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Abstract. The Southern Ocean plays a key role in regu-
lating global climate and acting as a carbon sink. This re-
gion, defined as south of 35°S, is accountable for 40 % of
all oceanic anthropogenic CO, uptake and 75 % of ocean
heat uptake between 1861 and 2005. However, the strength
of the Southern Ocean sink (air—sea CO, flux) is variable —
weakening in the 1990s and strengthening again in the 2000s.
Typical methods of constraining the flux must grapple with
two opposing forces: outgassing of natural CO;, and uptake
of anthropogenic CO,. Reconstructions of atmospheric ra-
diocarbon (A!*CO,) from Southern Hemisphere tree rings
may be a viable method of observing the one-way out-
gassing flux of natural CO,, driven by Southern Ocean up-
welling. Here we present 280 tree-ring A'*C measurements
from 13 sites in Chile and Aotearoa/New Zealand from
1980 to 2017. These measurements dramatically expand
the dataset of Southern Hemisphere atmospheric A!#CO,
records. We use these records to analyze latitudinal gradi-
ents in reconstructed atmospheric A'#CO, across the South-
ern Ocean. Tree rings from Aotearoa/New Zealand’s Motu
Thupuku / Campbell Island (52.5° S, 169.1° E) show A!4CO,
was on average 3.1 +3.3 %o lower than atmospheric back-
ground, driving a latitudinal gradient among Aotearoa/New
Zealand sites between 41.1 and 52.5°S, whereas samples
from similar latitudes in Chile do not exhibit such a strong
gradient. We demonstrate that the gradient is driven by the
combination of CO, outgassing from the Antarctic Southern
Zone (ASZ) and atmospheric transport to the sampling sites.

1 Introduction

The Southern Ocean (here defined as the ocean region south
of 35°S) plays a critical role in Earth’s climate and the bal-
ance of carbon between the ocean and the atmosphere (An-
derson et al., 2009; Gruber et al., 2009; Hauck et al., 2023).
The region accounts for 40 % of all oceanic anthropogenic
CO» uptake and 75 % of ocean heat uptake from 1861 to
2005 (Frolicher et al., 2015; Gruber et al., 2019; Mikaloff
Fletcher et al., 2006).

The Pacific Ocean, Atlantic Ocean, and Indian Ocean
all transport carbon-rich deep waters southward, which up-
well in the Southern Ocean, reach the surface south of the
Antarctic convergence (Talley, 2013), and serve as important
controls on pre-industrial atmospheric CO, (Marinov et al.,
2006). As atmospheric CO, mole fractions have increased
through the industrial era, these waters are now a net sink for
CO; (Gruber et al., 2019).

The Southern Ocean carbon exchange is a balance be-
tween two opposing forces: the release of natural carbon to
the atmosphere and the uptake of anthropogenic CO; into
the ocean (Gruber et al., 2019). The balance between these
processes determines the net Southern Ocean carbon flux
(Gruber et al., 2009). Observational methods have used at-
mospheric CO, mole fraction or oceanic CO, partial pres-
sures (pCO,) to infer the net flux rate, typically in combi-
nation with atmospheric and/or ocean modeling. These ob-
servational methods of measuring Southern Ocean air—sea
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CO; flux must grapple with estimating a small difference
between these two opposing forces. Additional challenges
are posed by temporal and spatial variability in the air—sea
CO; flux (DeVries et al., 2017; Fay et al., 2014; Gruber
etal., 2019, 2023; Landschutzer et al., 2015; Takahashi et al.,
2012) and seasonal bias toward sampling in spring and sum-
mer (Gray et al., 2018; Gruber et al., 2019; Sallée et al.,
2010). These factors have led to a wide range of Southern
Ocean sink strength estimates from various methods includ-
ing ground-based atmospheric measurement, ship-based hy-
drography, biogeochemical floats, aircraft-based flux mea-
surements, biogeochemical modeling, and inverse model-
ing (DeVries, 2014; Fong and Dickson, 2019; Gray et al.,
2018; Gruber et al., 2019; Le Quéré et al., 2007; Long et al.,
2021; Mikaloff Fletcher et al., 2006; Nevison et al., 2016;
Sarmiento et al., 2023).

Radiocarbon analysis is a powerful tool for informing the
controls on atmospheric CO; and may provide a new lens
through which to observe Southern Ocean flux (Levin et al.,
2010; Graven et al., 2012). From the 1950s until the 1980s,
the radiocarbon “bomb spike” caused isofluxes from the bio-
sphere, ocean, and atmosphere to be in severe disequilib-
rium (Randerson et al., 2002; Turnbull et al., 2017; Levin
et al., 2010). However, after decades of equilibration since
the 1980s, the bomb spike is no longer the dominant driver of
atmospheric radiocarbon-in-CO; (A'#CO,) variability, and
the Northern Hemisphere A'#*CO, spatial patterns are pri-
marily driven by fossil fuel emissions, while the Southern
Hemisphere signature is driven by ocean exchange (Levin
etal., 2010; Naegler and Levin, 2009; Randerson et al., 2002;
Turnbull et al., 2009).

The ocean exchange that drives atmospheric A'*CO; is
the same that determines net Southern Ocean sink strength:
outgassing of natural CO; versus anthropogenic CO, uptake.
The waters transported to the Southern Ocean surface via
the global thermohaline circulation have distinct properties —
they are oxygen poor, macronutrient and carbon rich, and old
(Gray et al., 2018; Le Quéré et al., 2007; Lovenduski et al.,
2008; McNichol et al., 2022; Talley, 2013). Outgassing of
CO; from these old waters imparts a distinctly low radio-
carbon signature (A4C) on the atmosphere, in particular in
the Indo—Pacific Sector (Prend et al., 2022). As the atmo-
sphere has been saturated with elevated levels of bomb l4c,
outgassing is measurable as a one-way flux via depletion of
atmospheric '*C. Long-term high-precision A!#CO; records
have detected such upwelling signals (Graven et al., 2012;
Levin et al., 2010). However, observation sites are limited,
and many records are short or include gaps (Graven et al.,
2007; Hua et al., 2021).

Here we propose that Southern Hemisphere tree-ring re-
constructions of atmospheric A'*CO, may be used to fill in
these gaps and expand the available dataset. Tree rings are
considered the “gold-standard” for recording changes in at-
mospheric '“C over long timescales (Southon et al., 2016).
Tree rings are used for calibration to calendar dates via the
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“cross dating” of rings (Leavitt and Bannister, 2009; Reimer
et al., 2009, 2013; Southon et al., 2016; Stuiver and Quay,
1981) and can be used for recent carbon cycle studies via the
use of the bomb spike (Ancapichun et al., 2021; Hua et al.,
2013, 2021; Turnbull et al., 2017). Users must be aware of
some pitfalls of this powerful method (Leavitt and Bannister,
2009; Southon et al., 2016) including potential interlabora-
tory offsets, missing or false rings (Hua et al., 2021; Turnbull
etal., 2017), growing-season uncertainty, or incorporation of
carbon from previous or following growth years. We address
these concerns in our methodology.

In this paper, we present a time series of 280 tree-
ring A'%C measurements from 13 sites in Chile and
Aotearoa/New Zealand from 1980-2017. We compare
these new tree-ring A'*C measurements and two tree-ring
records from Turnbull et al. (2017) to a smoothed long-
term record of Southern Hemisphere atmospheric A!4C
from Orua Pouanui/ Baring Head and Kennaook / Cape Grim
(Levin et al., 2010; Turnbull et al., 2017), calculating
AACO,. We find that tree-ring AAMCO, measurements
from Aotearoa/New Zealand sites have a strong relationship
with latitude (lower AA#CO, found further south). Atmo-
spheric back-trajectory modeling is used to estimate origins
of air masses arriving at each tree-ring site. We link air-mass
origins with GLODAP surface ocean DIC A'#C measure-
ments and polar frontal zone spatial extents. We find that low
AA”COz at our southernmost Aotearoa/New Zealand site
(Motu Thupuku/ Campbell Island) is driven by air originating
in the Indian Sector of the Antarctic Southern Zone, which
exhibits near-year-round outgassing (Gray et al., 2018), with
lower surface ocean DIC A!4C than the Pacific Sector. This
work focuses on establishing the method of using Southern
Hemisphere tree-ring A'*CO, measurements as a proxy for
Southern Ocean upwelling and does not focus on temporal
trends, which will be addressed in a following work.

2 Methods

2.1 Tree-ring sampling, measurement, and ring count
validation

Tree-ring sampling in Aotearoa/New Zealand and Chile
was conducted during field campaigns in 2016 and 2017.
The west coasts of Chile, Aotearoa/New Zealand, and
Aotearoa/New Zealand’s subantarctic islands were selected
because of the predominant westerly airflow which has
oceanic influence and minimal terrestrial biospheric or an-
thropogenic influence (Fig. 2a and b, Table 1).

Traditional dendrochronology requires multiple trees
within a stand of forest for reliable chronologies from an-
nual growth rings. In this work, trees within stands were de-
liberately avoided in exchange for isolated specimens, often
a few meters from the coast or on cliff tops directly sam-
pling ocean air, to avoid the potential for reassimilation of
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Table 1. Tabulation of site names, latitude and longitudes, species, and ring codes of trees that were selected and of cores that were used in
the final work. The asterisk indicates that tree cores from Orua Pouanui/ Baring Head and Okiwi/ Eastbourne sites were previously published

in Turnbull et al. (2017).

Country Site Latitude Longitude Species Ring code
“S) W)
Chile Bahia San Pedro 40.9 73.9 Podocarpus nubigenus (mafiio BSP-T1-C2
macho)
Chile Bahia San Pedro 40.9 73.9 Nothofagus betuloides (coigue) BSP-T2-C1
Chile Tortel River 47.8 73.6 Nothofagus betuloides (coigue) ~ TOR-T6-C1
Chile Tortel Island 47.8 73.6 Nothofagus betuloides (coigue) ~ TOR-T4-C1
Chile Seno Skyring 52.5 72.1 Nothofagus betuloides (coigue) SKY-T3-C1/SKY-T4-C2
Chile Monte Tarn 53.7 71.0 Pilgerodendron uviferum TAR-T3-C1
Chile Monte Tarn 53.7 71.0 Nothofagus betuloides (coigue) ~ TAR-T6-C2
Chile Puerto Navarino, 54.9 68.3 Nothofagus betuloides (coigue) ~ PNV-T1-Cl
Isla Navarino
Chile Baja Rosales, 54.9 67.4 Nothofagus betuloides (coigue) ~ ROS-T1-C1/ROS-T4-C1
Isla Navarino
Country Site Latitude (°S) Longitude (°E)  Species Ring code
Aotearoa/New Zealand  Orua 41.1 174.1 Pinus radiata BHD-T1-C1/BHD-T1-C3*
Pouanui/Baring
Head
Aotearoa/New Zealand  Okiwi/Eastbourne  41.3 174.1 Agathis australis (kauri) NIK19-T1-C2/NIK23-T1-C2*
Aotearoa/New Zealand  Haast Beach 43.9 169.0 Pinus radiata HAB-T1-C1/HAB-T1-C2
Aotearoa/New Zealand Te Whanga Koreti 46.4 168.2 Pinus radiata ORT-T2-C1/ORT-T2-C2
Hau Tonga/Oreti
Beach
Aotearoa/New Zealand Motu 52.5 169.2 Picea sitchensus (sitka spruce) WLT-T2-C2/WLT-T3-C3
Thupuku / Campbell
Island

respired CO, within the canopy. Trees were selected based
on location close to the coast with minimal local land in-
fluences, feasibility of sampling (clear access to trunks and
stable ground), clear and consistent rings, and consistency of
species across multiple sites.

In short, cores were taken using a 4.3 mm increment corer
(Haglof Sweden), removed from the corer, and stored in
straws to avoid damage during moving or storage. Tree cores
were brought back to the Rafter Radiocarbon Laboratory
(RRL) for sample workup and measurement. Cores were
mounted onto aluminum-foil-coated cardboard with rubber
bands, avoiding the glue traditionally used in dendrochronol-
ogy. Only cores with clearly defined rings and unambigu-
ous ring counts were considered for further analysis. These
cores were sliced into single rings. All cores were sliced by
a single person to ensure that any human bias in determining
ring boundaries is consistent across all cores sampled in this
study.

Sampled rings were then sliced longitudinally into thin
“matchsticks” using a scalpel blade. They were then solvent-
washed prior to cellulose extraction using hot acidified
NaClO,, followed by sodium hydroxide washes under a ni-
trogen atmosphere and a final acid wash (Norris, 2015; Cor-
ran, 2021). It has been demonstrated that this technique is
sufficient to remove non-cellulosic material, whereas less
rigorous techniques are not (Hua et al., 1999; Norris, 2015).
Samples were combusted by elemental analyzer or sealed
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tube combustion (Baisden and Canessa, 2013), IRMS §!3C
measurements were made on a subsampled aliquot of the
resultant CO, gas, and the remaining CO, was graphitized
(Turnbull et al., 2015) prior to 14C measurements made on
our XCAMS system (Zondervan et al., 2015). Standardiza-
tion is via Ox-I (Stuiver and Polach, 1977).

Results are reported as AlC (Stuiver and Polach 1977),
corrected for decay according to the estimated middle date of
each ring growth period. In the Southern Hemisphere, where
the growth period spans 2 calendar years, dendrochronolo-
gists assign the ring year as the year that growth started, but
the average age of the ring is estimated as 1 January of the
following year for the purposes of radiocarbon decay correc-
tion. Uncertainties are determined from XCAMS counting
statistics and the repeatability of replicate measurements of
the tree-ring samples. The typical uncertainty is 2 %o.

Ring counts must be validated to ensure proper chronolo-
gies and accurate interpretation of results; this is particularly
important since the expected latitudinal gradients are of simi-
lar magnitude to the annual A'*CO, trend. We primarily val-
idated ring counts by A'#C bomb spike matching: the rapid
changes in A'*C during the bomb spike are so much larger
than the spatial variability, making a ring count error of a sin-
gle year immediately apparent (Andreu-Hayles et al., 2015).
Miscounted rings were easily identified by comparing mea-
sured A'*C to the Orua Pouanui/Baring Head record (ex-
amples found in the Supplement). When a ring miscount was
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identified by this method, we discarded that core from further
analysis. When we were unable to obtain tree cores from a
given site that were long enough to include the bomb spike,
ring counts were validated through duplicate sampling and
cross-referencing of A'*C measurements. Further informa-
tion regarding ring count validation can be found in the Sup-
plement. Cores from two sites (Orua Pouanui/Baring Head
and Okiwi/Eastbourne) used in this work have been previ-
ously published (Turnbull et al., 2017).

2.2 Development of background reference

To put the tree-ring measurements into context, they are
analyzed relative to Southern Hemisphere atmospheric
background A'#CO, from long-term measurements at
Orua Pouanui/ Baring Head, Aotearoa/New Zealand (GN-
S/NIWA) (Turnbull et al., 2017), and Kennaook / Cape Grim,
Lutruwita/Tasmania (University of Heidelberg) (Levin
et al., 2010), each described below. While modeling studies
show lower A'#C values over the Southern Ocean attributed
to the upwelling of old, '“C-depleted waters (Graven et al.,
2012; Levin et al., 2010), the Orua Pouanui/Baring Head
and Kennaook / Cape Grim records from 41° S are not signifi-
cantly influenced by the Southern Ocean signal (Levin et al.,
2010), making them an appropriate anchor point. They are
also the most complete and detailed in the Southern Hemi-
sphere, making them a reliable reference.

The Orua Pouanui/Baring Head/Te Whanganui-a-
Tara/Wellington record is the longest-running A'#CO,
dataset in the world and the only direct Southern Hemi-
sphere atmospheric record to capture the *C “bomb spike”.
Beginning in 1954, this record has seen changes in methods
and sampling sites over the years, discussed in detail in
Turnbull et al. (2017). There is additional noise in the record
starting from 1995, when RRL switched methods of Al4C
measurement from gas counting to AMS. In 2005, online
13C measurement allowed for appropriate fractionation
correction and reduction in this noise (Turnbull et al., 2017,
Zondervan et al., 2015). Data in the period between 2009
and 2012 are also significantly offset from the time series,
which is thought to be due to changes in NaOH absorption
sampling techniques during this period. These two periods
(1995-2005 and 2009-2012) are therefore removed from the
Te Whanganui-a-Tara/ Wellington Record (Fig. 1b).

The University of Heidelberg Institute of Environmental
Physics operates a network of time series stations measur-
ing A'*CO, samples using the NaOH absorption method
(Levin et al, 2010) and analyzed via decay counting
(Kromer and Munnich, 1992). The Kennaook/Cape Grim,
Lutruwita/ Tasmania, station (CGO; 40.68°S, 144.68°E;
Levin et al., 2010, 2022; Levin and Hammer, 2022) is at
a similar latitude to Te Whanganui-a-Tara/Wellington and
has data available between 1987 and 2018, overlapping the
Orua Pouanui / Baring Head record from 1987-2016 (Fig. 1a
and b).
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The two time series from Orua Pouanui/ Baring Head and
Kennaook / Cape Grim are combined to fill gaps that exist
in both records. Two issues that arise are (1) site—site off-
sets and (2) A'*C measurement offsets. Justifications for the
merging of two datasets from different sites are (1) Ken-
naook/Cape Grim and Te Whanganui-a-Tara/ Wellington
observe air masses of similar origin (Ziehn et al., 2014),
and (2) a 2-year site—site intercomparison in which air sam-
ples collected from Orua Pouanui/Baring Head and Ken-
naook /Cape Grim were both processed and measured at
NIWA/GNS found no measurable difference between the
sites (Fig. 1c). Comparability between A'#C measurements
at RRL and those from the University of Heidelberg is
within goals re-established by the WMO and GGMT in 2020
(0.5 %o0) (Crotwell et al., 2020). The merged dataset will sub-
sequently be referred to as the “Southern Hemisphere Back-
ground” or the SHB.

2.3 Interfacing samples with reference datasets

The merged SHB contains discrete temporal values (sam-
pling dates/times), representing the date a whole-air flask
sample was collected or the median sampling date for pas-
sive NaOH absorption. The tree-ring A'#CO, data have time
values set to 1 January (summer) of the growth year. In order
to estimate the difference between the tree-ring A'*CO, and
the SHB, the time axis of both datasets must be matched.
We use the NOAA Global Monitoring Laboratory’s
CCGCRYV curve-fitting method (Thoning et al., 1989) to in-
terpolate and smooth the SHB for comparison with the tree-
ring A'*CO,, using a fast Fourier transform filter cutoff of
667d. The goal is to reduce the noise associated with the
relatively large uncertainties on individual A'*C measure-
ments, which can result in a single outlier A*C measure-
ment in the SHB record aliasing into a deviation in AA#C
in all the other records. Uncertainties on the smoothed, in-
terpolated data are obtained using a Monte Carlo scheme
run to 10000 iterations as in Turnbull et al. (2017) and Hua
et al. (2021). More information about this scheme can be
found in the Supplement. The mean of the SHB smoothed
data for October to March is used for comparison with the
tree-ring A'#CO,. Taking the difference between tree-ring
A'#CO; and the “trended” SHB yields AA'*CO, (Eq. 1).

AACO; = AMCO_Treering — A*CO2_sup (D
2.4 Sampled time period

While the tree-ring records in some cases extend back
to <1950 and we measured some tree rings from the ini-
tial bomb spike to validate the ring counts, this study fo-
cuses on the “post-bomb period” from 1980 to 2017 (Turn-
bull et al., 2016). After the thermonuclear weapons testing
created the radiocarbon “bomb spike”, isofluxes (differences
between reservoir and atmosphere) from the terrestrial bio-
sphere and the ocean to the atmosphere were strongly neg-
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Figure 1. (a) Locations of Southern Hemisphere atmospheric background records — Kennaook/Cape Grim, Lutruwita/Tasmania, and
Orua Pouanui/Baring Head, Te Whanganui-a-Tara/Wellington, Aotearoa/New Zealand. (b) Atmospheric ACO, measured at Orua
Pouanui/Baring Head and Kennaook/Cape Grim post-1980. Certain periods of data have been removed; see Methods. (¢) Comparison
of A14C02 measured at the two sites by the same laboratory to identify potential spatially driven offsets in atmospheric background. None

were found.

ative, as the systems were in severe disequilibrium (Levin
et al., 2010; Naegler and Levin, 2009; Randerson et al., 2002;
Turnbull et al., 2016). We select our samples post-1980 when
equilibrium was closer to being established, the sign in bio-
sphere isoflux had changed to positive, and the fossil fuel and
ocean signals became the dominant drivers of A'*C spatial
variability (Levin et al., 2010; Naegler and Levin, 2009; Ran-
derson et al., 2002; Turnbull et al., 2016). Biosphere respira-
tion of bomb #C now has higher A'#C than the atmosphere,
while the oceans still have a A*C lower than the atmo-
sphere, with the possible exception of some tropical regions
(Graven et al., 2012). Fossil fuels always have strongly neg-
ative isofluxes, essentially diluting atmospheric '*C (Suess
1955; Turnbull et al., 2016); however, in this Southern Hemi-
sphere study, we aim to avoid local fossil fuel contribution.

2.5 Atmospheric back trajectories

We use the NOAA HYSPLIT air parcel trajectory model to
estimate the source regions of air parcels arriving at each
sampling site. We determined mean back trajectories by run-
ning HYSPLIT in the backwards mode with starting trajec-
tories once every 2 d for the 3 months through the height of
the growing season, running backwards in time for 6 d (De-
cember, January, February) for selected years during which
meteorological data were available. The years 2005-2006,
20102011, 2015-2016, and 2020-2021 were selected. For
each site, 185 trajectories were produced. This number of tra-
jectories was selected to give a reasonable representation of
the air-mass origins over the full time period, while balancing
the computational effort required. Results are presented as a
heat map showing the distribution of points over the trajec-
tories. HYSPLIT was run via the Python PySPLIT package
(Warner, 2018).
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Air-mass back-trajectory results are analyzed in context
to previously constrained Southern Ocean fronts and zones.
We use the subtropical front (STF), subantarctic front (SAF),
polar front (PF), and southern boundary (SB) from Orsi
et al. (1995) as well as the climatological PF from Freeman
and Lovenduski (2016). Climatological fronts from these
works were chosen because of their data availability and
overlap with the time span of our tree-ring measurements
(1980-2017). Orsi et al. (1995) constrain the STF, SAF, PF,
and SB using all available data up to 1990, while Freeman
and Lovenduski (2016) PF climatology uses data from 2002
to 2014. Southern Ocean zones are defined as the region
between the fronts, similar to Gray et al. (2018): the sub-
tropical zone (STZ), subantarctic zone (SAZ), polar frontal
zone (PFZ), Antarctic Southern Zone (ASZ), and Seasonal
Ice Zone (SI1Z) (see Fig. 4). Because our analysis overlaps
with the time spans of Orsi et al. (1995) and Freeman and
Lovenduski (2016) climatologies, we analyzed HYSPLIT
back-trajectory results and GLODAP data (see Sect. 2.5) us-
ing both PF positions and reported the mean. Changes to the
PF position, in our analysis, affect only the PFZ and ASZ
results as the remaining fronts are held constant from Orsi
et al. (1995).

2.6 GLODAP Ocean 14C data

The GLODAP Merged and Adjusted Data Product v2.2023
is used to add context to the discussion of our results (Key
et al., 2004; Lauvset et al., 2023; Olsen et al., 2016). The
data were filtered for existing radiocarbon measurements of
ocean-dissolved inorganic carbon (“G2c14”) south of 5°8,
shallower than 100 m, and post-1980 to match our tree-ring
temporal span. Frontal zones from Orsi et al. (1995) were
interpolated to distinct longitude values of samples in the
dataset, to allow comparison of the sample latitude to front

Biogeosciences, 22, 4187-4201, 2025
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latitudes. Then, each measurement was “binned” in one of
the Southern Ocean frontal zones (and ocean sectors), based
on sample latitudes/longitudes. Further details on interpola-
tion are included in the Supplement. The Pacific Sector is
defined as between 120° E and 70° W, and the Indian Sector
is between 21 and 120° E. The mean and standard deviations
for nitrate and A!*C, by ocean sector (and total ocean), for
each polar frontal zone are shown in Fig. 6¢ and d and tabu-
lated in the Supplement.

3 Results and discussion

The A*CO; measurements from each site are overlaid with
the SHB (Fig. 2c and d) to show an overview of the data.
All records reflect the general long-term pattern of decreas-
ing A'¥CO, that is observed in the SHB record and glob-
ally. Small deviations from the SHB record become apparent
when AA'CO, is calculated for each site (Fig. 2e and f).
The inset histogram shows the distribution of all data from
the Aotearoa/New Zealand or Chilean Sector. The most
prominent feature of Fig. 2e and f is the year-to-year variabil-
ity at all locations, likely driven by a combination of interan-
nual variability in oceanic *C fluxes, atmospheric transport,
and tree growth periods. This paper intends to evaluate lati-
tudinal gradients only. Temporal trends will be discussed fur-
ther in a forthcoming paper. Raw A!4CO, data (Fig. 2e and f)
are not temporally de-trended before means are taken (data
in Fig. 3).

3.1 Comparison with other Southern Hemisphere
atmospheric A%C records

The measurements presented here expand the Southern
Hemisphere records of atmospheric A*C previously de-
scribed in Levin et al. (2010) and Hua et al. (2021). We
briefly compare these new data to existing Southern Hemi-
sphere A!*C datasets at Kennaook /Cape Grim (Australia)
(Levin et al., 2010), Motu Thupuku/Campbell Island (Man-
ning et al., 1990; Turney et al., 2018), Macquarie Island
(Levin et al., 2010), and Neumayer Station (Levin et al.,
2010).

In Turnbull et al. (2017), the authors publish Orua
Pouanui/Baring Head and Okiwi/Eastbourne tree-ring
A'™C measurements and provide a rigorous compari-
son to show that the Te Whanganui-a-Tara/Wellington
A'CO, record agrees well with atmospheric measure-
ments from Kennaook/Cape Grim, Australia (Levin et al.,
2010, 2022). An additional 2-year site—site intercomparison
provides confidence that Kennaook/Cape Grim and Orua
Pouanui/Baring Head are not different (Fig. 1c).

Manning et al. (1990) and Turney et al. (2018) re-
port atmospheric and tree-ring measurements from Motu
Thupuku/Campbell Island, respectively. The atmospheric
record from Manning et al. (1990) extends from 1970-1977
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and does not overlap with our tree-ring measurements, ruling
out a direct comparison with our Motu Thupuku/Campbell
Island tree rings. Turney et al. (2018) include tree-ring
measurements from the same Sitka spruce tree, but the
record only extends to 1967, disallowing a direct com-
parison. The Dracophyllum records extend from 1952 to
2011, overlapping well with our record. When the Turney
et al. (2018) Dracophyllum records are analyzed accord-
ing to our workflow, we find there is a robust difference
(p <0.05) between them and the Motu Thupuku/Campbell
Island record presented in this work (see Supplement), with
Turney et al. (2018) offset higher. Fossil fuel CO, would
drive A'#CO, lower, but this is highly unlikely due to
the absence of fossil influence in the region (Levin et al.,
2010) and the uninhabited nature of the island. Biospheric
contamination leading to a relative increase in the Turney
et al. (2018) data is similarly unlikely due to sustained high
westerly winds. We think the most likely explanation is an
interlaboratory offset. However, an important consideration
is that the records and results we show were all sampled,
processed, and measured identically, meaning results from
Motu Thupuku/Campbell Island are best viewed relative to
other sites from this work. Additionally, low values at Motu
Thupuku /Campbell Island can be validated by matching the
Macquarie Island record (see below), where interlaboratory
offsets between the two institutions have been investigated
and none found (see Orua Pouanui / Baring Head versus Ken-
naook / Cape Grim, above, and Hammer et al., 2017).

It is instructive to compare Motu Thupuku/Campbell Is-
land (52.5°8S, 169.2°E) to the nearby Macquarie Island at-
mospheric record (54.6°S, 158.9°E) from 1992 to 2004
(Levin et al., 2010). Figure 4 shows direct comparisons of
the sites’ A*CO, and A A'*CO,. The latter shows when the
Macquarie Island record is analyzed in our workflow. The
Macquarie Island atmospheric record is —2.6 % 3.2 %o lower
than the background, similar to Motu Thupuku/Campbell
Island AA'C. The independent ¢ test also shows the
datasets are not different (p =0.3). This specific compar-
ison provides confidence that the result we find at Motu
Thupuku/Campbell Island is robust. Macquarie Island is
previously the only record at this latitudinal band to cap-
ture low A!*C over the Southern Ocean. The new Motu
Thupuku / Campbell Island record not only supports the orig-
inal Macquarie Island record but also extends back to 1980
and forward to 2017.

Levin et al. (2010) found that Macquarie Island and Neu-
mayer Station atmospheric records (70.4° S, 8.2° E) are both
influenced by Southern Ocean outgassing. Comparing Neu-
mayer Station and Motu Thupuku/Campbell Island shows
there is no robust difference between the sites (p =0.5).

3.2 Aotearoa/New Zealand tree-ring A14C

The mean and 1 standard deviation of AA4CO, for each
site over the record are shown in Fig. 3. The colors and sym-
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Figure 2. Panels (a) and (b) show the sampling sites in Chile and Aotearoa/New Zealand. The numbers refer to stations as follows: (1) Bahia
San Pedro, (2) Tortel River and Tortel Island, (3) Seno Skyring, (4) Monte Tarn, Punta Arenas, (5) Puerto Navarino and Baja Rosales,
Isla Navarino, (6) Orua Pouanui/Baring Head and Okiwi/Eastbourne, (7) Haast Beach, (8) Te Whanga Koreti Hau Tonga/ Oreti Beach,
and (9) Motu Thupuku/Campbell Island. Panels (c¢) and (d) show the measured A14C02 values overlaid onto the Southern Hemisphere
background and smoothed with the CCGCRV algorithm. Panels (e) and (f) show the difference between the tree-ring A14C02 and the
Southern Hemisphere Background (AAMCOy). Inset histograms reflect all data from respective continents binned into 10 equal bins.

bols correspond to Fig. 2. The three sites at or near Orua
Pouanui/Baring Head (the origin of the background record)
(Fig. 3b) are close, but not identical, to the SHB. Tree rings
incorporate air over a months-long growing season regard-
less of wind direction, while individual measurements used
for the SHB are either a temporal snapshot (air flask sample)
or a 2-week integration (NaOH absorption). This difference
is a likely driver of such variability.

All Aotearoa/New Zealand sites’ AA14C02 means
are within lo of 0%o besides Te Whanga Koreti Hau
Tonga/Oreti Beach (46°S). Nonetheless, there is a linear
trend (R>=0.81; p=<«0.05) and steeper slope compared
to that of Chilean sites. This slope is driven by our southern-
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most Aotearoa/New Zealand site, Motu Thupuku/ Campbell
Island, with the lowest mean AA'CO, (—3.143.3%0).
Because our results are not temporally de-trended before
the mean is taken, if Motu Thupuku/Campbell Island tree
rings indeed capture decadal variability in atmospheric A!4C
forced by changes in Southern Ocean outgassing, then this
will increase the variability in the record. This will be further
explored in future work.

Results from HYSPLIT back trajectories are displayed as
heat maps for selected sites in Fig. 5, with remaining sites
shown in the Supplement. Heat map data are also displayed
as a bar chart in Fig. 6, with a table in the Supplement.
Motu Thupuku/Campbell Island is the only Aotearoa/New

Biogeosciences, 22, 4187-4201, 2025
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Zealand site where the HY SPLIT back-trajectory plume core
sits in the SAZ. HYSPLIT modeling indicates that air mov-
ing toward Motu Thupuku/Campbell Island spent the most
amount of time in both the PFZ and ASZ (15.3 % and 24.4 %;
Fig. 5). Most Southern Ocean outgassing occurs in these two

Biogeosciences, 22, 4187-4201, 2025

zones, with the latter showing near-year-round outgassing
(Gray et al., 2018).

Figure 7 shows nitrate and DIC A'*C from GLODAP (see
Methods). Nitrate increases and DIC A'4C values decrease
toward higher latitudes into the PFZ, ASZ, and SIZ. DIC
A'™C decreases by ~ 150%o between the STZ and ASZ.
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Figure 5. HYSPLIT back trajectories shown for select sites. Trajectories for all other sites are found in the Supplement. Southern Ocean
fronts presented in bold are from Orsi et al. (1995) climatology and polar fronts presented as semitransparent regions are from Freeman and

Lovenduski et al. (2016) climatology.

These are distinct markers not only of Southern Ocean up-
welling but also of low A'#C values imparted from old
surface water masses to overlying air masses carried on to
our tree-ring sites. We hypothesize that the Aotearoa/New
Zealand AA'#CO; latitudinal gradient is driven by South-
ern Ocean outgassing in the PFZ and ASZ which feed air to
Motu Thupuku/Campbell Island in greater abundance rela-
tive to more northern sites. Motu Thupuku/Campbell Island
tree rings may therefore be useful for detecting changes in
outgassing in the Indian Ocean Sector of the Southern Ocean
PFZ and ASZ.

3.3 Chilean tree-ring A*C

A weak latitudinal gradient exists in the Chile dataset; how-
ever, this is driven by one site (Monte Tarn; 53.7° S). Exclud-
ing this site, all means are indistinguishable from the SHB,
and the linear regression slope falls from 0.1 to 0.03 and R?
from 0.15 to 0.05 (p =0.4). Including all data, the Chilean
trend has a p value of 0.395 and is not statistically signifi-
cant.

Monte Tarn has the lowest mean AA 14C02, is the only site
outside 1o of the SHB (mean = —3.2 + 2.9 %o), and, notably,
is not the most southerly Chilean site. It is also shrouded by
the mountainous barrier island, Isla Clarence, and is near a
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shipping lane leading to Punta Arenas. Sites in this study
were specifically chosen on western coastlines to maximize
the amount of clean ocean air originating from predominant
westerlies around the ACC. This makes the likelihood of fos-
sil fuel CO3 incorporation into the tree rings low. Fossil CO3
incorporation would lower AA'*C in Monte Tarn tree rings;
however, it is difficult to compose an estimate of the magni-
tude due to the privacy of shipping data.

Our southernmost Chilean records are two sites on Isla
Navarino at the same latitude of 54.9°S. Of the two, Puerto
Navarino lies further west and is in proximity to the Ar-
gentinian city of Ushuaia, while Baja Rosales is 0.9° to the
east. These two sites were selected with the expectation that
any significant land biosphere signal or fossil fuel emissions
from urban influence would lead to measurable differences
between the two sites. However, no statistically significant
offset is found between them (see the Supplement). Mean
AAM™CO, values of both sites are within 1o of zero (Puerto
Navarino: 0.8 & 1.7 %o; Baja Rosales: —1.3 4= 2.5 %o).

3.4 Ocean sector influence on atmospheric A*CO,

We hypothesize that steeper latitudinal gradients are found in
Aotearoa/New Zealand versus Chilean sites due to variabil-
ity in the spatial extent of Southern Ocean zones in the Indian

Biogeosciences, 22, 4187-4201, 2025
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Figure 6. Visual representation of the amount of time HYSPLIT back trajectories from each site spend in each Southern Ocean frontal zone.
PFZ and ASZ represent the mean of values calculated using PF climatology from Orsi et al. (1995) and Freeman and Lovenduski (2016).

Ocean and the Pacific Ocean and to differences in A'*C val-
ues of DIC upwelling in the ASZ in the Indian Sector versus
Pacific Sector.

Southern Ocean carbon flux is complex and variable, with
different sectors acting as sources and sinks for anthro-
pogenic and natural CO», respectively (Gruber et al., 2019).
The Southern Ocean as a whole acts as a sink for anthro-
pogenic CO,, with uptake concentrated in the PFZ (Mikaloff
Fletcher et al. 2006, DeVries 2014; Gruber et al., 2019). In
the case of natural CO», higher latitudes, specifically those
of the ASZ and PFZ, dominate outgassing, while lower lat-
itudes such as in the STZ dominate uptake (Gruber et al.,
2019). Some zones outgas seasonally, while the ASZ out-
gasses nearly year-round (Gray et al., 2018). Uptake and out-
gassing are also zonally asymmetric. The Indian Sector and
Pacific Sector jointly dominate Southern Ocean outgassing.
These complexities play key roles in facilitating a signal of
one-way flux of low A#C from the surface ocean toward
distant trees.

Biogeosciences, 22, 4187-4201, 2025

Hypothetically, if the amounts of CO; originating from the
same proportion of high-latitude Southern Ocean zones (SIZ,
ASZ, and PFZ) reaching Chile and Aotearoa/New Zealand
were equal, it would be reasonable to assume that our method
should find the same gradient in AA'*CO, with latitude
for Chilean and Aotearoa/New Zealand tree rings. The Pa-
cific has higher DIC and lower Oy concentrations in Indian—
Pacific Deep Waters, which upwell around the ACC band
(Chen et al., 2022), suggesting it is more carbon rich and
old. The Pacific also dominates outgassing in the PFZ (Prend
et al., 2022). With these conditions, one would expect lower
AA'CO; values in Chilean tree rings than Aotearoa/New
Zealand tree rings.

Despite this, we find a stronger outgassing influence in
Aotearoa/New Zealand, which lies east of the Indian Ocean.
This discrepancy is especially prominent if the Chilean site
Monte Tarn is excluded due to its proximity to a shipping
lane, leaving Motu Thupuku/Campbell Island with the low-
est AAYCO, value.

https://doi.org/10.5194/bg-22-4187-2025
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Figure 7. (a, b) Nitrate and DIC A4C data from the GLODAP Merged and Adjusted Data Product v2.2023 (Key et al., 2004; Lauvset et al.,
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deviation of nitrate DIC A!4C for each zone. Southern Ocean fronts presented in bold are from Orsi et al. (1995) and polar fronts presented
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We hypothesize that the driving factor is the fact that a
larger proportion of Aotearoa/New Zealand back trajecto-
ries lie in the crucial year-round outgassing ASZ because the
zone is expanded in the Indian Ocean Sector relative to the
Pacific Ocean Sector. The ASZ surface also has lower A4C
than more northerly zones (Fig. 6d), amplifying the effect of
atmospheric dilution of '*C relative to outgassing in general.
Due to Motu Thupuku/Campbell Island trees’ ability to cap-
ture dilution in atmospheric A'*C from Southern Ocean out-
gassing, tree rings from this site may be a viable candidate to
reconstruct changes in Southern Ocean outgassing from the
past few decades.

4 Conclusion
While other methods of estimating Southern Ocean air—sea

CO; flux face the challenge of distinguishing between two
large opposing forces (outgassing of natural CO, and up-
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take of natural CO;), radiocarbon measurements through
long-term atmospheric records (Levin et al., 2010) or tree
rings allow us to constrain a one-way flux by measuring di-
lution of atmospheric radiocarbon from outgassing of CO,
from aged water masses. They also provide the opportunity
to reconstruct changes in the past when hydrographic and
float-based data were sparse. We report a novel database of
280 unique tree-ring A'*C measurements from Chile and
Aotearoa/New Zealand from 1980-2017. This work sub-
stantially expands the A'*C records from the southern mid-
high latitudes and is consistent with previous studies that
demonstrate the imprint of Southern Ocean upwelling on at-
mospheric A'¥C in the Southern Hemisphere (Levin et al.,
2010; Graven et al., 2012). The upwelling signal is most
apparent at Motu Thupuku/Campbell Island, the southern-
most Aotearoa/New Zealand site that has HYSPLIT back-
trajectory footprints in the ASZ, which is the only ocean zone
to exhibit year-round outgassing (Gray et al., 2018). The link
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between low AA!'*CO, in Motu Thupuku/Campbell Island
tree rings and air-mass origination in the Indian Sector of the
ASZ should be further explored for viability as a proxy for
detecting changes in upwelling.

Data at more northerly sites and those that are influenced
by air masses from lower-latitude ocean zones appear fairly
homogenous. This suggests that the influence of non-local
fossil fuel and biospheric signals is small in the Southern
Hemisphere. Further investigation is required to understand
the mechanism behind low values at the Chilean site Monte
Tarn and if fossil fuel contamination from a nearby shipping
lane may play a role.

Tree-ring A'*C measurements are key tools to reconstruct
atmospheric A'#C and may provide new opportunities when
trying to understand changes in Southern Ocean upwelling
and air—sea CO» flux. This work also highlights the poten-
tial for ship-based atmospheric A'#C measurements to detect
changes in ocean upwelling. Ship-based atmospheric A'*C
samples can be collected with higher temporal frequency,
without the need for oceanographic research vessels. More
investigation is required to understand temporal changes in
AA14C02. In a companion work to follow, we will address
trends over time and analyze how our trends compare with
Le Quéré et al. (2007) and ocean model output.

Code availability. Scripts used to create this work can be found in
the GitHub directory below. The Supplement includes a detailed list
of the job each script performs in the data analysis workflow. The
GitHub page also includes a list of dependencies required for the
scripts to function: https://github.com/christianlewis091/science_
projects/tree/main/soar_tree_rings/scripts_ EGU_REVIEW (last ac-
cess: 19 March 2025; https://doi.org/10.5281/zenodo.15192463,
Lewis, 2025).

Data availability. Tree-ring AMC  measurements (Fig. 2e
and f), mean AA14C02 values (Fig. 3), results from the
HYSPLIT back-trajectory modeling (Fig. 5), and the sum-
mary results from GLODAP analyses (Fig. 6) are available
at https://doi.org/10.5281/zenodo.15192463 (Lewis, 2025) in
xlsx format. The comments above data on each tab reference codes
in the GitHub directory described above. Data used for GLODAP
analysis are publicly available at https://glodap.info/index.php/
merged-and-adjusted-data-product-v2-2023/ (Key et al., 2004;
Lauvset et al., 2023; Olsen et al., 2016). Orua Pouanui/ Baring
Head atmospheric time series data can be found as described in
the “Data availability” statement in Turnbull et al. (2017), and
Kennaook / Cape Grim time series data can be found as described
in Levin et al. (2010).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/bg-22-4187-2025-supplement.

Biogeosciences, 22, 4187-4201, 2025

C. Lewis et al.: Southern Hemisphere tree rings as proxies to reconstruct Southern Ocean upwelling

Author contributions. RC: conceptualization, sample collection,
sample processing, analysis, and writing; SMF and EB: analysis and
interpretation, methodology, and writing; RM and GB: maintenance
and sample curation from Orua Pouanui/ Baring Head Atmospheric
Research Station and site—site intercomparison; AL: administration,
methods, and supervision of tree-ring processing; MN: administra-
tion, methodology, resources, and writing; CBL: formal analysis,
investigation, methodology, software, validation, visualization, and
writing; JT: funding acquisition, conceptualization and data cura-
tion, analysis, methodology, supervision, and writing. All authors
were involved in reviewing and editing the paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. The authors would like to thank Cameron
Johns, Bjorn Johns, Malcolm Turnbull, Ian Turnbull, and Jane
Forsyth for advice and participation regarding tree-ring sampling in
Aotearoa/New Zealand’s South Island. We also thank Dave Bowen
and Alex Fergus of Heritage Expeditions and cruise members Edin
Whitehead, Paul Charman, and Hamish Sutherland for their assis-
tance with tree-core collection in Aotearoa/New Zealand’s sub-
antarctic islands. For assistance with fieldwork in Chile, we thank
Carolyn McCarthy, Vince Beasley, Ricardo de Pol-Holz, Juan Car-
los Aravena, and Guillermo Duarte. We thank the technicians and
scientists of the Rafter Radiocarbon Laboratory and XCAMS for
their assistance in sample preparation and radiocarbon measure-
ment.

Financial support. This research has been supported by the
Aotearoa/New Zealand Ministry of Business, Innovation and Em-
ployment (MBIE) (Antarctic Science Platform Project 4 grant
nos. ANTA1801 and CAOAXXO01 Climate Present and Past).

Review statement. This paper was edited by Niels de Winter and
reviewed by three anonymous referees.

References

Ancapichun, S., De Pol-Holz, R., Christie, D. A., Santos, G.
M., Collado-Fabbri, S., Garreaud, R., Lambert, F., Orfanoz-
Cheuquelaf, A., Rojas, M., Southon, J., Turnbull, J. C., and
Creasman, P. P.: Radiocarbon bomb-peak signal in tree-rings
from the tropical Andes register low latitude atmospheric dynam-

https://doi.org/10.5194/bg-22-4187-2025


https://github.com/christianlewis091/science_projects/tree/main/soar_tree_rings/scripts_EGU_REVIEW
https://github.com/christianlewis091/science_projects/tree/main/soar_tree_rings/scripts_EGU_REVIEW
https://doi.org/10.5281/zenodo.15192463
https://doi.org/10.5281/zenodo.15192463
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://doi.org/10.5194/bg-22-4187-2025-supplement

C. Lewis et al.: Southern Hemisphere tree rings as proxies to reconstruct Southern Ocean upwelling

ics in the Southern Hemisphere, Sci. Total Environ., 774, 145126,
https://doi.org/10.1016/j.scitotenv.2021.145126, 2021.

Anderson, R. F., Ali, S., Bradtmiller, L. I., Nielsen, S. H.
H., Fleisher, M. Q., Anderson, B. E., and Burckle, L.
H.: Wind-Driven Upwelling in the Southern Ocean and the
Deglacial Rise in Atmospheric CO,, Science, 323, 1443-1448,
https://doi.org/10.1126/science.1167441, 2009.

Andreu-Hayles, L., Santos, G. M., Herrera-Ramirez, D. A., Martin-
Fernandez, J., Ruiz-Carrascal, D., Boza-Espinoza, T. E., Fuentes,
A. F, and Jgrgensen, P. M.: Matching Dendrochronological
Dates with the Southern Hemisphere 14C Bomb Curve to Con-
firm Annual Tree Rings in Pseudolmedia rigida from Bolivia, Ra-
diocarbon, 57, 1-13, https://doi.org/10.2458/azu_rc.57.18192,
2015.

Baisden, W. T. and Canessa, S.: Using 50 years of soil radiocarbon
data to identify optimal approaches for estimating soil carbon
residence times, Nucl. Instrum. Meth. B, 294 588-592, 2013. .

Chen, H., Haumann, F. A., Talley, L. D., Johnson, K. S.,
and Sarmiento, J. L.: The Deep Ocean’s Carbon Ex-
haust, Global Biogeochem. Cy., 36, e2021GB007156,
https://doi.org/10.1029/2021GB007156, 2022.

Corran, R.: Tree Ring Reconstruction Of Modern Radiocarbon
Dioxide Variability Over The Southern Ocean, PhD dissertation,
Open Access Te Herenga Waka-Victoria University of Welling-
ton, 2021.

Crotwell, A. M., Lee, H., and Steinbacher, M.: 20th WMO/I-
AEA Meeting on Carbon Dioxide, Other Greenhouse Gases
and Related Measurement Techniques (GGMT-2019), World
Meteorological Organization, No. GAW Report No., 255,
https://library.wmo.int/viewer/57135/download ?file=Final_
GAW_255.pdf&type=pdf&navigator=1 (last access: 19 Au-
gust 2025), 2020.

DeVries, T.. The oceanic anthropogenic CO; sink: Stor-
age, air-sea fluxes, and transports over the indus-
trial era, Global Biogeochem. Cy., 28, 631-647,
https://doi.org/10.1002/2013GB004739, 2014.

DeVries, T., Holzer, M., and Primeau, F.: Recent increase in oceanic
carbon uptake driven by weaker upper-ocean overturning, Na-
ture, 542, 215-218, https://doi.org/10.1038/nature21068, 2017.

Fay, A. R., McKinley, G. A., and Lovenduski, N. S.: Southern
Ocean carbon trends: Sensitivity to methods, Geophys. Res.
Lett., 41, 6833-6840, https://doi.org/10.1002/2014GL061324,
2014.

Fong, M. B. and Dickson, A. G.: Insights from GO-SHIP hy-
drography data into the thermodynamic consistency of CO»
system measurements in seawater, Mar. Chem., 211, 52-63,
https://doi.org/10.1016/j.marchem.2019.03.006, 2019.

Freeman, N. M. and Lovenduski, N. S.: Mapping the Antarctic Po-
lar Front: weekly realizations from 2002 to 2014, Earth Syst.
Sci. Data, 8, 191-198, https://doi.org/10.5194/essd-8-191-2016,
2016.

Frolicher, T. L., Sarmiento, J. L., Paynter, D. J., Dunne, J. P., Krast-
ing, J. P, and Winton, M.: Dominance of the Southern Ocean
in Anthropogenic Carbon and Heat Uptake in CMIP5 Mod-
els, J. Climate, 28, 862-886, https://doi.org/10.1175/jcli-d-14-
00117.1, 2015.

Graven, H. D., Guilderson, T. P, and Keeling, R. F.: Meth-
ods for High-Precision l4c AMS* ” Measurement of

https://doi.org/10.5194/bg-22-4187-2025

4199

Atmospheric CO, at LLNL, Radiocarbon, 49, 349-356,
https://doi.org/10.1017/S0033822200042284, 2007.

Graven, H. D., Gruber, N., Key, R., Khatiwala, S., and Gi-
raud, X.: Changing controls on oceanic radiocarbon: New
insights on shallow-to-deep ocean exchange and anthro-
pogenic COy uptake, J. Geophys. Res.-Oceans, 117, C10005,
https://doi.org/10.1029/2012jc008074, 2012.

Gray, A. R., Johnson, K. S., Bushinsky, S. M., Riser, S. C.,
Russell, J. L., Talley, L. D., Wanninkhof, R., Williams, N.
L., and Sarmiento, J. L.: Autonomous Biogeochemical Floats
Detect Significant Carbon Dioxide Outgassing in the High-
Latitude Southern Ocean, Geophys. Res. Lett., 45, 9049-9057,
https://doi.org/10.1029/2018g1078013, 2018.

Gruber, N., Gloor, M., Mikaloff Fletcher, S. E., Doney, S. C.,
Dutkiewicz, S., Follows, M. J., Gerber, M., Jacobson, A. R.,
Joos, F., Lindsay, K., Menemenlis, D., Mouchet, A., Miiller, S.
A., Sarmiento, J. L., and Takahashi, T.: Oceanic sources, sinks,
and transport of atmospheric CO,, Global Biogeochem. Cy., 23,
2008GB003349, https://doi.org/10.1029/2008GB003349, 2009.

Gruber, N., Landschutzer, P, and Lovenduski, N. S.: The Vari-
able Southern Ocean Carbon Sink, Annu. Rev. Mar. Sci.,
11, 159-186, https://doi.org/10.1146/annurev-marine-121916-
063407, 2019.

Gruber, N., Bakker, D. C. E., DeVries, T., Gregor, L., Hauck, J.,
Landschiitzer, P., McKinley, G. A., and Miiller, J. D.: Trends and
variability in the ocean carbon sink, Nat. Rev. Earth Environ., 4,
119-134, 2023.

Hammer, S., Friedrich, R., Kromer, B., Cherkinsky, A., Lehman,
S. J., Meijer, H. A., Nakamura, T., Palonen, V., Reimer, R.
W., Smith, A. M., and Southon, J. R.: Compatibility of atmo-
spheric 14C02 measurements: comparing the Heidelberg low-
level counting facility to international accelerator mass spec-
trometry (AMS) laboratories, Radiocarbon, 59, 875-883, 2017.

Hauck, J., Gregor, L., Nissen, C., Patara, L., Hague, M., Mongwe,
P., Bushinsky, S., Doney, S. C., Gruber, N., Le Quéré, C.,
Manizza, M., Mazloff, M., Monteiro, P. M. S., and Terhaar,
J.: The Southern Ocean Carbon Cycle 1985-2018: Mean, Sea-
sonal Cycle, Trends, and Storage, Global Biogeochem. Cy.,
37, e2023GB007848, https://doi.org/10.1029/2023GB007848,
2023.

Hua, Q., Barbetti, M., Worbes, M., Head, J., and Levchenko, V. A.:
Review of Radiocarbon Data from Atmospheric and Tree Ring
Samples for the Period 1945-1997 Ad, IAWA 1., 20, 261-283,
https://doi.org/10.1163/22941932-90000690, 1999.

Hua, Q., Barbetti, M., and Rakowski, A. Z.: Atmospheric Radio-
carbon for the Period 1950-2010, Radiocarbon, 55, 2059-2072,
https://doi.org/10.2458/azu_js_rc.v55i2.16177, 2013.

Hua, Q., Turnbull, J. C., Santos, G. M., Rakowski, A. Z., An-
capichiin, S., De Pol-Holz, R., Hammer, S., Lehman, S. J., Levin,
L., Miller, J. B., Palmer, J. G., and Turney, C. S. M.: Atmospheric
Radiocarbon for the Period 1950-2019, Radiocarbon, 64, 723—
745, https://doi.org/10.1017/rdc.2021.95, 2021.

Key, R. M., Kozyr, A., Sabine, C. L., Lee, K., Wanninkhof, R.,
Bullister, J. L., Feely, R. A., Millero, F. J., Mordy, C., and Peng,
T. -H.: A global ocean carbon climatology: Results from Global
Data Analysis Project (GLODAP), Global Biogeochem. Cy., 18,
2004GB002247, https://doi.org/10.1029/2004GB 002247,
2004 (data available at: https://glodap.info/index.php/
merged-and-adjusted-data-product-v2-2023/).

Biogeosciences, 22, 4187-4201, 2025


https://doi.org/10.1016/j.scitotenv.2021.145126
https://doi.org/10.1126/science.1167441
https://doi.org/10.2458/azu_rc.57.18192
https://doi.org/10.1029/2021GB007156
https://library.wmo.int/viewer/57135/download?file=Final_GAW_255.pdf&type=pdf&navigator=1
https://library.wmo.int/viewer/57135/download?file=Final_GAW_255.pdf&type=pdf&navigator=1
https://doi.org/10.1002/2013GB004739
https://doi.org/10.1038/nature21068
https://doi.org/10.1002/2014GL061324
https://doi.org/10.1016/j.marchem.2019.03.006
https://doi.org/10.5194/essd-8-191-2016
https://doi.org/10.1175/jcli-d-14-00117.1
https://doi.org/10.1175/jcli-d-14-00117.1
https://doi.org/10.1017/S0033822200042284
https://doi.org/10.1029/2012jc008074
https://doi.org/10.1029/2018gl078013
https://doi.org/10.1029/2008GB003349
https://doi.org/10.1146/annurev-marine-121916-063407
https://doi.org/10.1146/annurev-marine-121916-063407
https://doi.org/10.1029/2023GB007848
https://doi.org/10.1163/22941932-90000690
https://doi.org/10.2458/azu_js_rc.v55i2.16177
https://doi.org/10.1017/rdc.2021.95
https://doi.org/10.1029/2004GB002247
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/

4200

Kromer, B. and Munnich, K. O.: CO, gas proportional counting in
radiocarbon dating — review and perspective, in: Radiocarbon Af-
ter Four Decades, New York, Springer Science+Business Media,
https://doi.org/10.1007/978-1-4757-4249-7_13, 1992.

Landschiitzer, P., Gruber, N., Haumann, F. A., Rodenbeck, C.,
Bakker, D. C., Van Heuven, S., Hoppema, M., Metzl, N.,
Sweeney, C., Takahashi, T., and Tilbrook, B.: The reinvigoration
of the Southern Ocean carbon sink, Science, 349, 1221-1224,
2015.

Lauvset, S. K., Key, R. M., Olsen, A., Van Heuven, S. M. A. C,,
Velo, A., Lin, X., Schirnick, C., Kozyr, A., Tanhua, T., Hoppema,
M., Jutterstrom, S., Steinfeldt, R., Jeansson, E., Ishii, M., Pérez,
F. F, Suzuki, T., and Watelet, S.: A new global interior ocean
mapped climatology: the 1°x 1° GLODAP version 2 from
1972-01-01 to 2013-12-31 (NCEI Accession 0286118), NOAA
National Centers for Environmental Information [data set],
https://doi.org/10.3334/CDIAC/OTG.NDP093_GLODAPV2,
2023 (data available at:  https://glodap.info/index.php/
merged-and-adjusted-data-product-v2-2023/).

Le Quéré, C., Rodenbeck, C., Buitenhuis, E. T., Conway,
T. J., Langenfelds, R., Gomez, A., Labuschagne, C., Ra-
monet, M., Nakazawa, T., Metzl, N., Gillett, N., and
Heimann, M.: Saturation of the Southern Ocean CO; Sink
Due to Recent Climate Change, Science, 316, 1735-1738,
https://doi.org/10.1126/science.1136188, 2007.

Leavitt, S. W. and Bannister, B.: Dendrochronology
and Radiocarbon Dating: The Laboratory of Tree-
Ring Research Connection, Radiocarbon, 51, 373-384,
https://doi.org/10.1017/S0033822200033889, 2009.

Levin, I. and Hammer, S.: Supplementary data to Levin et al.
(2022), Continuous measurements of '4C in atmospheric CO;
at Cape Grim, 1987-2016, , ICOS Data Portal [data set],
https://doi.org/10.18160/8F31-EQDJ, 2022.

Levin, L., Naegler, T., Kromer, B., Diehl, M., Francey, R. J., Gomez-
Pelaez, A. J., Steele, L. P., Wagenbach, D., Weller, R., and Wor-
thy, D. E.: Observations and modelling of the global distribution
and long-term trend of atmospheric 4CO,, Tellus B, 62, 26-46,
https://doi.org/10.1111/j.1600-0889.2009.00446.x, 2010.

Levin, 1., Hammer, S., Kromer, B., Preunkert, S., Weller, R.,
and Worthy, D. E.: RADIOCARBON IN GLOBAL TROPO-
SPHERIC CARBON DIOXIDE, Radiocarbon, 64, 781-791,
https://doi.org/10.1017/RDC.2021.102, 2022.

Lewis, C.: Southern Hemisphere tree-rings as proxies to reconstruct
Southern Ocean upwelling: Dataset, Zenodo [code] and [data
set], https://doi.org/10.5281/zenodo.15192463, 2025.

Long, M. C., Stephens, B. B., McKain, K., Sweeney, C., Keeling, R.
F., Kort, E. A., Morgan, E. J., Bent, J. D., Chandra, N., Chevallier,
F., Commane, R., Daube, B. C., Krummel, P. B., Loh, Z., Lui-
jkx, I. T., Munro, D., Patra, P., Peters, W., Ramonet, M., Roden-
beck, C., Stavert, A., Tans, P., and Wofsy, S. C.: Strong Southern
Ocean carbon uptake evident in airborne observations, Science,
374, 1275-1280, https://doi.org/10.1126/science.abi4355, 2021.

Lovenduski, N. S., Gruber, N., and Doney, S. C.: Toward a
mechanistic understanding of the decadal trends in the South-
ern Ocean carbon sink, Global Biogeochem. Cy., 22, GB3016,
https://doi.org/10.1029/2007gb003139, 2008.

Marinov, 1., Gnanadesikan, A., Toggweiler, J. R., and Sarmiento,
J. L.: The Southern Ocean biogeochemical divide, Nature, 441,
964-967, https://doi.org/10.1038/nature04883, 2006.

Biogeosciences, 22, 4187-4201, 2025

C. Lewis et al.: Southern Hemisphere tree rings as proxies to reconstruct Southern Ocean upwelling

Manning, M. R., Lowe, D. C., Melhuish, W. H., Sparks, R. J., Wal-
lace, G., Brenninkmeijer, C. A. M., and McGill, R. C.: The Use
of Radiocarbon Measurements in Atmospheric Studies1, Radio-
carbon, 32, 37-58, 1990.

McNichol, A. P, Key, R. M., and Guilderson, T. P.. GLOBAL
OCEAN RADIOCARBON PROGRAMS, Radiocarbon, 64,
675-687, https://doi.org/10.1017/RDC.2022.17, 2022.

Mikaloff Fletcher, S. E., Gruber, N., Jacobson, A. R., Doney, S.
C., Dutkiewicz, S., Gerber, M., Follows, M., Joos, F., Lindsay,
K., Menemenlis, D., Mouchet, A., Miiller, S. A., and Sarmiento,
J. L.: Inverse estimates of anthropogenic CO, uptake, transport,
and storage by the ocean, Global Biogeochem. Cy., 20, GB2002,
https://doi.org/10.1029/2005gb002530, 2006.

Naegler, T. and Levin, l.: Biosphere-atmosphere gross car-
bon exchange flux and the 8]3C02 and A]4C02 dis-
equilibria constrained by the biospheric excess radio-
carbon inventory, J. Geophys. Res., 114, 2008JD011116,
https://doi.org/10.1029/2008JD011116, 2009.

Nevison, C. D., Manizza, M., Keeling, R. F., Stephens, B.
B., Bent, J. D., Dunne, J., Ilyina, T., Long, M., Resp-
landy, L., Tjiputra, J., and Yukimoto, S.: Evaluating CMIP5
ocean biogeochemistry and Southern Ocean carbon uptake us-
ing atmospheric potential oxygen: Present-day performance
and future projection, Geophys. Res. Lett., 43, 2077-2085,
https://doi.org/10.1002/2015g1067584, 2016.

Norris, M.: Reconstruction of historic fossil CO, emissions using
radiocarbon measurements from tree rings, Doctoral disserta-
tion, Open Access, Te Herenga Waka — Victoria University of
Wellington, Wellington, 2015.

Olsen, A., Key, R. M., van Heuven, S., Lauvset, S. K.,
Velo, A., Lin, X., Schirnick, C., Kozyr, A., Tanhua, T,
Hoppema, M., Jutterstrom, S., Steinfeldt, R., Jeansson, E.,
Ishii, M., Pérez, F. F., and Suzuki, T.: The Global Ocean
Data Analysis Project version 2 (GLODAPv2) — an inter-
nally consistent data product for the world ocean, Earth
Syst. Sci. Data, 8, 297-323, https://doi.org/10.5194/essd-8-297-
2016, 2016 (data available at: https://glodap.info/index.php/
merged-and-adjusted-data- product-v2-2023/).

Orsi, A. H., Whitworth III, T., and Nowlin Jr, W. D.: On the merid-
ional extent and fronts of the Antarctic Circumpolar Current,
Deep-Sea Res. Pt. I, 42, 641-673, 1995.

Prend, C. J., Gray, A. R., Talley, L. D., Gille, S. T., Hau-
mann, F. A., Johnson, K. S., Riser, S. C., Rosso, I., Sauvé,
J., and Sarmiento, J. L.: Indo-Pacific Sector Dominates South-
ern Ocean Carbon Outgassing, Global Biogeochem. Cy., 36,
https://doi.org/10.1029/2021gb007226, 2022.

Randerson, J. T., Enting, I. G., Schuur, E. A. G., Caldeira, K., and
Fung, 1. Y.: Seasonal and latitudinal variability of troposphere
A14C02: Post bomb contributions from fossil fuels, oceans, the
stratosphere, and the terrestrial biosphere, Global Biogeochem.
Cy., 16, https://doi.org/10.1029/2002GB001876, 2002.

Reimer, P. J., Baillie, M. G. L., Bard, E., Bayliss, A., Beck, J.
W., Blackwell, P. G., Bronk Ramsey, C., Buck, C. E., Burr,
G. S., Edwards, R. L., Friedrich, M., Grootes, P. M., Guilder-
son, T. P., Hajdas, 1., Heaton, T. J., Hogg, A. G., Hughen, K.
A., Kaiser, K. F., Kromer, B., McCormac, F. G., Manning, S.
W., Reimer, R. W., Richards, D. A., Southon, J. R., Talamo,
S., Turney, C. S. M., Van Der Plicht, J., and Weyhenmeyer,
C. E.: IntCal09 and Marine09 Radiocarbon Age Calibration

https://doi.org/10.5194/bg-22-4187-2025


https://doi.org/10.1007/978-1-4757-4249-7_13
https://doi.org/10.3334/CDIAC/OTG.NDP093_GLODAPV2
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://doi.org/10.1126/science.1136188
https://doi.org/10.1017/S0033822200033889
https://doi.org/10.18160/8F31-EQDJ
https://doi.org/10.1111/j.1600-0889.2009.00446.x
https://doi.org/10.1017/RDC.2021.102
https://doi.org/10.5281/zenodo.15192463
https://doi.org/10.1126/science.abi4355
https://doi.org/10.1029/2007gb003139
https://doi.org/10.1038/nature04883
https://doi.org/10.1017/RDC.2022.17
https://doi.org/10.1029/2005gb002530
https://doi.org/10.1029/2008JD011116
https://doi.org/10.1002/2015gl067584
https://doi.org/10.5194/essd-8-297-2016
https://doi.org/10.5194/essd-8-297-2016
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://glodap.info/index.php/merged-and-adjusted-data-product-v2-2023/
https://doi.org/10.1029/2021gb007226
https://doi.org/10.1029/2002GB001876

C. Lewis et al.: Southern Hemisphere tree rings as proxies to reconstruct Southern Ocean upwelling 4201

Curves, 0-50,000 Years cal BP, Radiocarbon, 51, 1111-1150,
https://doi.org/10.1017/S0033822200034202, 2009.

Reimer, P. J., Bard, E., Bayliss, A., Beck, J. W., Blackwell, P.
G., Ramsey, C. B., Buck, C. E., Cheng, H., Edwards, R. L.,
Friedrich, M., Grootes, P. M., Guilderson, T. P., Haflidason, H.,
Hajdas, 1., Hatté, C., Heaton, T. J., Hoffmann, D. L., Hogg,
A. G., Hughen, K. A., Kaiser, K. F., Kromer, B., Manning, S.
W., Niu, M., Reimer, R. W., Richards, D. A., Scott, E. M.,
Southon, J. R., Staff, R. A., Turney, C. S. M., and Van Der
Plicht, J.: IntCall3 and Marine13 Radiocarbon Age Calibration
Curves 0-50,000 Years cal BP, Radiocarbon, 55, 1869-1887,
https://doi.org/10.2458/azu_js_rc.55.16947, 2013.

Sallée, J. B., Speer, K. G., and Rintoul, S. R.: Zonally asym-
metric response of the Southern Ocean mixed-layer depth
to the Southern Annular Mode, Nat. Geosci., 3, 273-279,
https://doi.org/10.1038/ngeo812, 2010.

Sarmiento, J. L., Johnson, K. S., Arteaga, L. A., Bushin-
sky, S. M., Cullen, H. M., Gray, A. R., Hotinski, R. M.,
Maurer, T. L., Mazloff, M. R., Riser, S. C., Russell, J.
L., Schofield, O. M., and Talley, L. D.: The Southern
Ocean carbon and climate observations and modeling (SOC-
COM) project: A review, Prog. Oceanogr., 219, 103130,
https://doi.org/10.1016/j.pocean.2023.103130, 2023.

Southon, J., De Pol-Holz, R., and Druffel, E. M.: Paleoclimatol-
ogy, in: Radiocarbon and Climate Change, Springer, 221-252,
https://doi.org/10.1007/978-3-319-25643-6, 2016.

Stuiver, M. and Polach, H. A.: Discussion reporting of l4c data,
Radiocarbon, 19, 355-363, 1977.

Stuiver, M. and Quay, P. D.: Atmospheric l4c changes resulting
from fossil fuel CO; release and cosmic ray flux variability, Earth
Planet. Sc. Lett., 53, 349-362, 1981.

Suess, H. E.: Radiocarbon concentration in modern wood, Science,
122, 414-417, 1955.

Takahashi, T., Sweeney, C., Hales, B., Chipman, D., Newberger,
T., Goddard, J., lannuzzi, R., and Sutherland, S.: The Changing
Carbon Cycle in the Southern Ocean, Oceanography, 25, 26-37,
https://doi.org/10.5670/oceanog.2012.71, 2012.

Talley, L. D.: Closure of the global overturning circulation through
the Indian, Pacific and Southern Oceans: schematics and trans-
ports, Oceanography, 26, 80-97, 2013.

Thoning, K. W., Tans, P. P, and Komhyr, W. D.: Atmospheric
carbon dioxide at Mauna Loa Observatory: 2. Analysis of the
NOAA GMCC data, 1974-1985, J. Geophys. Res.-Atmos., 94,
8549-8565, 1989.

https://doi.org/10.5194/bg-22-4187-2025

Turnbull, J., Rayner, P., Miller, J., Naegler, T., Ciais, P., and
Cozic, A.: On the use of 14C02 as a tracer for fossil
fuel COj: Quantifying uncertainties using an atmospheric
transport model, J. Geophys. Res.-Atmos., 114, D22302,
https://doi.org/10.1029/2009JD012308, 2009.

Turnbull, J. C., Zondervan, A., Kaiser, J., Norris, M., Dahl, J.,
Baisden, T., and Lehman, S.: High-precision atmospheric 14C02
measurement at the Rafter Radiocarbon Laboratory, Radiocar-
bon, 57, 377-388, 2015.

Turnbull, J. C., Graven, H., and Krakauer, N. Y.: Radiocarbon in
the Atmosphere, in: Radiocarbon and Climate Change, Springer,
221-252, https://doi.org/10.1007/978-3-319-25643-6, 2016.

Turnbull, J. C., Mikaloff Fletcher, S. E., Ansell, 1., Brailsford,
G. W., Moss, R. C., Norris, M. W., and Steinkamp, K.: Sixty
years of radiocarbon dioxide measurements at Wellington, New
Zealand: 1954-2014, Atmos. Chem. Phys., 17, 14771-14784,
https://doi.org/10.5194/acp-17-14771-2017, 2017.

Turney, C. S., Palmer, J., Maslin, M. A., Hogg, A., Fogwill,
C. J., Southon, J., Fenwick, P., Helle, G., Wilmshurst, J. M.,
McGlone, M., and Bronk Ramsey, C.: Global peak in atmo-
spheric radiocarbon provides a potential definition for the on-
set of the Anthropocene Epoch in 1965, Sci. Rep., 8, 3293,
https://doi.org/10.1038/s41598-018-20970-5, 2018.

Warner, M. S.: Introduction to PySPLIT: A Python toolkit for
NOAA ARL’s HYSPLIT model, Comput. Sci. Eng., 20, 47-62,
2018.

Ziehn, T., Nickless, A., Rayner, P. J., Law, R. M., Roff, G., and
Fraser, P.: Greenhouse gas network design using backward La-
grangian particle dispersion modelling — Part 1: Methodology
and Australian test case, Atmos. Chem. Phys., 14, 9363-9378,
https://doi.org/10.5194/acp-14-9363-2014, 2014.

Zondervan, A., Hauser, T. M., Kaiser, J., Kitchen, R. L., Turn-
bull, J. C., and West, J. G.: XCAMS: The compact 14¢ accel-
erator mass spectrometer extended for 10B¢ and 20A1 at GNS
Science, New Zealand, Nucl. Instrum. Meth. B, 361, 25-33,
https://doi.org/10.1016/j.nimb.2015.03.013, 2015.

Biogeosciences, 22, 4187-4201, 2025


https://doi.org/10.1017/S0033822200034202
https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.1038/ngeo812
https://doi.org/10.1016/j.pocean.2023.103130
https://doi.org/10.1007/978-3-319-25643-6
https://doi.org/10.5670/oceanog.2012.71
https://doi.org/10.1029/2009JD012308
https://doi.org/10.1007/978-3-319-25643-6
https://doi.org/10.5194/acp-17-14771-2017
https://doi.org/10.1038/s41598-018-20970-5
https://doi.org/10.5194/acp-14-9363-2014
https://doi.org/10.1016/j.nimb.2015.03.013

	Abstract
	Introduction
	Methods
	Tree-ring sampling, measurement, and ring count validation
	Development of background reference
	Interfacing samples with reference datasets
	Sampled time period
	Atmospheric back trajectories
	GLODAP Ocean 14C data

	Results and discussion
	Comparison with other Southern Hemisphere atmospheric 14C records
	Aotearoa/New Zealand tree-ring 14C
	Chilean tree-ring 14C
	Ocean sector influence on atmospheric 14CO2

	Conclusion
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

