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Abstract Northern Hemisphere-wide cooling during the Little Ice Age (LIA; 1650-1775 Common Era, C.E.)
was associated with a ~5 ppmv decrease in atmospheric carbon dioxide. Changes in terrestrial and ocean
carbon reservoirs have been postulated as possible drivers of this relatively large shift in atmospheric CO,,
potentially providing insights into the mechanisms and sensitivity of the global carbon cycle. Here we report
decadally resolved radiocarbon (*C) levels in a network of tree-ring series spanning 1700-1950 C.E. located
along the northern boundary of, and within, the Southern Ocean. We observe regional dilutions in atmospheric
radiocarbon (relative to the Northern Hemisphere) associated with upwelling of '*CO,-depleted abyssal waters.
We find the interhemispheric C offset approaches zero during increasing global atmospheric CO, at the end
of the LIA, with reduced ventilation in the Southern Ocean and a Northern Hemisphere source of old carbon
(most probably originating from deep Arctic peat layers). The coincidence of the atmospheric CO, increase
and reduction in the interhemispheric "C offset imply a common climate control. Possible mechanisms of
synchronous change in the high latitudes of both hemispheres are discussed.

1. Introduction

Climate-carbon feedbacks are potentially a significant source of future warming [Cox et al., 2000; Friedlingstein
etal., 2013; Gregory et al., 2009; Meinshausen et al., 2011], driven by changes in the natural sinks and sources of
greenhouse gases [Collins et al., 2013]. A major source of uncertainty is the oceanic response to future forcing
[Friedlingstein et al., 2013; Le Quéré et al., 2009, 2007; Séférian et al., 2012]. In the oceans, the dominant carbon
sink today is widely considered to be the Southern Ocean [Bernardello et al., 2014; Le Quéré et al., 2007], but
the dearth of continuous observations prior to the late twentieth century limits our understanding of regional
contributions, how these may have changed over time, and the mechanisms of change [Friedlingstein et al.,
2013; Landschiitzer et al., 2015; Le Quéré et al., 2009].

A potential way of extending historical observations of Southern Ocean air-sea carbon fluxes is the exploita-
tion of atmospheric radiocarbon (**C). Here deep water formation in the North Atlantic isolates surface water
as part of the Meridional Overturning Circulation, most of which upwells in the Southern Ocean, induced by
the strong, persistent westerly winds in the Southern Hemisphere [Marshall and Speer, 2012]. The slow pace
of deep ocean circulation allows a sufficient amount of radioactive decay to significantly reduce radiocarbon
activity of the abyssal waters, resulting in the upwelling (and outgassing) of “old” CO, on seasonal through to
millennial timescales [Braziunas et al., 1995; Galbraith et al., 2011; Hogg et al., 2013], depleting Southern
Hemisphere atmospheric C levels with a postulated change of 1%o (8 '*Cyears) per 10° of latitude
[Braziunas et al., 1995]. While the longest observational record of atmospheric "*CO, is available from 1954
Common Era (C.E.) (Wellington, New Zealand) [Currie et al., 2011], annually resolved records of tree growth
have a proven ability to preserve a passive measure of changing atmospheric radiocarbon, potentially
reaching back millennia [Turney and Palmer, 2007].
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1999], recent work has suggested
instead that Northern Hemisphere
terrestrial sources were the primary cause, through either land use changes [Kaplan, 2015] or the vulnerability
of deep Arctic peat layers to decay with warming toward the end of the LIA [Bauska et al., 2015].

Here we investigate changes in the circulation of the Southern Ocean using decadally resolved atmospheric
radiocarbon levels within tree rings across the midlatitudes of the Southern Hemisphere. Using "*C as a proxy
of upwelling, we test whether the Southern Ocean played a significant role in climate-carbon dynamics dur-
ing the end of the LIA chronozone.

2. Methods

We collected wood samples for tree ring analysis at their southernmost growing limit along the northern
fringes of, and within, the Southern Ocean: (1) Callitris columellaris from Lake Tay, Western Australia (33.03°
S, 120.75°E) [Cullen and Grierson, 2009]; (2) Libocedrus bidwillii from Takapari Forest Park, North Island, New
Zealand (40.07°S, 175.98°E) [Hogg et al., 2002]; (3) Halocarpus biformis from Doughboy Bay, Stewart Island,
New Zealand (47.47°S, 167.73°E); and (4) Dracophyllum longifolium from Northeast Harbour, Campbell
Island, New Zealand (52.52°S, 169.22°E) (Figure 1). Each tree series formed part of a well-replicated, annually
resolved chronology with an “expressed population signal” (or EPS) above 0.85, a threshold value commonly
used to describe a robust, highly replicated series [Briffa and Jones, 1990]. The Northeast Harbour
Dracophyllum longifolium series did not extend all the way to 1700 C.E. and was only sampled to 1900 C.E.
Supplementing these series are the reported radiocarbon measurements obtained from Nothofagus dombeyi
in Tierra del Fuego, southern Chile (54°S, 71°W) [McCormac et al., 2002; Stuiver and Braziunas, 1998], from
which decadally averaged means were calculated up to 1850 C.E. (Table 1).

The tree ring series were decadally sampled from 1700 C.E. (to capture the latter part of the LIA chronozone)
up to 1950 C.E. (immediately prior to the bomb spike) [Hua et al., 2013]. A cross section (or biscuit) was cut and
transported to the laboratory where a radial strip was removed for analysis and the residual offcuts archived.
The radial strip was first dried and then sanded progressively stepping from coarse to fine grit paper until a
highly polished surface was obtained. After this step, the radii were studied under a binocular microscope,
and the annual rings cross dated and assigned a calendar year. Growths rings were then grouped according
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Table 1. Decadal Radiocarbon (14C) Ages for Southern Hemisphere Tree Ring Series?

Years Lake Tay Lake Tay Takapari Takapari Doughboy Doughboy Campbell Campbell Island Tierra del
(CE) (Wk-) (*Cct10) (Wk-) (*ctio (Wk-) (*Ct16)  Island (Wk) ("ct10) Fuego ('*C £ 10)°
1705 39,764 188 +26 39,564 132+23 39,540 167 +22 1533
1715 39,765 172+23 39,565 165 +23 39,541 167 £ 24 139+3
1725 39,766 177 £23 39,566 170+ 22 39,542 210+ 23 165+7
1735 39,767 227 +£23 39,567 188 +24 39,543 199 + 26 202+10
1745 39,768 232+26 39,568 204+ 24 39,544 250+ 24 21510
1755 39,769 240+23 39,569 233+23 39,545 246 22 213+10
1765 39,770 220+ 23 39,570 21723 39,546 217 £22 224+10
1775 39,771 234+22 39,571 212+23 39,547 208 =25 214+5
1785 39,772 249+ 16 39,572 249+ 15 39,548 225+19 226+6
1795 39,773 242+19 39,573 203+13 39,549 197 £13 230+6
1805 39,587 205+ 22 39,574 193 +23 39,550 185+22 176 £5
1815 39,588 173+£24 39,575 141 £22 39,551 148 £22 133£5
1825 39,589 169 +22 39,576 13622 39,552 154+ 25 105+10
1835 39,590 163 +22 39,577 180+ 23 39,553 161+24 148+ 8
1845 39,591 148 £20 39,578 147 £21 39,554 157 £20 166+ 8
1855 39,592 142+ 20 39,579 112+20 39,555 15719

1865 39,593 140 + 22 39,580 128 +21 39,556 124 + 21

1875 39,594 126 £23 39,581 140 £ 20 39,557 162 £20

1885 39,595 132+22 39,582 166 + 19 39,558 141 +£20

1895 39,596 114+ 20 39,583 117 +£20 39,559 127 +£19

1905 39,597 106 £ 21 39,584 117 £20 39,560 130+ 21 39,602 13822

1915 39,598, 41,047b 130+ 14 39,585 104+13 41,046b 139+24 39,603 140+ 20

1925 41 ,049b 153+20 39,586 140 + 21 39,562, 41 ,048b 148 + 14 39,604 167 £22

1935 39,600, 41,051b 168+ 15 40,118 166 + 21 41,050b 177 £20 39,605 170+ 22

1945 41,053b 164 + 20 40,119 187+13 41,052b 155+20 39,606 21112

Years given as the midpoint of the dated decadal block. University of Waikato laboratory numbers are denoted by “Wk-".
Multiple samples used to calculate a weighted mean and age uncertainty.
“Radiocarbon data set previously reported for Tierra del Fuego [McCormac et al., 2002; Stuiver and Braziunas, 1998]; multiple ages within each decade have been
used to derive a weighted mean and age uncertainty.

to decade (e.g., 1940-1949 and 1930-1939) and bulk decadal samples collected by separating each decade
of rings along a ring boundary by first making fine radial cuts with a band saw and then using a chisel. As
such, the internal age incorporation for each sample is 10 years. For radiocarbon ('*C) dating, chemical pre-
treatment of the bulked (decadal) wood samples resulted in the purification of alpha-cellulose as this wood
fraction is deemed the most reliable for minimizing potential contamination and providing the most robust
14C ages required for such high-precision study [Hogg et al,, 2006]. Alpha-cellulose extraction begins with an
acid-base-acid pretreatment at 80°C, with samples treated with 1 N HCl for 60 min, followed by successive
30 min treatments with TN NaOH until the supernatant liquid remained clear, ending with another 60 min
1N HCl wash. Holocellulose was then extracted by using successive 30 min treatments of acidified NaClO,
at 70°C until the wood shavings were bleached to a pale yellow color. Alpha-cellulose was then prepared
by a final treatment with NaOH followed by a further acid wash (1 N HCl at 70°C for 30 min), and repeated
washing with distilled water until a pH of >6 was achieved. Samples were then graphitised in the Waikato
Radiocarbon Laboratory and measured for radiocarbon by accelerator mass spectrometry at the University
of California at Irvine (UCI). For the youngest samples (i.e., 1940-1950) an initial solvent extraction was added
to remove mobile components (resins, etc.) thereby reducing the potential for “bomb” '*C translocating
across the ring boundaries. A major advantage of all samples being prepared in one laboratory (Waikato)
and measured for '*C in a single facility (UCI) is the potential for interlaboratory inconsistencies to be avoided,
reducing the age uncertainties (Table 1).

Radiocarbon ages of the samples were compared to the Northern Hemisphere radiocarbon data set
(IntCal13) [Reimer et al, 2013] using a Defined Sequence model (D_Sequence) [Bronk Ramsey and Lee,
2013] in OxCal 4.2. To accommodate the mean Southern Hemispheric offset, a Delta R with the prior
U(—10, 90) was used (allowing a 50year or 0.625% margin either side of 40years or 0.5%). Using Bayes
theorem, the algorithms employed sample possible solutions with a probability that is the product of the
prior and likelihood probabilities. Taking into account the age model and the actual '*C age measurements,
the posterior probability densities quantify the most likely age distributions and allowed us to estimate
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Table 2. Calculated Regional Radiocarbon (14C Years + 10) Offsets Across Common Periods

Lake Tay (Western Takapari (North Dough Boy (Stewart Campbell Island Tierra del Fuego
Time Period Australia), 33°S Island NZ), 40°S Island), 47°S (Southern Ocean), 53°S (S. America), 54°S
1700-1850 57.0+£6.0 37757 444+59 38.0+26
1850-1950 17.5+6.5 153+6.2 25.0+6.6 30.2+93
1700-1950 39.0+44 26.7+4.2 350+ 44

regional offsets to the Northern Hemisphere across common periods of time. To determine a time series of
changing regional offsets to the Northern Hemisphere, the IntCal13 data set was extracted at 0.5 year
intervals from OxCal 4.2 and the mean decadal difference with weighted error calculated (Table 2). We then
compared the weighted mean and standard deviations of both the IntCal13 and our Southern Hemisphere
series using a t test of each pair of values at each decade. This was done to determine time periods when
no significant difference occurred (i.e., no interhemispheric offset).

3. Results and Discussion

The new Southern Hemisphere tree ring '*C series record large offsets from the average Northern Hemisphere
radiocarbon data set IntCal13 [Reimer et al., 2013]. For the common period of overlap (1700-1850 C.E.), the
Takapari (North Island) '*C measurements are statistically identical to the previously reported New Zealand
Takapari-Hihitari ages produced by the University of Waikato (—3 +29years) [Hogg et al., 2002] providing
confidence that the data set is comparable to SHCal13 [Hogg et al,, 2013] but offering greater sample depth
over the last 300 years. Dividing the tree sequences into preindustrial and postindustrial periods, the larger
offsets were recorded prior to 1850 C.E. at Lake Tay in Western Australia (57.0+6.0 "*Cyears) and Doughboy
(Stewart Island; 44.4+5.9 '*Cyears) (Table 2); the smaller offsets were recorded at Takapari and Tierra del
Fuego (southern Chile) at 37.7 +5.7 and 38+ 2.6 "“Cyears, respectively. With industrialization, we observe a
decrease in the offset, with Lake Tay (17.5+6.5 "*Cyears), Takapari (15.3 +6.2 "*Cyears), and Doughboy (25.0
+6.6 '*Cyears) all recording a marked decline after 1850 CE. In the time period captured by Northeast
Harbour, Campbell Island (1900-1950 C.E.), the subantarctic series preserves the greatest offset to IntCal13, with
a difference of 30.2 +9.3 "Cyears.

Two important points can be made from the above observations. First, there is no obvious Southern
Hemisphere latitudinal '*C gradient [Braziunas et al,, 1995]. While Campbell Island (53°S) exhibits the largest
of all the "*C offsets from the Northern Hemisphere, Tierra del Fuego, which is at a similar high-latitude (54°S)
shows one of the smallest offsets and Lake Tay, which is at a much lower latitude (33°S) shows relatively old
ages. Second, regional offsets in Southern Hemisphere atmospheric radiocarbon are measureable, though
whether this is due to differences in the growing seasons (as suggested for the Northern Hemisphere)
[Bronk Ramsey et al., 2010; Manning et al.,, 2001] is presently unclear. We therefore concentrate on the
temporal variations preserved across the data sets.

Previous work has indicated that temporal variability in Southern Hemisphere atmospheric "*CO, is strongly
influenced by sea ice extent in the Southern Ocean but with the potential for regional differences [Braziunas
et al, 1995]. To investigate multidecadal to centennial changes in the atmospheric radiocarbon offset, we
compare the mean of Southern Hemisphere '“C ages with the IntCal13 Northern Hemisphere record
[Reimer et al., 2013] (Figure 2). Although the long-term trend is most probably a result of industrialization
and a greater emission of fossil fuels (dead '*C) in the Northern Hemisphere from 1850 C.E. [Ahn et al.,
2012; McCormac et al., 1998], at least two prominent reductions in the offsets appear to be recorded; a t test
between the data points of the two series shown in Figure 2 identified the periods 1780-1800 C.E., 1860—
1870, and possibly post 1930 (Figures 2 and 3; gray shaded columns). Similar periods when the offset con-
verged on zero have also been suggested for New Zealand during 1725-1795 CE. and 1805-1865
[McCormac et al., 1998], the timing of which is consistent with our wider Southern Hemisphere results. The
sustained nature of these multidecadal fluctuations in the tree ring series suggests a natural, time-varying
component in the atmospheric '*C content may be operating in the Southern Hemisphere.

To explore the observed changes in more detail (independent of differences in the growing season across the
network of sites), we generated individual time series of the mean decadal difference (offset) to IntCal13 for
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Figure 2. Weighted mean Southern Hemisphere atmospheric 4 age (red envelope; 10 range) compared to the Northern
Hemisphere IntCal13 data set (dashed black envelope; 15 range) [Reimer et al., 2013]. Gray columns denote periods
discussed in text.

each record (Figure 3). Offsets are observed among the different '*C data sets, but importantly there is a
remarkable degree of coherence in temporal variability between the different sites (Figure 3), implying
changes in the flux of old carbon to the atmosphere. Fitting a locally weighted smoothing (LOESS) curve
to the individual series identifies a long-term trend toward a negligible offset between our study regions
and IntCal13 [Reimer et al., 2013]. The greatest change is observed at Lake Tay where the offset declines from
a maximum value of ~83 "*Cyears (1700-1710 C.E.) to ~28 '*Cyears across 1790-1800 C.E.

Importantly, the collapses in "C offset to the Northern Hemisphere centered on 1790 and 1860 C.E. are
observed in all our records, indicating that the shifts were Southern Hemisphere-wide and not region-
specific. The ~60 year recurrence interval of interhemispheric collapse may be linked to the 120-130year
periodicity in UK-NZ 14C differences [Hogg et al., 2011] suggested to be driven by changes in sea ice extent
and wind speed [Braziunas et al., 1995] or as recent studies have proposed, changes in the latitude of core
flow [Rodgers et al., 2011] over the Southern Ocean. A poleward shift in westerly airflow over the Southern
Hemisphere has been found to enhance northward Ekman transport of cool Antarctic surface waters,
drawing up more carbon-rich (**C-depleted) subsurface waters south of the Antarctic Circumpolar Current
[Galbraith et al., 2011; Landschditzer et al., 2015; Le Quéré et al., 2007], implying that there may be an associa-
tion with atmospheric CO,. We do observe a relationship between *C and CO, but find the opposite to what
we might expect at the end of the LIA chronozone; namely, reductions in the offset coincide with increases in
atmospheric CO, as recorded in the West Antarctic Ice Sheet (WAIS) Divide ice core [Bauska et al., 2015]

O Lake Tay (33°S), Western Australia
O Takapari (40°S), North Island, NZ [}
O Doughboy (47°S), Stewart Island @

® NE Harbour (53°S), Campbell Island °

310+

300 - Tierra del Fuego (54°S), S. America § ®
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Figure 3. Decadal interhemispheric radiocarbon offsets calculated from the different tree ring series (colored circles)
compared to the carbon dioxide (CO,) concentration values (black solid circles) inferred from the West Antarctic Ice
Sheet (WAIS) Divide ice core [Bauska et al., 2015]; WAIS data are available at http://ncdc.noaa.gov/paleo/study/18316. A
LOESS fit has been applied to each of the tree ring 4¢ data sets. Gray columns denote common periods where the
interhemispheric 4C offset approaches zero, i.e., no offset between the hemispheres (dashed horizontal line).
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(Figure 3). Curiously, the '*C offset at the Tierra del Fuego site is less variable than at other sites, showing
limited expression across the 1790 C.E. event.

It is intriguing that changes in Southern Ocean '*C coincide with inflections in the CO, record. Our Southern
Hemisphere radiocarbon values, however, strongly argue against a Southern Ocean source for the increase in
atmospheric carbon dioxide. The collapse in the '*C offset centered on 1790 C.E. coincides with a maxima in
Northern Hemisphere radiocarbon ages (Figure 2) at the same time as the observed global increase in
atmospheric CO, [Ahn et al., 2012] (Figure 3). While anthropogenic changes across Northern Hemisphere land-
scapes have been proposed as a possible cause for the rise in CO, at the end of the LIA [Kaplan, 2015] it seems
unlikely that the near-modern "*C values from carbon released from this source would be sufficient to drive the
collapse in the observed interhemispheric offset [Bauska et al., 2015; Graven, 2015]. The reduced offset centered
on 1790 C.E. is more consistent with an old-carbon ('*C-depleted) high-latitude terrestrial source, such as decay-
ing peat [Bauska et al, 2015]. However, no substantive change in Northern Hemisphere '*C is recorded across
1860 C.E., with relatively young ages across this period (Figure 2). Importantly, paleoreconstructions indicate
that alongside a warming climate post-LIA [PAGES 2 k Consortium, 2013], there were highly variable changes
in westerly airflow across the midlatitudes of the Southern Hemisphere [Lamy et al., 2010; McGlone et al.,
2010; Turney et al,, 2016a, 2016b], suggesting that the Southern Ocean sea-air flux of 4co, may play a role.

Alongside high-latitude Northern Hemisphere peatlands, the tropics have also been acknowledged as
providing a possible source of carbon around the time of the LIA [Bauska et al., 2015]. The strongest response
of carbon fluxes in the tropics over recent decades, however, is not directly due to temperature changes but
circulation changes associated with the El Nifio-Southern Oscillation (ENSO). During La Nifa events and
stronger trade winds, cloud cover has been observed to decline across the low latitudes, increasing solar irra-
diance (a limiting factor on forest net primary productivity in the equatorial tropics) and carbon sequestra-
tion, impacting global atmospheric CO, [Cleveland et al., 2015; Nemani et al., 2003]. ENSO is known to
impact changes in interhemispheric atmospheric radiocarbon via two key regions. First, in the tropics, La
Nifia events drive an increased flux of '*C- depleted CO,-rich water into the atmosphere at low latitudes
[Feely et al., 1999; Sutton et al., 2014] which, as a result of an equatorward migration of the Intertropical
Convergence Zone, can decrease the interhemispheric radiocarbon difference [Turney and Palmer, 2007].
ENSO, however, is also known to have a significant influence on climate and oceanographic conditions over
the high latitudes of the Southern Hemisphere [Turner, 2004].

Significant changes in Southern Ocean air-sea exchange of carbon have been reported over recent decades and
are projected for the future [Landschlitzer et al., 2015; Xue et al,, 2015; Yuan, 2004], linked to changes in the
strength of westerly airflow and the balance between upwelling of '“C-depleted Circumpolar Deep Water and
temperature of surface waters [Bernardello et al.,, 2014; de Lavergne et al., 2014; Landschiitzer et al., 2015; Majkut
et al,, 2014]. During La Nifia events, for instance, a poleward shift in the Polar Jet Stream (and associated surface
westerly winds) in the South Pacific is associated with a low-pressure system in the Bellinghausen Sea and cooler
surface waters as a result of increased Ekman transport across the midlatitudes [Landschiitzer et al., 2015; Yuan,
2004]; positive sea-ice feedbacks further enhance regional cooling during these times (with the opposite associa-
tion in the Weddell Sea) [Bertler et al,, 2004; Latif et al, 2013; Yuan, 2004], reducing the sea-air flux of *CO, to the
Southern Hemisphere atmosphere. Given this relationship, our results imply that there was a change in the per-
vasive ENSO state around ~1790 and 1860 C.E., with more La Nifa-like events on multidecadal timescales, result-
ing in an poleward shift (or strengthening) of westerly winds across the South Pacific, reducing ocean ventilation
across the region. This inference is consistent with reconstructed decreases in ENSO variance during these per-
iods [Li et al., 2013]. If the South Pacific is indeed a major driver of changes in the “interhemispheric” gradient,
it may explain the relatively low temporal variability of Chilean '*C, with the Polar Jet Stream redirected north
in the southeast Pacific, effectively bypassing Tierra del Fuego [Yuan, 2004].

4. Conclusions

Recent work has suggested the global increase in atmospheric CO, during the termination of the Little Ice
Age was driven by enhanced decay of peatlands in the Northern Hemisphere. An alternative source of carbon
may have been the Southern Ocean. Here we use a network of absolutely dated tree ring series from across
the midlatitudes of the Southern Hemisphere to measure atmospheric radiocarbon as a proxy of upwelling of
"C-depleted abyssal waters. We find coincident regional collapses in the '*C offset to the Northern
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Hemisphere for approximately 20 years centered on 1790, 1860, and possibly 1950 C.E. Reductions in the
regional offset strongly argue against a Southern Ocean source for the increase in atmospheric carbon diox-
ide at the end of the Little Ice Age and are consistent with a Northern Hemisphere terrestrial source. While a
pervasive periodicity has previously been reported for the offset between New Zealand and the Northern
Hemisphere, here we recognize these changes occur across most of the Southern Hemisphere. Our results
suggest that alongside the long-term increase in CO, post-LIA, multidecadal variability in the sea-air flux of
carbon-rich ('*C-depleted) subsurface waters may have been modulated by the El Nifo-Southern
Oscillation (ENSO). We find that long-term variability is near constant over Tierra del Fuego (54°S), suggesting
air masses are relatively well mixed. In marked contrast, Campbell Island lies at a comparable latitude (53°S) to
Tierra del Fuego and exhibits the greatest C offset, offering considerable potential for future work to detect
changes in Southern Ocean upwelling and the global carbon cycle since 1950 C.E.
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