expect to see weakening increases in tracer concentration, with
decreases appearing at the surface and the depth of the sign change lowering over time. Some of these changes
have been reported previously (Fine et al., 2017; Graven et al., 2012; Key, 2001; Khatiwala et al., 2018). Here we
take a unique, global and multidecadal view on the observed changes of the three tracers and how they compare
with models.
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Figure 3. Simulated global decadal average depth profiles of (a) A'C, (b) pCFC-11, (c) pCFC-12, (d) AA'™C decadal difference (more recent decade minus earlier
decade), (e) ApCFC-11 decadal difference and (f) ApCFC-12 decadal difference in the ECCOv4-TM model.

3.1. Observed Large Scale Decadal Tracer Changes

In this section, we provide an overview of the oceanic observations collected over the last three decades. First, we
examine the observed sea-air gradients in A'*C. Based on coral records, early oceanic measurements and re-
constructions, prior to 1957 the sea-air A'*C gradient was consistently negative, at around —50%o in the mid- and
low-latitudes, while upwelling and mixing of '*C depleted water reduced A'*C sea-air gradients to around
—100%o in the Southern Ocean (Figure 4) (Key et al., 2004; Rubin & Key, 2002). Bomb '*C greatly enhanced the
negative A'“C sea-air gradient observed in the 1970s, driving strong uptake of '*C by the global ocean (Broecker
& Peng, 1974). As '*C accumulated in the shallow ocean and atmospheric A'C declined through the 1980—
2000s, sea-air gradients reduced with time, as did horizontal gradients in the ocean (Figure 4) (Graven
et al., 2012). Now, the observations from the first half of the 2010s show there is a positive sea-air gradient
everywhere but the Southern Ocean south of 40°S and the North Pacific Ocean north of 40°N, indicating that most
ocean areas are now outgassing '*C (Figure 4). We also note that the subtropical peaks in A'"*C caused by
accumulation of "*C in the subtropical gyres are absent in the 2010s, and average A'“C is nearly constant between
30°S and 30°N. Horizontal A'*C gradients in the ocean between 30°S and 30°N in the pre-bomb era were also
very small, but the mean level in the 2000s was approximately +40%o instead of —50%o.

In order to present the data from the many seagoing observational campaigns, we show measurements of A'*C,
pCEC-11, and pCFC-12 from hydrographic transects in the 1990s compiled on one figure, and we show the
decadal changes in each tracer from repeat measurements of hydrographic sections in the 2000 and 2010s (see
Figures 5-7).

In the 1990s (Figure 5a), as described in Key et al. (2004), A'C is highest across the surface ocean, with high
A'C extending downward in the centers of the downwelling subtropical gyres and in the North Atlantic deep
water (NADW). In the Southern Ocean, ventilated mode and intermediate water carry high A'*C into the ocean
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include calculated “natural” radiocarbon from GLODAP (Key et al., 2004; Rubin & Key, 2002). Solid lines are for all data
and the North Pacific north of 30°N, and dashed lines are for all data and the North Atlantic north of 30°N. Lines are
smoothed splines.

interior north of the Antarctic Circumpolar Current. Upwelling south of 60°S in the Southern Ocean draws low
A'™C water to the surface. The lowest A'*C is found in the Pacific north of 40°N around 2,500 m depth, cor-
responding to the most aged ocean waters, and the North Pacific Subpolar Gyre upwells low A'*C toward the
surface.

From the 1990s through to the 2010s, surface A'“C decreases everywhere (Figures 5b and 5¢). The rate of surface
decrease is around —20%c/decade in each time period, consistent with predicted changes (Figure 3d). From the
1990 to the 2000s, strong (<20%o/decade) increases in A'™C are found deeper down, at depths of 400-1,000 m,
notably in the zonal sections around 30°S in each basin (Figure 5b). From the 2000 to the 2010s, areas of
increasing A'*C are much smaller and less coherent. Only the eastern North Indian Ocean at 500—1,500 m and the
western South Atlantic Ocean at 1,500-3,000 m show consistent increases (Figure 5¢). Sampling density for A'*C
is much lower in the 2000 and 2010s, so some areas with increases in A'*C may have been missed by the
observations.

For CFCs, the highest pCFCs are found across the surface ocean in the 1990s, while the majority of the ocean
interior remains devoid of CFCs (Figures 6a and 7a). High pCFC extends deepest in the centers of the down-
welling subtropical gyres, in mode and intermediate waters and in NADW, similar to A'*C. The ventilation of
Antarctic Bottom Water (AABW) is much clearer via CFCs than A'*C due to greater spatial coverage and the
absence of a natural pCFC distribution (Figures 6a and 7a).

From the 1990 to the 2000s, observed pCFC-11 begins to decrease across the surface ocean (except in the South
Atlantic and South Indian Ocean due to earlier measurement dates in the 1980s instead of 1990s, see Table S1 in
Supporting Information S1), while continuing to increase into the deeper ocean (Figure 6b). The large-scale near-
surface decrease in pCFC-11 is observed earlier than predicted by ECCOv4-TM, where a small increase was
simulated in the global average surface pCFC-11 between 1990 and 2000s (Figure 3e). pCFC-12 increases at the
surface between the 1990 and 2000s both in observations (Figure 7b) and in the model (Figure 3f). From the 2000
to the 2010s, observed tracer changes are negative for both CFCs in the upper 200 m of the ocean. Further analysis
of observed tracer changes in different ocean basins and their comparison with ocean models is given in Sec-
tion 3.3 below.

3.2. Large-Scale Model Biases

Here we compare the observations to large scale patterns in both the ECCOv4-TM and CESM2 simulations in
each decade. First, we compare surface observations of A'*C with the models (Figure 8 and Figures S6 and S7 in
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Figure 5. Observed ocean A'“C from the 1990 to the 2010s. (a) A'*C for the 1990s, (b) AA'™C for the 1990-2000s, and (c) AA'C from the 2000 to 2010s.

Supporting Information S1) making reference to CFCs (Figure S8 in Supporting Information S1), then we
compare subsurface biases for all tracers (Figure 9 and Figures S9-S19 in Supporting Information S1). The
decreasing trend in surface A'*C between the 1970 and 2010s and the decrease in the spatial gradients in A'*C
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Figure 6. Observed ocean pCFC-11 from the 1990 to the 2010s. (a) pCFC-11 for the 1990s, (b) ApCFC-11 for 1990-2000s, and (c) ApCFC-11 for 2000-2010s.

seen in Figure 5 are again evident in Figures 8a—8d and Figure S6 in Supporting Information S1. The meridional
surface A'*C bias trends for CESM2 tend to be flatter than the observations (Figure 4 and Figure S6 in Supporting
Information S1). ECCOv4-TM is closer to the observations, with an RMS error of 25%. in ECCOv4-TM and
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Figure 7. Observed ocean pCFC-12 from the 1990 to the 2010s. (a) pCFC-12 for the 1990s, (b) ApCFC-12 for 1990-2000s, and (c) ApCFC-12 for 2000-2010s.

33%o in CESM2 for all surface A'*C observations (compared with RMS errors of 24%o for ECCOv4-TM and
50%¢0 for CESM2 across all observations). Absolute biases in ECCOv4-TM are smaller than CESM2 in the
Southern Ocean and North Atlantic Ocean, but larger in the Indian Ocean (Figure 8). Similar patterns can be seen
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Figure 8. Surface ocean A'*C observations and model biases (model minus observations) from each ocean model. CESM2
outputs are only available until 2014, so cruises from 2014 onwards do not appear in panel (h).

in a comparison of clustered surface A'*C data from Toggweiler et al. (2019b) overlain on surface A'*C sim-
ulations from CESM2 and ECCOv4-TM (Figure S7 in Supporting Information S1).

The Indian Ocean being positively biased in ECCOv4-TM in the 1990-2010s could be caused by poor model
representation of the upwelling which takes place in the Arabian Sea (Bhushan et al., 2008), also found by
Toggweiler et al. (2019b) in a different selection of models. In CESM2 and ECCOv4-TM we see the same
potential relocation of upwelling in the Indian Ocean from the Arabian Sea to the Bay of Bengal, as reported in
Toggweiler et al. (2019b).

Both CESM2 and ECCOv4-TM are strongly positively biased in surface A'*C in the North Pacific. This finding
echoes that of Toggweiler et al. (2019b), where they report large positive biases of surface A'*C in the North
Pacific in their CM2Mc model, which they attribute to an erroneous poleward flow of high A'*C subtropical
water along the California coast, opposite to the real-life southward flowing California Current.

North of 30°N in the Atlantic both CESM2 and ECCOv4-TM are too low in surface A'*C (Figure 8). The same
deficit pattern is seen in the models from Toggweiler et al. (2019b), which they attribute to the fact that the return
(northward) flow of NADW in their models is not brought to the surface in the tropical Atlantic, meaning not
enough bomb 'C is transported into the North Atlantic. However, we also see a strong positive bias in the
subsurface North Atlantic in both CESM2 and ECCOv4-TM, which could perhaps also indicate too-vigorous
mixing and NADW formation transported '*C away from the surface (Figures S10 and S14 in Supporting
Information S1).

Both CESM2 and ECCOv4-TM show negative biases in the tropical and subtropical upwelling regions of the
Pacific Ocean in the 1970 and 1990s that dissipate through the 2010s (Figure 8). Unlike the Toggweiler
et al. (2019b) models, CESM2 and ECCOv4-TM both capture the upwelling in South America in the pre-bomb
era (Figure S7 in Supporting Information S1), although the model-data comparison in the 1990 and 2000s in these
upwelling regions is poor, suggesting a similar source water problem as proposed in Toggweiler et al. (2019b).
The upwelling regions in the eastern Atlantic have too high A'*C in both models in all time periods, suggesting
either the upwelling is too weak or upwelled water is from the wrong source. CESM2 captures the A'*C observed
gradient of around 10%0—15%o between the east and western Pacific, but ECCOv4-TM has a higher gradient
around 20%o, similar to Toggweiler et al. (2019b).
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Figure 9. Model bias (model minus observations) for each tracer in the 1990s. Model bias for A'*C (top row), pCFC-11 (middle row), and pCFC-12 (bottom row), for
CESM2 (left column) and ECCOv4-TM (right column).

Model biases in surface ocean pCFC are usually small since the fast equilibration time for CFCs in the ocean
means that the surface ocean pCFC tracks the atmospheric values fairly closely. Using this fact, we examined
apparent saturation in surface pCFC (Figure S8 in Supporting Information S1) to help identify anomalous values
in the pCFC observations and select pCFC data to exclude (Table S3 in Supporting Information S1).

Vertical sections of ocean wide model biases help explain surface biases, and show that model biases for AlC
and CFCs are not always consistent (Figure 9). For instance, in the Indian subtropical gyre (I03), modeled surface
radiocarbon is positively biased in both models, but pCFCs are negatively biased in both models (Figure S13 in
Supporting Information S1). In the northwestern Pacific (P02), in CESM2 surface pCFC-11 is positively biased
while pCFC-12 is negatively biased, and the biases are reversed in ECCOv4-TM (Figure S17 in Supporting
Information S1). A prominent feature is the strong negative A'*C bias in CESM2 throughout the deep ocean but
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most notably in the Pacific (Figures S10-S12 in Supporting Information S1), which stems from AABW formation
in the CESM2 being too weak (Danabasoglu et al., 2020; Frischknecht et al., 2022). This also leads to potential
densities in the deep Pacific that are too shallow in CESM2 (Figure S11 in Supporting Information S1). In
contrast, the data-constrained ECCOv4-TM circulation generally keeps the potential density close to the ob-
servations and A'*C biases are much smaller. A prominent feature in the deeper waters of ECCOv4-TM is the
strong negative A 14C bias along the western boundaries of the Indian (I05W) and Pacific (P06) basins (Figure 9b,
Figures S13 and S18 in Supporting Information S1).

In the north Pacific, both models' pCFC tends to be positively biased in the sub-surface western subpolar gyre
(PO1, Figures 9¢c-9f and Figure S16 in Supporting Information S1), and negatively biased in the sub-surface
western subtropical gyre (P02, Figures 9c—9f and Figure S17 in Supporting Information S1). The pairing may
suggest a general tendency in our ocean models to ventilate the intermediate subpolar gyre with CFC-rich North
Pacific Intermediate Water (Watanabe et al., 1994; Yamamoto-Kawai et al., 2004), which should instead be
spreading beneath the subtropical gyre (Bostock et al., 2010; Talley, 1993). Alternatively, the subsurface dipole
bias could due to the erroneous modeled poleward currents of equatorial water identified in Toggweiler
et al. (2019b), transporting high A'C and CFC water into the western subpolar gyre rather than the western
subtropical gyre. A similar western intensified negative bias pattern is evident in all tracers in both zonal and
meridional sections in all the subtropical gyres (Figures 9c—9f), which could indicate downwelling in the gyres is
too weak in the models.

All modeled tracers in meridional sections of Antarctic Intermediate Water (AAIW) appear too high in ECCOv4-
TM and too low in CESM2, indicating opposite biases in ventilation rates between models (Figure 9). All tracers
are strongly positively biased in NADW in CESM2, and to a lesser extent in ECCOv4-TM, at 2000 m depth and
north of 40°N (Figure 9, Figures S10 and S14 in Supporting Information S1).

The biases in A'*C in ECCOv4-TM and CESM2 are generally smaller than previous studies, except for the deep
ocean globally and all depths of the Southern Ocean in CESM?2. Matsumoto et al. (2004) found that fewer than a
quarter of OCMIP-2 models fell within observational error bars for modeling A'*C in different regions in the
ocean. Interestingly, deep ocean A'*C biases in Matsumoto et al. (2004) were mostly positive, as were the deep
ocean biases in ECCO, an earlier version of ECCOv4-TM (Graven et al., 2012), opposite to the biases we find
here in ECCOv4-TM and CESM2. CESM2 and ECCOv4-TM both appear to represent progress in model
development, as their biases are generally smaller than their preceding versions CCSM, an earlier version of
CESM, was found to have too high surface A'*C throughout the low and temperate latitudes (Graven et al., 2012).
CCSM also had negative biases in A'*C in the Southern Ocean and deep ocean, but not as low as CESM2 (Graven
et al., 2012). Previous studies have shown positive and negative biases in CFCs but detailed multi-model eval-
uations have not been reported since OCMIP-2 in the early 2000s (Dutay et al., 2002; Matsumoto et al., 2004), and
only four models reported CFC output to CMIP6 (Fu et al., 2022).

3.3. Tracer Changes in Specific Regions

Here we describe in more detail the observed tracer changes and their comparison with models in specific regions:
the Southern Ocean, the North Atlantic, the North Pacific, and the tropical oceans. We present additional figures
for the Southern Ocean and North Atlantic, and refer to the summary figures (Figures 5-9) and supplemental
figures for all regions. The figures detailing individual transects follow a consistent pattern. The tracers are shown
in rows ordered in the sequence A'*C, pCEC-11 then pCFC-12. The decadal tracer changes shown in the red-blue
panels on the left, correspond with their zonally/meridionally averaged line profile partner on the right. Tracer
changes are presented in decadal pairs (when there are three decades of available data), so the first row in each pair
shows tracer changes from the 1990 to the 2000s, and the second row shows changes from the 2000 to the 2010s.
The zonally/meridionally averaged observed line profiles then allow for comparison to the global average profiles
presented in Figure 3.

3.3.1. Tracer Changes in the Southern Ocean

Decadal tracer changes in zonal sections circling the Southern Ocean near 30°S (A10/A9.5, 103, 105, and P06) are
presented in Figure 10 (see also Kumamoto et al., 2011). Positive tracer changes are maximum around 500 m for
pCFCs for the 1990-2000s, and the maximum changes are weaker and deeper for the 2000-2010s. For A'™C, the
maximum change is from 500 to 1,000 m for the 1990-2000s. For the 2000-2010s there is no coherent positive
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Figure 10. Changes in observed and modeled A'™C and pCFCs in the zonal Southern Ocean (A10, I05W, 103, and P06), over the last three decades. The first, third, and
fifth rows show decadal tracer differences from 1990 to 2000s, the second, fourth and sixth rows show decadal tracer differences from 2000 to 2010s. The left column
shows the observed zonal-depth sections, and the right three columns show the zonally averaged depth profiles for observations, and models CESM2 and ECCOv4-TM.
Dashed black lines in the left column show potential density contours. Dashed blue lines and labels show where meridional sections intersect.

change in the south Pacific (P06) but there is a small area of A'™C increase observed for the South Atlantic (A9.5),
where enhanced A'“C begins to appear in NADW in the western part of the section. Negative tracer changes in
shallow waters get stronger for the 2000-2010s compared to the 1990-2000s for pCFC-11 and A'*C. Positive
AA'™C observed in waters deeper than 3,000 m along 103 and negative AA'*C observed in waters deeper than
3,000 m along P06 may result from the binning of sparse observations, or analytical offsets between different
observations (Figures 10c and 10g).

The CESM2 and ECCOv4-TM models generally capture the patterns of section-average tracer change (right
columns in Figure 10), however, they often underestimate the magnitude. In particular, positive AA'*C and
ApCFC in A10 and 103 from the 1990-2000s are stronger and have sharper maxima in the observations than in the
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Figure 11. Southern Ocean AA'C, ApCEC-11, and ApCFC-12 section averages for “AAIW” water for the 1990-2000s (left
column, 26.5 to 27 o, 40°S to 30°S) and for “SAMW” water mass for the 2000-2010s (right column, 24 to 26 ¢,, 50°S to
20°S). Zonal sections are shown on the right of the dashed line and meridional sections on the left. Error bars show the
standard deviation across the water mass. For full zonal sections see Figure 10 and for full meridional sections see Figure
S$20-S22 in Supporting Information S1.

models (Figures 10i and 10j). The negative AA'*C and ApCFC in shallower SAMW from the 2000-2010s are
stronger in the observations than the models in all three basins. To draw out this feature, Figure 11 shows the
average tracer changes in AAIW between the 1990-2000s and in SAMW for the 2000-2010s for all Southern
Ocean sections. A tendency for underestimated magnitude in tracer changes in the models is coherent across
multiple sections. The signal is less clear for AA'C in AAIW between the 1990-2000s, but those changes are
near zero. Underestimated magnitude of tracer changes in SAMW and AAIW in these periods may indicate that
the models are missing temporal variation in ventilation that may be driven by variation or trends in Southern
Hemisphere winds (Swart & Fyfe, 2012; Waugh et al., 2013, 2019). The ECCOv4-TM simulation uses fixed
circulation and while the CESM2 simulation does have varying circulation, it was run as a coupled model that
may have a different realization of natural variability, which has been shown to be a primary factor for decadal
tracer changes (Lester et al., 2020).
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Figure 12. Changes in observed and modeled A'™C and chlorofluorocarbons in the North Atlantic (A05, A22, A20, and A16N) over the last three decades. AA'C from
1990 to 2010s, note only differences across two decades are shown due to limited data (first row), ApCFC-11 from 1990 to 2000s (second row), ApCFC-11 from 2000 to
2010s (third row), ApCFC-12 from 1990 to 2000s (fourth row), ApCFC-12 from 2000 to 2010s (fifth row). The left four columns show observed zonal- or meridional-
depth sections, and the right four columns show the zonal- or meridionally averaged depth profiles for observations, and models CESM2 and ECCOv4-TM. Dashed
black lines show potential density contours. Dashed blue lines and labels show where other sections intersect.

3.3.2. Tracer Changes in the North Atlantic Ocean

In the North Atlantic, very few A'™C observations were made in the 2000s, so we show differences between the
1990 and 2010s only (Figure 12). Differences in pCFCs are shown for each decade, as before, since there are
sufficient pCFC data.

In shallow waters of the North Atlantic, AA'*C and ApCFC-11 are both negative from the 1990-2000s, while
ApCFC-12 is positive, as found elsewhere and in line with their atmospheric histories (Figure 12). In the 2000—
2010s, negative shallow ApCFC-11 is stronger than the previous decade and extends deeper into the water
column, while ApCFC-12 has changed sign from positive to negative due to the changing atmospheric history.

At depth, all three tracers illustrate the southward passage of tracer ventilated NADW in the western Atlantic (e.g.,
Smethie et al., 2000). This is evidenced by the strong ApCFC from the 1990-2000s in the west of A0S down to
4,000 m (Figures 12g and 12u) and in the westernmost meridional section A22. In sections A20 and A16 further to
the east, strong ApCFC at depth is only present in the northernmost parts. Some A'“C measurements were taken
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contours. Dashed blue lines and labels show where zonal sections intersect.

along A0S in 1992 but they are too sparse to represent large-scale changes so only A22, A20, and A16 are shown
for A'™C in Figure 12.

The sections A22, A20, and AO5 emphasize that bomb-A'*C and CFCs in NADW are being carried below
3,500 m in the western Atlantic, in contrast to the shallower, more concentrated core centered at ~2,000 m in the
models (Figures 121, 12m, 12r, 12s, 12z, 12A, 12F, and 12G). This shallow bias may have consequences for other
ocean basins, as demonstrated by the ocean-wide negative bias in A'*C in both models deeper than 3,000 m
(Figures 9a and 9b). In contrast, the depth that tracer changes go to zero in the eastern Atlantic (A16, ~3,000 m) is
well-captured by the models.

In shallower waters above 2,000 m, the models most often simulate ApCFC that is too positive, including shallow
waters down to 500 m in the western Atlantic from the 1990-2000s (A20 and A22, Figures 121, 12m, 12z, and
12A). This model bias is also hinted at in the western Atlantic AA'*C change between the 1990 and 2010s
(Figures 12d and 12e), but it disappears for ApCFCs from the 2000 to the 2010s. ApCFC between 500 and
3,000 m at A20 from the 2000-2010s and A16 from the 1990-2000s appears much more constant with depth in
the models than in the observations. Interestingly, at A16N, ApCFC-11 above 500 m is well-captured by the
models in both time periods while ApCFC-12 above 500 m is too low for 1990-2000s and too high for 2000—
2010s. One source of variability in ApCFC here that may not be captured by the models is the North Atlantic
Oscillation, which has been found to affect the uptake of anthropogenic carbon along A05 (Brown et al., 2010).

3.3.3. Tracer Changes in the North Pacific Ocean

Shallow ocean AA'*C observations in the North Pacific are consistent with other regions in both time periods,
with negative AA'*C between —20%o and —30%o per decade observed in shallow waters (Figures 13a and 13g).
Coherent A'*C increases are found in deeper layers (600—1,000 m) for the 1990-2000s, but not for the 2000—
2010s. Despite the strong positive model bias of A'C in the shallow North Pacific (Figure 8), the models
largely capture the decadal decrease in A'*C in the upper 500 m, although the models are slightly weaker than the
observations in the 2000-2010s (Figures 13d and 13j). However, only a few sections have repeat A'*C mea-
surements in the North Pacific and only the meridional P16 section has measurements in all three decades, which
restricts the analysis of decadal changes (Figure 5).

The ApCFC observations at P16 are generally consistent with other regions in both time periods (Figure 13),
except for the abrupt positive ApCFC-11 and zero ApCFC-12 observed in the upper 100 m from the 2000-2010s,
which could be a seasonal feature (also observed at P10 and P09, Figure S23 in Supporting Information S1). In the
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Figure 14. Changes in observed and modeled A 14C and chlorofluorocarbons in the meridional tropical Atlantic (A16), Pacific (P16), and Indian (I08S and I09N) oceans,
over the last three decades. The first, third, and fifth rows shows decadal tracer differences from 1990 to 2000s, the second, fourth, and sixth rows shows decadal tracer

differences from 2000 to 201

0Os. The left three columns show observed meridional-depth sections, and the right three columns show the meridionally averaged depth

profiles for observations, and models CESM2 and ECCOv4-TM. Dashed black lines show potential density contours. Dashed blue lines and labels show where

meridional sections intersect.

North Pacific the simulated pCFCs tend to be positively biased in the subpolar gyre, and negatively biased in
subtropical gyre (Figure 8), but the models capture the ApCFC well at P16 (Figure 13). As previously mentioned
in Section 2.1, CFCs were measured at numerous other transects in the North Pacific (e.g., PO1, P02, P09, P10,
P13, and P15), but those sections were excluded because they appear to show inconsistencies in at least one time
period (Figures S4 and S5 and Table S3 in Supporting Information S1).
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3.3.4. Tracer Changes in the Tropical Oceans

As expected by the strong thermocline in the tropics, the tracer changes are restricted to the top 1,500 m
(Figure 14). Increases in A'*C between the 1990 and 2000s and the 2000 and 2010s are apparent in all three basins
in the tropical lower thermocline, in contrast to higher latitudes where such increases were not observed between
the 2000 and 2010s. Profiles in the Indian Ocean from the 2000-2010s differ to the other two basins as there is a
region centered around 20°S where all three tracers decrease between the surface and 1,000 m (Figures 14i, 14u,
and 14G). The latitude of this feature corresponds approximately to the Indonesian throughflow and South
Equatorial Current, suggesting it may result from the transport of Pacific waters. Simulated average changes in the
tracers with depth are generally consistent with the models in the Atlantic and Pacific, but not in the Indian Ocean
where the changes between are too weak in the models, throughout the water column for CFCs, but only between
400 and 1,000 m for A"*C. The feature observed in the Indian Ocean could potentially relate to variability from
the Indian Ocean Dipole that is not captured in the models.

4. Discussion

Measurements of the major ocean tracers AMC, CFC-11, and CFC-12 over the past three decades show that we
have entered an era of large-scale decreases of all tracers over time in the ocean, consistent with their decline in
the atmosphere. There are now few regions in the ocean where A'*C is increasing, and the regions with increasing
CFC-11 and CFC-12 are similarly becoming restricted to smaller and deeper areas as their atmospheric declines
continue. These declines are motivating an increase in the measurement of SF¢ in the ocean, which continues to
grow in the atmosphere and therefore can largely replace CFCs in some applications (e.g., Tanhua et al., 2013).
However, A™“C, CFC-11, and CFC-12 measurements, used alone or in concert with other tracers, can continue to
be of great utility for model evaluation, study of ocean circulation (Toggweiler et al., 2019b) and detection of
ocean circulation variability (Pookkandy et al., 2023), as well as in applications estimating anthropogenic CO,
uptake (Graven et al., 2012).

Critical to the continued utility of these tracers, particularly as ocean tracer changes weaken in magnitude, is the
precision and comparability of measurements made at different points in time and by different laboratories. There
were numerous sections (summarized in Table S3 in Supporting Information S1) that we chose not to present
detailed analysis for CFCs due to questions about the data. Notably, along P02 and PO1 there appears to be offsets
in pCFC between different cruise legs in some cases. P13 showed unexpected patterns in decadal pCFC change
with depth that could possibly indicate evidence of CFC contamination during the 2001 cruise (Figure S5 in
Supporting Information S1). Similar extremes are not seen in A'“C, but in a few cases (P6, P10) there are some
unexpectedly large differences between decades in the deep ocean that point to potential measurement offsets, and
there are far fewer sections available for comparison. This indicates that data products such as GLODAP may
need more careful evaluation and/or adjustment before they are utilized in inversions or other data analysis.

The two state-of-the-art models we use here reveal a general pattern that negative tracer changes in the upper
ocean are often weaker in the models than the observations since the 1990s (Figures 10 and 12). This is true for
A'C and both pCFCs. This may relate to biases in model mean transport, but it could also be consistent with a
reduction in vertical transport and mixing due to ocean warming-induced stratification in the observations. Model
experiments varying the strength of upper ocean warming and stratification would be useful to test this hy-
pothesis. Other areas where model biases appear to be linked with ocean circulation changes are in the Southern
Ocean, consistent with other studies (Waugh et al., 2013). In the deep sea, model biases appear to relate to errors
in the mean circulation, such as the underestimate of deep ocean ventilation and A'*C (Figures 8 and 9), the depth
that NADW extends to (Figures 9 and 12), and the upwelling in the Indian Ocean and North Pacific Ocean
(Figures 8 and 9).

Comparing our model-data evaluation to that from Toggweiler et al. (2019b), we find a broad agreement in most
of the surface A'*C bias patterns they identify. CESM2 and ECCOv4-TM seem to better capture the pre-bomb
upwelling A'*C patterns on the west coast of the Americas and Africa then the models in Toggweiler
et al. (2019b), but show similar depleted surface A'*C in subsequent decades, which would be consistent with the
upwelled water not having been ventilated with enough A'*C as suggested by Toggweiler et al. (2019b). We also
see a negative bias in A'*C increasing to the west of the Pacific, which could be consistent with the too-weak
spreading of upwelled SAMW/AAIW origin waters proposed in Toggweiler et al. (2019b).

LESTER ET AL.

19 of 24

85US017 SUOLLLLIOD SAERID 3ol dde 8y} Aq paueA0b B8 Sap 1R YO 188N J0 S3INI 104 ARG BUIIUO AB|IA UO (SUOIPUOD-PUR-SWUISY WD A8 | M ARe1q 1 pUIIUO//SARY) SUORIPUOD PUe SWid | 84} 885 *[7202/20/TT] uo A%eiqiauliuo Ao|IM ‘821 Ad £8E02000€202/620T OT/10p/w00" A3 1M Al jeuljuo'sgndnBey/sdny wody pepeojumoq ‘. ‘202 ‘1626691



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20231C020387

The importance of continuing to measure these tracers in the ocean is demonstrated by many other studies.
Khatiwala et al. (2018) showed how the oceanic radiocarbon distribution is projected to completely reverse over
this century. However, simulated future A'*C changes are moderated by simulated future changes in the Atlantic
Meridional Overturning Circulation (Khatiwala et al., 2018), which A'*C and CFC data may help to detect. Since
air-sea '“C fluxes are a strong influence on A'“C gradients in atmospheric CO,, oceanic data are needed for
studies of atmospheric A'*C that, for example, aim to quantify fossil fuel emissions (Basu et al., 2020). As noted
by Eglinton et al. (2023), there is a need for sustaining and building up observation networks for A'*C mea-
surement across carbon reservoirs to understand the global carbon cycle. In addition, predicted future outgassing
of CFCs will influence CFC lifetimes and stratospheric ozone, as well as detection of illegal CFC emissions
(Wang et al., 2021).

There is an acute absence of tracer data in certain locations. Data are not available to monitor the re-emergence of
SAMW in the upwelling regions in North and South America proposed in Toggweiler et al. (2019a, 2019b),
which may reframe the oceanic outflows between basins. Fine upwelling structures revealed by the dense surface
data during the WOCE era remain obscure voids in the more recent decades. While the dense sampling under-
taken during the 1990s continue to stand as a benchmark against which models need to perform, continued
measurements are needed to investigate the complex puzzle of natural and anthropogenic ocean circulation
changes.

The two models we present in this study do not allow for the study of circulation change responses in CFCs and
A'¥C. However, recent work by Pookkandy et al. (2023) using the NEMO ocean model in A'*C simulations with
fixed or variable climate forcing found that circulation changes resulted in A'*C signals that were larger than the
typical A'"*C measurement uncertainty, indicating that A'*C data should be applied in studies of circulation
changes. So far, tracer data-driven studies of circulation change have focused on CFCs and SF (e.g., Cimoli et al.,
2023; Fine et al., 2017; Mecking et al., 2006; Tanhua et al., 2013; Waugh et al., 2013), where CFCs will continue
to be useful in coming decades.

The overview of three decades of tracer data we show here represents a vast collaborative effort by seagoing and
laboratory scientists, supported by many countries and programs. We hope that by presenting the data together
here we help to inspire more studies on these existing data, as well as continued investment in future measure-
ments that will tell the continuing story of these tracers in the sea, as they make their way into the ocean interior
and respond to changes in ocean circulation.

5. Conclusions

We present a global overview of ocean radiocarbon and CFC measurements conducted over the last three decades,
and compare these observations to two ocean circulation models. The observations show that average surface
ocean A'C continues to decrease from the 2000-2010s at an average of 20%o per decade in response to
decreasing atmospheric A'“C, shallow-to-deep mixing, and the efflux of "*C. Bomb '*C that initially accumulated
in the shallow ocean continues to disperse, with a corresponding reduction in extent and magnitude of A'*C
increase at depth. Recent trends in upper ocean A'*C, pCFC-11, and pCFC-12 are negative, reflecting their
decreasing atmospheric trends, with the onset of the negative trend beginning later for pCFC-12.

Ocean models largely capture the observed patterns in tracer distribution and tracer changes but show biases in
some areas, and the tracer changes observed hint at significant decadal variations in some areas that are not
captured by either the fixed circulation (ECCOv4-TM) or coupled (CESM2) models. In addition, the model-data
comparisons indicate a too-shallow depth of the NADW in the western North Atlantic in both models and un-
derestimates of the magnitude of tracer changes in Antarctic Intermediate Water from the 1990 to the 2000s and in
Subantarctic Mode Water from the 2000 to the 2010s. In general, the models underestimate the decreasing trends
in all the tracers in the shallow ocean, while simulating increases in A'C at depth that are only detected in the
observations in a few places. These biases may indicate signals of stratification in the tracer observations, or
biases in the model transport.

Detection of tracer changes, particularly for A'*C, are limited by data availability and measurement precision and
comparability. For example, sub-surface decadal changes in A'*C in the North Atlantic cannot be characterized
because no measurements were conducted there in the 2000s. For some sections, implied tracer changes indicate
issues with measurement comparability. As the radiocarbon and CFC tracers will continue to evolve in the ocean
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as the atmospheric composition changes, our study highlights the need for sustained investment in and careful
curation of A'*C and CFC measurements to ensure the continued utility of these tracers to ocean science. Our
results also reiterate the importance of simulating radiocarbon in ocean and climate models. While radiocarbon
has long been recognized as a powerful constraint on large scale ocean circulation (e.g., Matsumoto et al., 2004),
natural '*C is computationally expensive to simulate. Thus, only a very small handful of CMIP6 models included
it in their runs. Recently developed approaches to accelerate such simulations (Khatiwala, 2023) may encourage
more modeling groups to simulate radiocarbon in future CMIP exercises.
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