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BOMB RADIOCARBON IN TREE RINGS FROM NORTHERN NEW SOUTH WALES,
AUSTRALIA: IMPLICATIONS FOR DENDROCHRONOLOGY, ATMOSPHERIC
TRANSPORT, AND AIR-SEA EXCHANGE OF CO,

Quan Hua!? « Mike Barbetti® « Ugo Zoppi! « David M Chapman* ¢ Bruce Thomson?

ABSTRACT. We have analyzed by radiocarbon 27 consecutive single rings, starting from AD 1952, of a preliminarily cross-
dated section (DFR 021) of Pinus radiata, which grew in Armidale, northern New South Wales, Australia. The bomb 4C
results suggested the possibility of 2 false rings, and, consequently, 2 misidentified rings in the preliminary count for this sec-
tion. This possibility was supported by a better ring-width correlation between the revised DFR 021 count and other Pinus
radiata chronologies in the study region. This indicated that bomb '“C is a useful tool to complement the standard techniques
of dendrochronology in tree species where annual rings are not always clearly defined.

Our accelerator mass spectrometry (AMS) 4C results for Armidale Pinus radiata, on a corrected timescale, can be compared
with previously published atmospheric and oceanic '“C data. The data show interesting features of atmospheric circulation
and the regional air-sea exchange of CO, for the bomb period. On average, the difference between A'“C values for Armidale
(30°S) and those for Tasmania (42°S) was negligible, implying a small latitudinal '“C gradient in the Southern Hemisphere.
However, small offsets between Armidale and Tasmania were observed for some periods. The variation of these offsets sug-
gests some slight changes in the relative contributions of the 2 excess “C sources (the northern troposphere and southern
stratosphere) to the southern troposphere. In the decay of bomb 4C, atmospheric “C reached a global equilibrium at the end
of the 1960s and decreased exponentially, halving every 16 years. The time for air-sea exchange of CO, for southern Pacific
mid-latitudes was found to be about 7.5 yr, which was equivalent to a CO, flux from the atmosphere to the oceans of 21.5
moles m~2y~! for the 1970s.

INTRODUCTION

Hundreds of nuclear weapons were detonated in the atmosphere between 1945 and 1980. The radio-
carbon produced around the nuclear fire ball was directly injected into the atmosphere. As a result,
the concentration of '“C in the atmosphere increased dramatically in the late 1950s and early 1960s.
The atmospheric '“C level reached a maximum in the Northern Hemisphere in 1963-1964, almost
double its pre-bomb level. Since then, the “C concentration in the atmosphere has been decreasing
due to rapid exchange between the atmosphere and other carbon reservoirs (mainly the oceans and
biosphere), and the absence of major atmospheric nuclear explosions.

Bomb “C was recognized as a useful tracer for the study of atmospheric circulation (Nydal and
Lovseth 1983; Levin et al. 1985; Manning et al. 1990), air-sea exchange of CO, (Nydal 1968;
Druffel and Suess 1983), and the global carbon cycle (Oeschger et al. 1975; Broecker et al. 1980;
Levin and Hesshaimer 2000). To contribute to the global effort, we have recently published the first
long records of '“C in tree rings from the northern tropics (Thailand, 19°N) and the southern tem-
perate region (Tasmania, Australia, 42°S) for the bomb pulse period (Hua et al. 2000). Here we
present the results of new measurements on a series of annual tree rings from Armidale, Australia
(30°S). This is the first time that a site in inland Australia has been used to examine the rise in atmo-
spheric '*C due to atmospheric nuclear explosions. The accelerator mass spectrometry (AMS) 4C
results were used to correct the preliminary ring boundary assignments in this cross-section, made
first by using the standard techniques of dendrochronology. We then discuss the features of bomb
14C in the Southern Hemisphere and their implications for atmospheric transport. Finally, we esti-
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mate the air-sea exchange of CO, for southern Pacific mid-latitudes, based on our measured '“C data
from Armidale tree rings and those from Great Barrier Reef corals for the bomb period reported by
Druffel and Griffin (1995).

SAMPLE DESCRIPTION

An introduced species of pine in Australia, Pinus radiata, was used for this study. The tree was on
the New England Tableland of northern New South Wales, Australia (30°S, 152°E). This medium-
sized tree, catalog nr DFR 021, grew near a fence along a quiet countryside road from Armidale to
Dangar Falls. The sampling site is at moderate altitude, about 1000 m above sea level and about 5
km east-southeast of Armidale. The tree was a sapling in 1922 and was felled in mid-winter (July)
1998, when the 1997 ring was complete but the 1998 ring had not yet begun to form. We chose DFR
021 over sections from neighboring trees because the rings were wider and easier to sample for 4C
analysis. The cross-section used for 14C analysis is shown in Figure 1. The heartwood-sapwood tran-
sition for DFR 021 is around rings 1962—-1966. Note that organic materials (e.g., lignin, waxes) in
the outermost sapwood rings may be added to heartwood at the time of conversion from sapwood to
heartwood (Cain and Suess 1976), but should be removed by pretreatment to pure cellulose (Hua et
al. 1999 and references therein). This pretreatment was employed for this study (see below), so that
the '4C measurements are unaffected. The outer rings, where samples were taken for 14C measure-
ment, are typically 2-3 mm wide, necessitating the use of AMS for !“C analysis. During the summer
growing season of Armidale Pinus radiata, the air mass movement is predominantly from the north-
east/southeast sector (Linacre and Geerts 1997).

Sub-section used for *C analysis
10 cm

A

Figure 1 Cross-section of Armidale Pinus radiata DFR 021 with rings from AD 1922 to 1997, from which a sub-
section was used for AMS “C analysis.
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AMS 14C ANALYSIS AND THE DENDROCHRONOLOGY OF PINUS RADIATA

The ring pattern of Pinus radiata is clear and well-defined for the inner part of the DFR 021 section,
where the rings are wide. For this part of the section, a typical ring width is 5-10 mm. As the tree
became older and the outer rings became narrower, the ring pattern was less clear, with many doubt-
ful ring boundaries. There are many bands of small dark cells, which are similar to ring boundaries,
across the section. This made it difficult to date the DFR 021 section using the standard techniques
of dendrochronology because these uncertain ring boundaries might result in false (or intra-annual)
rings being counted in one part of the section and true rings not being counted in other parts of the
section or vice versa. The cross-dating of DFR 021 against other Pinus radiata trees in the region
was carried out at the NWG Macintosh Centre for Quaternary Dating of the University of Sydney
and a preliminary ring count (pc) for DFR 021 was achieved.

Fortunately, the narrow rings in the section, where the potential problems occur, are in the bomb
pulse period. There are 2 unique features of bomb 4C, which can be used to examine the prelimi-
nary chronology of DFR 021. The first one is that atmospheric #C contents are similar for similar
latitudes in the Southern Hemisphere. We employed atmospheric 4C records for Pretoria 26°S
(South Africa, Vogel and Marais 1971) and Wellington 41°S (New Zealand, Manning and Melhuish
1994) as a norm for the 1“C level for Armidale. The second feature is the significant difference in 4C
levels between consecutive annual tree rings during the bomb period, especially for the period of ris-
ing atmospheric “C and a decade after the major bomb peak (1955-1965 and 1966 to the late
1970s). These features are very effective for detecting misidentified rings.
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Figure 2 '*C in tree rings versus atmospheric “CO, at similar latitudes. Lines represent A'#C values for atmospheric
samples. Data for Pretoria and Wellington are from Vogel and Marais (1971) and Manning and Melhuish (1994), respec-
tively. Triangles depict A'“C values for tree rings. A'4C values for Armidale Pinus radiata are shown for the preliminary
ring counts (pc) and revised chronology (RC).
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Twenty-four consecutive single tree ring samples, starting from AD 1952, were prepared for AMS
14C analysis using the protocols set up by Hua et al. (1999). Our sampling strategy was to avoid the
ring boundary areas due to very different levels of 14C between consecutive rings. The woody mate-
rial of each ring, well clear from ring boundaries, was selected for *C analysis. The samples were
pretreated to alpha-cellulose using the method of Hua et al. (2000). The pretreated material was con-
verted to graphite using methods described in Hua et al. (2001). The AMS *C measurements were
performed using the ANTARES facility at ANSTO (Lawson et al. 2000; Fink et al. 2003), with a
precision of 0.35-0.45%.

The AMS “C results for DFR 021 were reported in A'*C values, after corrections for isotopic frac-
tionation using 8!3C and radioactive decay of both sample and standard (Hua et al. 1999, and the A
term of Stuiver and Polach 1977). The results are presented in Table 1 and illustrated in Figure 2.
The A4C values for tree rings are plotted as points in the middle of the presumed growing period of
December—January. For ease of comparison, the atmospheric '“C records from the Southern Hemi-
sphere temperate regions, namely Pretoria 26°S (South Africa) and Wellington 41°S (New Zealand),
are also shown in Figure 2.

Table 1 Measured A'*C from Pinus radiata in Armidale, Australia (30°S, 152°E), for both prelim-
inary ring counts and revised chronology.

Ring formation (year AD)

Laboratory 313C Preliminary Revised
code (%0 PDB) ring counts (pc) chronology (RC) AC (%o)
OZE208 -22.1 1952 1952 —28.8x4.5
OZE209 -21.9 1953 1953 -21.8+4.1
OZE210 -21.5 1954 1954 —22.0+43
OZE211 -22.6 1955 1955 -17.0+ 4.6
OZE212 -22.4 1956 1956 18.7+4.5
OZE213 -19.9 1957 1957 40.5+3.3
OZE214 -21.0 1958 1958 98.1+4.2
OZE215 -21.8 1959 1959 186.8 £4.2
OZE216 -20.4 1960 1960 1955+34
OZE217 -22.3 1961 1961 191.2+4.1
OZE218 -22.9 1962 1962 251.6+4.6
OZE219 -22.1 1963 1963 4358 +£5.2
OZE220 -21.8 1964 1964 606.6 £5.9
OZE221 -20.7 1965 1965 628.2+£5.7
OZE222 -20.5 1966 1966 615.4+5.6
OZE223 -21.9 1967 1967 (early wood) 5869+ 54
OZE224 -21.9 1968 1967 (late wood) 580.7+5.3
1967 583.8+3.9
OZE225 -21.1 1969 1968 556.6 £5.6
OZE226 -21.7 1970 1969 531.6£5.7
OZE227 -22.7 1971 1970 516.1+£5.1
OZE228 -23.0 1972 1971 475.6 £ 6.0
OZE229 -22.2 1973 1972 448.1+£53
OZE230 -22.3 1974 1973 416.7+£54
OZE231 -21.8 1975 1974 396.0£5.6
0ZG572 -22.9 1976 1975 378.7+4.4
0ZG573 -22.5 1977 1976 (early wood) 351.9+49
0ZG574 -234 1978 1976 (late wood) 340.5+4.9

1976 3462 £5.2
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Excellent agreement between measured '“C data for Armidale tree rings and atmospheric '“C
records for Pretoria for the period of 1952 to 1967 (pc) was found. However, for the period of 1968
to 1975 (pc), A*C values for the Armidale tree rings were significantly higher than those of atmo-
spheric C records for Pretoria and Wellington. In addition, A*C value for ring 1967 (pc) was equal
to that for ring 1968 (pc) (Table 1). These results suggested that 1967 (pc) ring boundary was a false
one and that rings 1967 and 1968 (pc) were in fact a single 1967 ring.

To test this hypothesis, we shifted results one year back for rings 1968—1975 (pc) and plotted their
AC values in Figure 2. A very good agreement with the atmospheric data sets was then found, indi-
cating that the hypothesis was correct. We therefore adopted a revised ring count, with the (new)
1967 ring consisting of the 2 rings, 1967 and 1968 of the preliminary count (Figure 3). We then
noted the similarity between rings 1967-1968 (pc) and rings 1977-1978 (pc) (see Figure 3), and
inferred that the 1977 (pc) ring boundary may also be a false one. To confirm this, the 3 single rings,
1976-1978 (pc), were prepared and measured by AMS. The !4C results from these rings, which are
also presented in Table 1, showed that the A'4C value for ring 1977 (pc) was similar to that for ring
1978 (pc). These results confirmed that the 1977 (pc) ring boundary was also a false one.

Table 2 Ring-width correlation between DFR 021 and other Pinus radiata trees in the study region.
Calculation was performed for 25-yr segments lagged 12 yr.

Statistical correlation

Counted segment

(year AD) Preliminary ring counts (pc) Revised chronology (RC)
1923-1947 0.79 0.79
1935-1959 0.82 0.82
1947-1971 0.79 0.83
1959-1983 0.54 0.69
1971-1995 0.52 0.63
1973-1997 0.53 0.65

14C contents for rings 1952-1976 of the revised count (rc), equivalent to rings 1952-1978 (pc),
agreed well with the atmospheric records for Pretoria and Wellington. This therefore meant that 2
later true rings were not counted, somewhere between rings 1979 and 1997 (pc). Using the standard
techniques of dendrochronology, and the fact that ring 1982 in other trees from this site was a very
narrow ring influenced by a strong El Nifio event (low rainfall from November 1982 to January 1983
for the Armidale region, data files provided by Bureau of Meteorology 1999), we inferred that the
correct ring boundaries were those shown in the revised count (Figure 3). Unfortunately, we could
not use additional '*C measurements to confirm the revised count because the '“C levels between
consecutive rings in this period are not so different (the atmospheric '*C bomb curves for the South-
ern Hemisphere from 1980 onwards decreases less steeply; Vogel and Marais 1971; Manning and
Melhuish 1994). However, after the identification of 2 false ring boundaries in 1967 and 1976 (rc),
and new ring boundaries for 1982 and 1991 (rc), the revised count was supported by statistical cor-
relation, with a significant improvement in ring-width correlation between DFR 021 and other Pinus
radiata trees in the region for rings 1947 outwards (Table 2). This gave us confidence in the revised
chronology (RC).
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Figure 3 Tree-ring pattern of Armidale Pinus radiata DFR 021. Preliminary ring counts (pc) versus revised chronology (RC).
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IMPLICATIONS FOR ATMOSPHERIC TRANSPORT

Measured A'4C values for Armidale Pinus radiata (RC only) are shown in Figure 4, together with
previously published A!“C data for tree rings at different latitudes from the Northern and Southern
Hemisphere. They are, respectively, the data for Hungary (48°N, 1951-1978, Hertelendi and Cson-
gor 1982), Germany (49°N, 1966—-1982, Levin et al. 1985), Japan (38°N, 1960—1969, Muraki et al.
1998), Thailand (19°N, 1952-1975, Hua et al. 2000), and Tasmania (Australia, 42°S, 1952-1975,
Hua et al. 2000). These data are plotted in the middle of the growing period: June—July for the
Northern Hemisphere and December—January for the Southern Hemisphere.

The difference between Armidale (30°S) and Tasmania (42°S) was generally small or negligible
(Figure 4). The weighted average of the difference of the 2 data sets for the period influenced by
atmospheric nuclear detonations (rings 1954—1975) was 0.3 = 2.9%o (Armidale is higher). The mag-
nitude of this difference is similar to the mean monthly difference of 0.5 £ 1.1%o between Pretoria
(26°S) and Wellington (41°S) for the period of 1957—1993 (Hua and Barbetti 2003). This indicated
a small latitudinal gradient in terms of A!4C for the Southern Hemisphere. The reason for the low
latitudinal gradient in the Southern Hemisphere is that the sources of bomb '“C, which are mainly in
the Northern Hemisphere, are far from the south (Manning et al. 1990), and once the '“C excess is
transported over the broad Inter-Tropical Convergence Zone (ITCZ), atmospheric “C diffuses rap-
idly with fast mixing in the Southern Hemisphere and does not allow for a large gradient there (Hua
etal. 1999). This feature of bomb !4C in the Southern Hemisphere is in contrast to that for the North-
ern Hemisphere, where there is a large latitudinal gradient of A*C—note the significant difference
between A!*C values for Hungary (48°N) and those for Japan (38°N) at least for the bomb peak
period (Figure 4).

Although the average difference between Armidale and Tasmania was negligible, small offsets
between the 2 data sets were observed during the rise and fall of bomb *C. Note that the excess 4C
produced by bomb tests was mostly injected into the stratosphere, then returned to the troposphere
through the mid- to high-latitude tropopause gap in both hemispheres during the spring and summer
time of each hemisphere. Because the main sources of bomb '“C were in the Northern Hemisphere,
the southern troposphere received excess 4C from the northern troposphere and the northern strato-
sphere through the southern stratosphere. Excess '“C from the northern troposphere reached Armi-
dale (30°S) before it reached Tasmania (42°S), meanwhile Tasmania was more sensitive to the injec-
tion from the southern stratosphere (compared to Armidale) because Tasmania is located further
south and is close to the injection areas (mid- to high-latitudes) in the Southern Hemisphere.! Due
to a very similar growing season between Armidale Pinus radiata and Tasmanian Huon pine
(approximately from November to February), the variation of the small offsets between Armidale
and Tasmania during the bomb period might indicate some indications about relative contributions
of the 2 excess “C sources to the southern troposphere.

IThe seasonal structure for the Wellington record (41°S, New Zealand), which is close to Tasmania in latitude, was well
determined with a maximum in March and a minimum in August (until 1980; Manning et al. 1990). This seasonality
reflected the injection of excess 4C from the southern stratosphere into the southern troposphere. Meanwhile, the seasonal
structure for the South Pacific sites including Funafuti 9°S (Tuvalu) and Suva 18°S (Fiji), which is close to Armidale in lat-
itude, were not well determined (Manning et al. 1990). It is likely that these sites received more excess '“C from the North-
ern Hemisphere, which became diffused when transferred to the Southern Hemisphere across the broad ITCZ. As a result,
atmospheric '“C over these sites lost the Northern Hemisphere seasonal pattern: maximum in July—August and minimum in
January—March (Meijer et al. 1995), which mainly reflected the seasonality of the injection of excess *C from the northern
stratosphere to the northern troposphere.
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Figure 4 '*C in tree rings at different latitudes and atmospheric nuclear detonations AD 1950-1980. Symbols depict A4C
values for tree rings. Data sources are Hertelendi and Csongor (1982) for Hungary, Levin et al. (1985) for Germany, Muraki
et al. (1998) for Japan, and Hua et al. (2000) for Thailand and Tasmania. Measured A'*C values for Armidale Pinus radiata
are shown for the revised chronology (RC) only. Error bars are too small to be shown. Bars represent effective yield of
atmospheric nuclear detonations for 3-month periods (for 1945-1976, Enting 1982; for 1977-1980, Yang et al. 2000).

AC values for Armidale were slightly lower than those for Tasmania at the ends of 1954, 1957, and
1961 (Figure 4). Unfortunately, the 2 atmospheric #C records for Pretoria and Wellington shown in
Figure 2, which have latitudes similar to Armidale and Tasmania, respectively, are not detailed
enough at those times to determine if there are similar 4C offsets between the 2 records. It is inter-
esting that the ends of 1957 and 1961 were times when there were changes in the rates of increase
of 14C in Armidale Pinus radiata: a small rise from the end of 1955 to the end of 1957, an interme-
diate increase from the end of 1957 to the end of 1959, a plateau from the end of 1959 to the end of
1961, and a steep rise from the end of 1961 to the end of 1965 (Figure 4). These changes suggest
variations in the amount of excess 4C transferred from the northern troposphere to the southern tro-
posphere. There was a plateau in A!4C in the northern troposphere during 1956, followed by a small
increase during 1957. There was effectively no increase in the amount of '“C transferred to the
Southern Hemisphere during 1957 because there is a time lag for the transfer of excess “C between
the 2 hemispheres of the troposphere. Meanwhile, A*C values of the southern stratosphere
increased slightly during 1957 (Figure 5). A similar situation was noted for 1961, when there was no
increase in the amount of '#C transferred from the Northern Hemisphere to the Southern Hemi-
sphere (see Figure 4), and a slight increase of '*C in the southern stratosphere (see Figure 5). These
slight changes in the relative contributions of the 2 excess 4C sources to the southern troposphere
might explain the negative Armidale-Tasmania offsets at the ends of 1957 and 1961 (and perhaps
also 1954, for which there are no data on stratospheric '“C; see Figure 5; Telegadas 1971;
Hesshaimer and Levin 2000).
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Figure 5 A'¥C values in the stratosphere and troposphere for the bomb period (after Manning et al. 1990). The upper
2 curves are for the stratosphere and the lower 2 for the troposphere. The solid and dotted lines denote the Northern
and Southern Hemisphere, respectively.

In contrast, during the steepest rise of bomb 4C, A!“C values for Armidale were slightly higher than
those for Tasmania (at the ends of 1963, 1964, 1968, and 1969). It was clear that this steep rise of
14C was due to high-yield nuclear weapon tests in 1961-1962 (Figure 4). These detonations injected
a large amount of artificial '“C into the upper and high stratosphere in the Northern Hemisphere. As
a result, the major transport of excess “C was from the northern stratosphere to the northern tropo-
sphere then to the southern troposphere. During this period of time, the concentration of excess '“C
in the northern stratosphere was much higher than that in the southern stratosphere (Figure 5), so the
amount of excess C injected into the southern troposphere from the southern stratosphere would be
smaller than that from the northern troposphere. This would explain why there were positive Armi-
dale-Tasmania offsets for the steep rise of bomb #C (at the ends of 1963 and 1964). Bomb “C
reached a maximum at the end of 1965, then decreased. There were no differences between Armi-
dale and Tasmania at the ends of 1965, 1966, and 1967. However, there were positive Armidale-Tas-
mania offsets at the ends of 1968 and 1969. This might be due to some sporadic nuclear bomb tests
in the Northern Hemisphere in 1967, 1968, and 1969.

In the decay of bomb “C, there were some disturbances (Figure 6). A small peak in tree ring A4C
was found in German pine in the middle of 1970. Levin et al. (1985) suggested that a nearby nuclear
power plant caused this effect (see Table 6 of Levin et al. 1985). This A!“C peak was also found in
Hungarian tree rings in the middle of 1970 and in Thai tree rings in the middle of 1971 as the trans-
port time of bomb !4C from northern temperate region to the tropics is ~1 yr (Hua et al. 2000). These
disturbances were also observed around 1970 in the atmospheric records for Fruholmen, Norway, at
71°N (Nydal and Lovseth 1983). These features indicate that the effect was not local or regional, but
global, and that it was caused by sporadic atmospheric nuclear tests after 1963 performed by China
in the Northern Hemisphere and France in the South Pacific (Enting 1982). A small bomb peak is
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expected to be found in the Southern Hemisphere temperate region at the end of 1971 as the trans-
port time of bomb '“C from the tropics to the southern temperate region is ~0.5 yr (Hua et al. 2000).
However, as mentioned above, the 4C excess becomes diffused when it is transported over the
broad ITCZ; no small bomb peak was found in either the Armidale or the Tasmanian series at the
end of 1971.
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Figure 6 Influences of sporadic atmospheric nuclear tests after the 1963 Test Ban Treaty and decay of bomb '“C. Measured
AC values for Armidale Pinus radiata are shown for the revised chronology (RC) only. Sources of A*C data for tree
rings and effective yield of atmospheric nuclear detonations are shown in Figure 4.

There were small upward fluctuations in Tasmanian Huon pine at the ends of 1970 and 1972 and the
AC value for Tasmania was slightly higher than that for Armidale at the end of 1972. These fluc-
tuations might be due to atmospheric nuclear tests in the South Pacific in 1968 and 1970, and 1971,
respectively (Figure 6). However, there were no significant fluctuations for Armidale Pinus radiata
(except perhaps for a small upward fluctuation less pronounced than that for Tasmania at the end of
1970). As mentioned above, Tasmania is more sensitive to the injection from the southern strato-
sphere and, therefore, to atmospheric nuclear bomb tests in the Southern Hemisphere. As a conse-
quence, Tasmania became equal to Armidale at the ends 1970 and 1971 (Tasmania was lower than
Armidale at the end of 1969, as mentioned previously), and was slightly higher than Armidale at the
end of 1972. This would also explain why no pronounced fluctuations in atmospheric “C between
1970-1976 were found in Armidale tree rings.

Most of the Armidale-Tasmania offsets discussed above (negative at the ends of 1954, 1957, 1961
and 1972; positive at the ends of 1964, 1968, and 1969) were small, as the 2 data sets did not overlap
within 1 o error but did overlap within 2 ¢ error. Only one significant offset, where the 2 data sets
did not overlap within 2 o error, was found at the end of 1963. This significant difference between
Armidale and Tasmania might be due to large amount of excess “C transferred from the Northern
to Southern Hemisphere during the steep rise of bomb !4C at the end of 1963.
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Although there were some small disturbances between 1970-1972, bomb '“C reached a global equi-
librium at the end of 1968 (Telegadas 1971) and decreased exponentially, halving every 16 yr (Fig-
ure 6). This estimate is very similar to those of previous work: 17 yr from Manning et al. (1990) and
Dai et al. (1992), 18 yr (inversion of a decay constant of 0.055 yr!) from Nydal and Gislefoss
(1996), and 16 yr from Levin and Kromer (1997) and Park et al. (2002).

AIR-SEA EXCHANGE OF CO, FOR SOUTHERN PACIFIC MID-LATITUDES

Measured A4C values for Armidale tree rings and those for corals from the Great Barrier Reef are
shown in Figure 7. The coral A*C were the average values of 3 different sites: Heron Island (23°S,
152°E), Abraham Reef (22°S, 153°E), and Lady Musgrave Island (24°S, 153°E) (Druffel and Griffin
1995). Atmospheric A'“C for Armidale increased from —22%o at the beginning of 1955 to 186.8%o
at the beginning of 1960. As a result of the transfer of bomb '“C from the atmosphere to the surface
ocean, AC in Great Barrier Reef corals slightly increased from —54.7%o in early 1955 to —22.8%o
in early 1961. Then, atmospheric A4C dramatically increased from 191.2%o at the beginning of 1962
to a maximum level of 628.2%o at the beginning of 1966 due to the high level of atmospheric nuclear
detonations in 1961-1962 (Figure 4). The A'“C level in corals increased from —29.2%o in early 1962
t0 95.5%o in early 1968. This period saw a steep rise of bomb !4C in the surface ocean of the Great
Barrier Reef. After 1966, although atmospheric A!4C decreased, the A!4C level in Great Barrier Reef
corals still increased with a lower rate and reached a maximum of about 141%o between 1976-1980.
This occurred because there was a large amount of excess 14C in the atmosphere after the major
bomb tests which was still being transferred to the oceans. After 1980, the A!4C level in the surface
ocean of the Great Barrier Reef decreased.

800 T T T T T T T

: : —w»— Tree-rings, Armidale, Australia 30°S, 152°E
700 | : : | —®— Corals, Great Barrier Reef 22-24°S, 152-153°E | |

600

500

AC (%o)

100

L1 L L
1965 1970 1975
Year (AD)
Figure 7 'C in tree rings compared with that in corals for southern mid-latitudes. Measured A*C values for
Armidale Pinus radiata are shown for the revised chronology (RC) only. A'¥C values for corals are the average
values of 3 different sites (Heron Island, Abraham Reef, and Lady Musgrave Island) from the Great Barrier Reef

(Druffel and Griffin 1995). Error bars are too small to be shown.
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We have used a 1D box model to estimate the time for air-sea exchange of CO, for the mid-southern
Pacific, with the assumption that only vertical transport in the oceans was responsible for the transfer
of bomb '“C from the atmosphere to the oceans. The model consisted of a box diffusion ocean from
Oeschger et al. (1975), including a homogenous surface-mixed layer of 75 m, and deep sea water
divided into 36 boxes of 25 m and 5 boxes of 560 m. The transfer of “CO, between the surface-
mixed layer and deep sea water was parameterized by a constant vertical eddy diffusivity K. The
transfer of bomb !4C from the atmosphere to the surface-mixed layer was parameterized by a con-
stant exchange coefficient k,,,, which is inversely proportional to the time for the air-sea exchange
T,m- 1f the time history of atmospheric 4C (the source of bomb '“C for the oceans) and the constant
eddy K are known, one can estimate the air-sea exchange coefficient k,,, for a particular region using
the above model.

The source function of bomb '“C in the atmosphere was our measured A!“C data from Armidale tree
rings (1953-1977). Because atmospheric CO, content was not constant but increased significantly
(Etheridge et al. 1998) during the period of our study (the bomb pulse period), we had to include the
12C species in our modelling. The source function of atmospheric CO, was the measured CO, data
from Law Dome DEO8 and DE(8-2 ice cores from Antarctica (AD 1832—-1977, Etheridge et al.
1998). The eddy diffusivity K for the ocean close to the Great Barrier Reef corals (22-24°S, 152—
153°E) was determined from GEOSECS Tritium data of Pacific stations 269 (23°57'S, 174°31'W)
and 310 (26°57'S, 157°9'W) (see Figure 8 for locations of Armidale tree rings, corals from the Great
Barrier Reef, and the 2 GEOSECS Pacific stations). The mean depth of tritium penetration in 1973
for the 2 stations was 360 m (370 m for station 269 and 350 m for station 310, Broecker et al. 1980),
which was equivalent to an eddy diffusivity K of 4890 m~2y~! (Broecker et al. 1980). The average
pre-bomb A!4C value of Great Barrier Reef corals was about —50%o (—49.6 + 3.6%o for Abraham
Reef for 1800-1957, Druffel and Griffin 1993; —49.8 + 3.8%o for Heron Island for 1849-1955,
Druffel and Griffin 1999). The model was run from 1832 to 1977 and the initial A*C value of the
surface-mixed layer was chosen so that the average pre-bomb A!4C value of the surface waters for
1832—-1955 calculated from the model was in agreement with that of the Great Barrier Reef corals
of —50%o.

The model was then run with different values of k,,,. The best k,,, was determined when there was
the best fit to the measured A'“C for the mixed layer (A!4C values from the Great Barrier Reef corals
for 1953-1977, Druffel and Griffin 1995) and the measured A'“C for the deep ocean close to the
Great Barrier Reef (A!4C values of deep ocean for stations 269 and 310 in 1974, Ostlund and Stuiver
1980). The air-sea exchange coefficient k,,,, for mid-southern Pacific estimated by the model was 1/
7.5 yr'!, which was equivalent to a 1, of 7.5 yr. Figures 9 and 10 show A'%C values calculated by
the model versus experimental AC data for the surface-mixed layer and deep ocean for the best
estimated value of k,,,, of 1/7.5 yr'!, respectively. A good agreement between measured A'*C data
for surface ocean derived from corals and those calculated from the model was found (Figure 9).
However, for the deep ocean the agreement between experimental *C data and those determined
from the model were not very good for the depth between 100-600 m (Figure 10). This suggested
that using only vertical transport (diffusion) in the oceans does not properly explain the transfer of
bomb “C to the deep sea for the mid-southern Pacific Ocean.

The corresponding flux of CO, (k,, of 1/7.5 yr 1) from the atmosphere to the surface ocean for mid-
southern Pacific for the 1970s (CO, mixing ratio of 330 ppm, Etheridge et al. 1998) was 21.5 moles
m~2y-!. Our estimated value is in agreement with the estimate of 22 moles m2y! for the CO, inva-
sion rate for the south temperate region of the Pacific by Broecker et al. (1985). Quay and Stuiver
(1980) determined the CO, gas exchange for the mid-southern Pacific. Their average value of CO,
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Figure 9 A'%C in corals from the Great Barrier Reef (average values of corals from 3 different sites as in Figure 7) com-
pared to that calculated from the model for the case of best estimate k,,,, of 1/7.5 yr~!.

gas exchange from 4 stations (322, 320, 317, and 324) located east of 150°W was 25 moles m2y 1.
Stuiver et al. (1981) estimated the average air-sea exchange rate of 26.5 moles m2y~! for the south
Pacific from 10°S to 50°S. Our estimate is slightly lower than those from Quay and Stuiver (1980)
and Stuiver et al. (1981). The difference between the 3 estimates might be due to the difference in
study areas: 23-27°S, 152°E—-158°W (this study); 23—43°S, 128-146°W (Quay and Stuiver 1980);
south Pacific between 10—50°S (Stuiver et al. 1981).

CONCLUSION

This is the first time that a site in inland Australia has been used to examine the rise in atmospheric
14C due to atmospheric nuclear detonations in the late 1950s and early 1960s. Our AMS '“C results
for single tree rings from Armidale 30°S (Australia, rings 1952—-1976) revealed some interesting
features of Southern Hemisphere bomb '4C and their implications for global atmospheric circula-
tion. On average, the difference between Armidale and Tasmania in terms of '“C was negligible,
implying a small latitudinal gradient for the Southern Hemisphere. This situation contrasts with that
of the Northern Hemisphere, where there was a large latitudinal gradient of #C during the bomb
peak. However, small offset variations between Armidale and Tasmania were observed. This might
suggest some indications about relative contributions of the 2 excess “C sources (the northern tro-
posphere and southern stratosphere) to the southern troposphere. Together with previously pub-
lished '4C data from tree rings, '“C in Armidale Pinus radiata decreased exponentially, halving

every 16 yr.
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Figure 10 Oceanic A'*C for stations 269 and 310 in the South Pacific (values respectively for January and
April 1974 during the GEOSECS expedition, Ostlund and Stuiver 1980) compared to that calculated from
the model for the case of the best estimate k,,, of 1/7.5 yr~!. The penetration of bomb '“C in the Pacific Ocean
at the time of GEOSECS expedition in 1974 was less than 1000 m (Broecker et al. 1985); therefore, only
oceanic “C data from depths less than 1000 m were used for comparison.
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By using our measured '“C from Armidale Pinus radiata together with previously published '4C
data from Great Barrier Reef corals (Druffel and Griffin 1995) and from 2 GEOSECS southwest
Pacific stations (269 and 310, Ostlund and Stuiver 1980), we estimated the time for air-sea exchange
of CO, of ~7.5 yr for the mid-southern Pacific, which was equivalent to a CO, flux from the atmo-
sphere to the surface ocean of 21.5 moles m=2y~! for the 1970s. The results also showed that bomb
14C is a very useful tool to complement the standard techniques of dendrochronology in detecting
misidentified rings when tree rings are analyzed by '*C in a way similar to our experiment—a series
of consecutive annual rings during the bomb pulse period.
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