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[1] High precision measurements of D14C were conducted for monthly samples of CO2

from seven global stations over 2- to 16-year periods ending in 2007. Mean D14C over
2005–07 in the Northern Hemisphere was 5 ‰ lower than D14C in the Southern
Hemisphere, similar to recent observations from I. Levin. This is a significant shift from
1988–89 when D14C in the Northern Hemisphere was slightly higher than the South.
The influence of fossil fuel CO2 emission and transport was simulated for each of the
observation sites by the TM3 atmospheric transport model and compared to other models
that participated in the Transcom 3 Experiment. The simulated interhemispheric gradient
caused by fossil fuel CO2 emissions was nearly the same in both 1988–89 and 2005–07,
due to compensating effects from rising emissions and decreasing sensitivity of D14C to
fossil fuel CO2. The observed 5 ‰ shift must therefore have been caused by non-fossil
influences, most likely due to changes in the air-sea 14C flux in the Southern Ocean.
Seasonal cycles with higher D14C in summer or fall were evident at most stations, with
largest amplitudes observed at Point Barrow (71°N) and La Jolla (32°N). Fossil fuel
emissions do not account for the seasonal cycles of D14C in either hemisphere,
indicating strong contributions from non-fossil influences, most likely from
stratosphere-troposphere exchange.

Citation: Graven, H. D., T. P. Guilderson, and R. F. Keeling (2012), Observations of radiocarbon in CO2 at seven global
sampling sites in the Scripps flask network: Analysis of spatial gradients and seasonal cycles, J. Geophys. Res., 117, D02303,
doi:10.1029/2011JD016535.

1. Introduction

[2] Atmospheric sampling programs were initiated in the
1950s and 1960s to collect CO2 at several locations for
measurement of the ratio 14C/C [Rafter and Fergusson, 1957;
Münnich, 1963; Nydal, 1963]. Observations of 14C/C ratios
are typically reported as D14C, in part per thousand or ‰
deviations from the Modern Standard with a correction for
mass-dependent fractionation using concurrent measure-
ments of 13C/12C ratios [Stuiver and Polach, 1977]. The early
observations of D14C in CO2 recorded a large increase
between 1955 and 1964 caused by anthropogenic 14C pro-
duction from intensive nuclear weapons testing [Nydal,
1963; Levin et al., 1985; Manning et al., 1990]. The
nuclear explosions carried most of the 14C to high altitudes

in the Northern Hemisphere where seasonal mixing of
highly enriched air from the stratosphere into the tropo-
sphere caused seasonal variations of 100 ‰ at surface sites
[Lal and Rama, 1966; Randerson et al., 2002]. D14C rose to
nearly 1000‰ in the Northern Hemisphere but reached only
700 ‰ in the Southern Hemisphere, so that an interhemi-
spheric gradient of 100 ‰ or more existed for several years
[Levin et al., 1985;Manning et al., 1990; Nydal and Lövseth,
1996]. These observations of D14C gradients and seasonal
cycles provided insight on the rates and seasonality of across-
tropopause and across-equator transport [Lal and Rama,
1966; Nydal, 1968; Kjellström et al., 2000].
[3] Tropospheric D14C levels peaked in the mid-1960s

after the majority of testing ceased and the oceanic and ter-
restrial reservoirs continued to assimilate the excess 14C.
Observations of the intrusion of excess 14C into the ocean by
oceanic surveys conducted in the 1970s and 1990s have
provided estimates of the rate of air-sea gas exchange and
decadal scale water mass transport in the ocean interior
[Broecker et al., 1985; Nydal, 2000; Sweeney et al., 2007].
The distinctive peak and subsequent decline in D14C have
also provided a marker for tracing the age of various types of
terrestrial organic carbon [Trumbore, 2000]. Characteriza-
tion of D14C in CO2 by atmospheric observations has been
integral to these applications, and has additionally enabled
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the estimation of a bomb-derived 14C budget in the global
carbon reservoirs as an independent check on oceanic
inventories [Hesshaimer et al., 1994; Naegler et al., 2006].
[4] 14C in CO2 has also been perturbed by human activities

through the release of fossil-derived CO2 which has become
devoid of 14C over millions of years due to its radioactive
decay with a mean lifetime of about 8,000 years. Release
of fossil fuel CO2 reduces the 14C/C ratio of atmospheric
CO2 by dilution [Suess, 1955]. Significant atmospheric 14C
dilution had already occurred by 1950 [Suess, 1955; Tans
et al., 1979] and dilution is now the most important pro-
cess causing the decline in atmospheric D14C [Levin et al.,
2010; Graven et al., 2012].
[5] A principal interest in D14C observations is in devel-

oping applications that identify fossil fuel-derived CO2 in
the atmosphere by quantifying D14C dilution. This method
has mainly been applied to estimate local and regional
additions of fossil fuel-derived CO2 by comparing D14C in
polluted air to D14C in background air [e.g., Levin et al.,
1989; Meijer et al., 1996; Turnbull et al., 2006; van der
Laan et al., 2010]. Fossil fuel combustion also contributes
to spatial and seasonal variation in D14C in background air,
due to the localization of emissions in populated areas of the
Northern Hemisphere and seasonal variation in emission and
atmospheric transport [Randerson et al., 2002; Levin et al.,
2010]. If other influences were well-known, the effect of
fossil fuel combustion on spatial and seasonal variation in
D14C in background air could be determined. This would
effectively provide an observation-based estimate of the
transport of fossil fuel CO2, which varies strongly between
different atmospheric transport models [Gurney et al.,
2003; Stephens et al., 2007; Peylin et al., 2011]. Isolat-
ing fossil from non-fossil influences on the temporal and
spatial patterns inD14C of background air may also enable an
observation-based means of estimating CO2 emissions over
the entire globe that would be useful for validating inven-
tories [Levin et al., 2010], separate from applications
focusing on the validation of national or continental-scale
emissions inventories by measuring D14C gradients across
polluted, continental regions [Pacala et al., 2010; Rayner
et al., 2010]. In addition to developing the fossil fuel tracer
for background air, a better understanding of 14C exchange
processes is also of intrinsic value since the exchange rates
and internal dynamics of 14C in land and ocean reservoirs
also govern anthropogenic CO2 uptake and storage [Levin
and Hesshaimer, 2000; Randerson et al., 2002].
[6] Improving our knowledge of D14C dynamics in

background air requires precise observations and high-
resolution modeling. Observations by Levin et al. [2010]
show that in the recent 2002–07 period, D14C has been
lower in the Northern Hemisphere than the Southern
Hemisphere. This represents a shift from near equality
between the hemispheres in the 1980s [Levin et al., 1992;
Meijer et al., 2006]. Levin et al. [2010] demonstrated that
the recent Northern Hemisphere D14C deficit is smaller but
also increasing more rapidly than expected from fossil fuel
burning alone. Another strong influence on the interhemi-
spheric D14C gradient is the air-sea 14C flux in the Southern
Ocean, which opposes the fossil fuel influence and is likely
to have changed over the 1980s to 2000s. In an extrapola-
tion of global oceanic survey measurements, Levin et al.
[2010] estimated that reduced Southern Ocean 14C uptake

decreased the interhemispheric D14C gradient by about 4 ‰
between 1987 and 2007, similar to the observed decrease.
However, in their summed estimate of all contributions,
including small contributions from the terrestrial biosphere
and nuclear power industry that enrich Northern Hemi-
sphere D14C, the total interhemispheric gradient estimated
by Levin et al. [2010] for the 1980s to 2000s did not match
the observations; neither did the total gradient estimated in
another study for the 1980s only [Randerson et al., 2002].
The models used by Levin et al. [2010] and Randerson
et al. [2002] predicted a Northern Hemisphere deficit in
D14C that was too strong and began too early, compared to
observations. The observed interhemispheric D14C gradient
is therefore not fully explained.
[7] Seasonal cycles of D14C for 1995–2005 reported by

Levin et al. [2010] are clearly defined in the Northern
Hemisphere, with peak-to-trough amplitudes ranging from
3–7 ‰ and maximum D14C in September-October. Sea-
sonal amplitudes did not change appreciably between the
1990s and 2000s. At tropical and Southern Hemisphere
sites, seasonal cycles are small and not well-resolved com-
pared to the measurement uncertainty [Levin et al., 2010].
The Northern Hemisphere cycles are thought to be caused by
three processes operating in phase with one another. First
is the emission and transport of fossil fuel emissions, which
causes the largest build-up of fossil fuel-derived CO2 near
the surface in winter and spring [Randerson et al., 2002;
Erickson et al., 2008; Turnbull et al., 2009; Levin et al.,
2010]. Second is the transport of 14C-enriched air from the
stratosphere, which occurs primarily in the midlatitudes and
brings the most stratospheric air to the surface in summer
and fall [Appenzeller et al., 1996]. Finally, the terrestrial
biosphere is returning bomb-derived excess 14C back to the
atmosphere, slightly enriching D14C in Northern summer
and fall [Turnbull et al., 2009; Levin et al., 2010].
[8] Current observations of D14C in CO2 of background

air are limited to a small number of sites [Levin et al., 2010;
Currie et al., 2009; Turnbull et al., 2007], with only I. Levin
presently conducting long-term measurements throughout
both hemispheres. Observations at an expanded number of
sites are needed to confirm the changing gradients and the
seasonal patterns reported by Levin et al. [2010], to char-
acterize the meridional gradient with higher resolution,
to quantify vertical gradients and differences in seasonality
with altitude, and to identify interannual variability.
[9] In this paper, we present atmospheric measurements of

D14C in CO2 samples collected by the Scripps CO2 Program
at the Scripps Institution of Oceanography (SIO) and ana-
lyzed at Lawrence Livermore National Laboratory (LLNL).
We report observations of D14C in CO2 from 6 sites: Point
Barrow, Alaska, USA; Mauna Loa and Cape Kumukahi,
Hawaii, USA; Cape Matatula, Samoa, USA and Palmer
Station and the South Pole, Antarctica. These measurements
were conducted together with measurements of D14C in
CO2 from La Jolla, California, USA that are presented in the
accompanying paper [Graven et al., 2012] and also dis-
cussed here.
[10] We focus on demonstrating the seasonal cycles and

spatial gradients in D14C of CO2, how they have changed in
recent decades, and the contribution made by fossil fuel
emissions. We compare patterns in our measurements,
which span 2- to 16-year periods ending in 2007, to those of
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I. Levin [Levin et al., 1992, 2010] at a different network of
sites and to earlier measurements from the late 1980s and
early 1990s at Point Barrow and the South Pole from Meijer
et al. [2006]. We quantify the influence of fossil fuel emis-
sions on spatial gradients and seasonal cycles in D14C using
transport model simulations of CO2 emissions as specified
by economic inventories, updating similar estimates by
Randerson et al. [2002] and Levin et al. [2010] and applying
these calculations specifically to the Scripps CO2 observa-
tion sites. We thereby also quantify the spatial and seasonal
variation in D14C at these sites that is not associated with
fossil fuel CO2.

2. Methods

2.1. Observational Methods

[11] The sampling sites in the Scripps CO2 Program where
CO2 samples have been collected for D14C analysis are
Point Barrow, Alaska (71.38°N, 156.47°W), La Jolla, Cali-
fornia (32.87°N, 117.25°W), Mauna Loa, Hawaii (19.53°N,
155.58°W, 3397 m Above Mean Sea Level or AMSL),
Kumukahi, Hawaii (19.52°N, 154.82°W), Cape Matatula,
Samoa (14.25°S, 170.57°W), and the South Pole, Antarctica
(89.98°S, 24.80°W, 2810 m AMSL); shown in Figure 1.
Samples analyzed for D14C were collected at roughly
monthly intervals from La Jolla since 1992, from Point
Barrow and the South Pole since 1999, with a year-long
interruption from mid-2000 through mid-2001 at Point
Barrow, and from Mauna Loa, Kumukahi and Samoa since
2001. At La Jolla, sampling occurs only under selected
meteorological conditions with strong onshore winds, so that
the sampled air is representative of the marine background
composition despite the proximity of La Jolla to the highly
populated Southern California region [Graven et al., 2012].
Details on the sampling and analysis procedures of the
Scripps CO2 Program are provided in the accompanying
paper [Graven et al., 2012].
[12] Samples of CO2 have also been collected for D14C

analysis from Palmer Station, Antarctica (64.92°S, 64.00°W;

Figure 1) since 2005. Palmer Station is part of the sampling
network of the Scripps O2 Program which uses different
flasks and sampling procedures than the Scripps CO2 Pro-
gram [Keeling et al., 1998a]. The Scripps O2 Program col-
lects dry air in 5-liter spherical glass flasks with two
stopcocks sealed by Viton® o-rings. To sample, air is freeze-
dried and pumped through 3 flasks in series at 4 L min�1 for
approximately 45 min. For flask air that is used for D14C
analysis, measurements of CO2 concentration are performed
using a Siemens infrared gas analyzer and measurements of
d(O2/N2) and d(Ar/N2) are performed using a MicroMass
IsoPrime mass spectrometer at SIO. Remaining air under-
goes cryogenic extraction to produce a pure CO2 sample
using the same methods as for the flasks from the Scripps
CO2 Program. Several tests were performed to confirm the
comparability of D14C in air sampled and analyzed in either
flask type [Graven, 2008].
[13] All CO2 samples were converted to graphite and

analyzed at the Center for Accelerator Mass Spectrometry at
LLNL between 2003 and 2009 [Graven et al., 2007;
Graven, 2008]. Details on D14C analysis are provided in the
accompanying paper [Graven et al., 2012]. We report mea-
surements in D14C notation, utilizing the D14C notation
implicitly as a geochemical sample with known age and
d13C correction [equivalent to D in the work by Stuiver and
Polach [1977]). Uncertainty in D14C for individual samples
is �1.7 to �3.3 ‰, determined by the reproducibility of
D14C in CO2 extracted from whole air reference cylinders
[Graven et al., 2007; Graven, 2008]. We present measure-
ments for samples collected through the end of 2007. Due to
limited sample supply, replicate samples were not available
from stations other than La Jolla.

2.2. Atmospheric Transport Modeling of Fossil Fuel
Emissions

[14] In order to quantify the effect of fossil fuel com-
bustion on the observedD14C gradients and seasonal cycles,
we simulated the transport of fossil fuel-derived CO2 in an
atmospheric transport model. The dilution of D14C by fossil
fuel-derived CO2 can be calculated by assuming the observed
CO2 concentration and D14C is a mixture of fossil fuel-
derived CO2 and CO2 from other sources including back-
ground air according to approximate mass balances for
carbon and 14C by:

dDff ¼ �dCff
DM þ 1000 ‰

CM � dCff
ð1Þ

Here, dDff is the change in D14C caused by fossil fuel-
derived CO2, dCff is the excess CO2 concentration caused
by the fossil fuel addition, and CM and DM are the observed
CO2 concentration and D14C. This equation is a rearrange-
ment of the equation commonly used to calculate dCff using
observations ofD14C in polluted air [e.g.,Meijer et al., 1996;
Levin et al., 2003; Turnbull et al., 2006].
[15] We use this equation to estimate spatial gradients

in dDff by defining dCff to be the difference in simulated
Cff between an observation site and the South Pole
(Appendix A1). Choosing the South Pole as the reference
site yields positive dCff at all other sites, but the interpreta-
tion would not change if any other site was arbitrarily chosen
as the reference site. We use the same equation to estimate

Figure 1. Clean air sampling stations in the SIO flask net-
work where CO2 samples were collected for D14C analysis.
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seasonal cycles of dDff by defining dCff to be the difference
in simulated Cff from the detrended annual mean value at
each site (Appendix A2).
[16] We estimate dCff for individual years by performing

4-year forward simulations of the TM3 atmospheric trans-
port model, following the procedure of the Transcom 3
Experiment to estimate steady state CO2 gradients [Gurney
et al., 2000, 2003]. The TM3 model we use has 4° latitude
by 5° longitude horizontal resolution with 19 vertical levels
[Heimann and Korner, 2003] and a 6 hr time step, and uses
National Center for Environmental Prediction (NCEP)

reanalysis products [Kalnay et al., 1996] specific to each year
as meteorological forcing. Annual CO2 source patterns of
fossil fuel combustion and cement manufacturing were spec-
ified by the Emission Database for Global Atmospheric
Research (EDGAR) version 4.0 (European Commission, 2009,
http://edgar.jrc.ec.europa.eu/index.php; hereinafter European
Commission, EDGAR, 2009), aggregated from 0.1 � 0.1°
resolution to the 4� 5° grid of the TM3 model. For the years
2006 and 2007, which were not included in the EDGAR
database, we scaled the pattern of emissions for 2005 by 3%
and 6% for 2006 and 2007, respectively, based on the esti-
mated increase in global emissions [Canadell et al., 2007;
Marland et al., 2008]. We use output from the 4th year of
the 4-year forward simulations for individual years, inter-
polated at each observation site, except for the sites La Jolla,
Point Barrow and Cape Grim, where we sampled the model
at adjacent ocean grid cells according to the Transcom 3
Experimental Protocol [Gurney et al., 2000]. To estimate
transport uncertainty, we examine the range in dCff simu-
lated by 16 atmospheric transport models [Gurney et al.,
2002, 2003]. Further details are given in Appendix A.

3. D14C Observations

[17] Measurements of D14C are shown at each station in
Figure 2 together with cubic smoothing splines. We also
compare D14C observations from all stations by plotting the
individual smoothing splines together in Figure 3. For La
Jolla, the observations from 1999 through 2007 are repeated
from Figure 1 of Graven et al. [2012]. D14C measurements
and uncertainties are listed in Appendix B; analogous data
for La Jolla are listed in Appendix A of Graven et al. [2012].
These data are also available at the Scripps CO2 Program
Web site: http://scrippsco2.ucsd.edu/.

4. Trends in D14C, 2001–2007

[18] D14C exhibited negative trends at all sites. For
observations between mid-2001 and the end of 2007, the
trends at Point Barrow, La Jolla, Kumukahi, Mauna Loa,
Samoa and the South Pole were �5.0 � 0.2, �5.0 � 0.2,
�4.7� 0.2,�4.8� 0.1,�5.2� 0.1 and�4.0� 0.2‰ yr�1,
respectively; trends and 1-s uncertainties were quantified
with linear least squares fits [Cantrell, 2008]. The South
Pole appeared to have a trend that was roughly 20% smaller
than the other stations over 2001–2007. The trend observed
at Palmer Station between 2005 and 2007 was�3.8� 0.7‰
yr�1, which is similar to the trend at the South Pole but
not well resolved within the short observation period.
[19] Observed trends at all stations over 2001–07 were

smaller than the trend of �5.5 � 0.1 ‰ yr�1 observed at
La Jolla over the longer period 1992–2007, consistent with
a slowing in the rate of decrease of D14C [Graven et al.,
2012]. Observations conducted at Point Barrow and the
South Pole at the Groningen Laboratory (CIO) by Meijer
et al. [2006] for 1985–91 showed linear trends of �10.3 �
0.3 ‰ yr�1 and �10.4 � 0.3 ‰ yr�1. Comparing the trends
at Point Barrow and the South Pole fromMeijer et al. [2006]
to our recent observations demonstrates reductions of 50–
60% in the rate of decrease of D14C between 1985–91 and
2001–07. As shown by Graven et al. [2012] and Levin et al.
[2010], slowing of the rate of decrease in tropospheric D14C

Figure 2. D14C measured in CO2 sampled at Point Barrow,
La Jolla, Kumukahi, Mauna Loa, Samoa, Palmer Station and
the South Pole. La Jolla measurements are repeated from
Figure 1 of Graven et al. [2012] for the period 1999–2007.
Error bars show measurement uncertainty of �1.7 to �3.3 ‰
in individual samples. Lines show cubic smoothing splines.
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over the 1980s–2000s was caused mainly by weakening
oceanic 14C uptake.

5. Meridional Gradients in D14C

5.1. Observed Gradients

[20] D14C at Southern Hemisphere sites was generally
higher than D14C at Northern Hemisphere sites (Figure 3).
CO2 at La Jolla most commonly exhibited the lowest D14C
while CO2 at Samoa most commonly exhibited the highest
D14C. Interhemispheric gradients were largest from January
through June, when D14C in the Northern Hemisphere was
at the seasonal minimum, thus reinforcing the annual mean
gradient. The differences in D14C between the stations
varied interannually but did not show any long-term trends
except possibly in relation to the South Pole, where D14C
appeared to increase relative to other sites after 2003. This
characteristic is consistent with the fitted linear trend at the
South Pole, which was less steep than the other stations over
2001–07 (Section 4), and with observations by Levin et al.
[2010] that show D14C increased at Neumayer, Antarctica,
relative to other sites, in the early 2000s.
[21] Figure 4a shows the mean D14C observed between

July 2005 and June 2007 at each station, the time period with
observations at all sites. The mean value from the South Pole
was subtracted from all stations for plotting purposes. Means
were computed for each station by fitting a linear trend and
one annual harmonic to the observed D14C between March
2005 and September 2007, then evaluating the fits over the
period July 2005 through June 2007 and averaging. The
error bars indicate the standard deviation of the residual
difference between the observations and the fit at each sta-
tion over the March 2005 through September 2007 period
divided by the square root of the degrees of freedom in the
fitted curves, given by the number of observations in that
period minus the 4 fitted parameters. Uncertainty in mean
values averaged �0.5 ‰.
[22] In 2005–07, Northern Hemisphere sea level sites were

5.1 � 0.9 ‰ lower than the South Pole. Samoa showed the

highest average D14C relative to the South Pole (+0.6 �
0.9‰) and La Jolla showed the lowest (�5.9� 0.9‰).D14C
also tended to increase with increasing altitude, the South
Pole was 1.8 � 0.9 ‰ higher in D14C than Palmer Station
and Mauna Loa was 2.2 � 0.7 ‰ higher than Kumukahi.
[23] Figure 4a also shows mean D14C from January 1988

through December 1989 for the South Pole and Point
Barrow [Meijer et al., 2006] and for the stations Neumayer,
Antarctica; Cape Grim, Australia; Izaña, Spain, and Jung-
fraujoch, Switzerland which are part of the observation
network of Heidelberg University run by I. Levin [Levin
et al., 1990, 1992; Levin and Kromer, 2004]. Mean
values for 1988–89 were computed using the same tech-
nique as for 2005–2007 over the period of September 1987
through March 1990. The uncertainty in mean D14C for
the 1988–89 observations averaged �0.8 ‰. By comparing
observations from the Heidelberg and CIO laboratories, we
assume that interlaboratory offsets are small, even though
they have not yet been assessed by intercomparison activi-
ties [Meijer et al., 2006]. Mean values for Izaña calculated
with observations from the Trondheim laboratory [Nydal and
Lövseth, 1996] were 0.9 ‰ lower than from Levin et al.
[1992], which is similar to the uncertainty. The consistency
in meanD14C at Izaña suggests the laboratory offset between
the Heidelberg and Trondheim laboratories is potentially less
than �1 ‰.
[24] In 1988–89,D14C was similar to the South Pole at all

stations except Neumayer, on the Antarctic coast, where
D14C was 7.2 � 1.3 ‰ lower than the South Pole. Obser-
vations from 1994, not shown, of D14C gradients between
sites in the Heidelberg network also showed little difference
between the Northern and Southern Hemispheres though,
interestingly, the strong gradient between Neumayer and
Cape Grim observed in 1988–89 was absent in 1994 [Levin
and Hesshaimer, 2000].
[25] By continuing the records at the sites in the

Heidelberg network, Levin et al. [2010] found that North-
ern Hemisphere D14C decreased relative to the Southern
Hemisphere between the 1980s and 2000s, leading to a

Figure 3. Cubic smoothing splines fitted to D14C observations at each station. Sites in the Northern
Hemisphere are represented by warmer colors. Spline curves were also shown individually in Figure 2.
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Northern deficit inD14C. Comparing our recent observations
in the Scripps CO2 network with the previous measurements
also demonstrates a significant Northern deficit of about 5‰
developed (Figure 4a). Within the Scripps CO2 network, a
direct comparison can be made for the Point Barrow (71°N) -
South Pole pair, which were both measured at CIO for the
early period and at LLNL in the later period. The Point
Barrow - South Pole gradient shifted from 1.2 � 1.5 ‰ in
1988–89 to�5.4� 1.0‰ in 2005–07. A similar comparison
is possible between 30°N and the South Pole using La Jolla
(33°N) in 2005–07 and at Izaña (28°N) in 1988–89. The
30°N -South Pole difference decreased from 1.3 � 1.2 ‰ to
�5.9 � 0.9 ‰. The consistency in trends at Point Barrow
and 30°N relative to the South Pole indicate that a large-
scale change occurred during this time frame.
[26] In contrast, the observed gradients between the South

Pole and the coastal Antarctic sites (Neumayer or Palmer
Station) cannot yet be interpreted to represent a systematic
change in D14C gradients over the high southern latitudes.
Levin et al.’s [2010] record of the D14C gradient between
Neumayer and Cape Grim between 1987 and 2006 shows
large interannual variations ranging from +1 to �7 ‰, sug-
gesting the air sampled above the Southern Ocean is subject
to strong variability and/or the observations at Neumayer
may be subject to measurement artifacts.

5.2. Meridional Gradients in D14C From Fossil Fuel
Burning

[27] Our transport model simulations (Section 2.2 and
Appendix A1) show that emissions of fossil fuel CO2

strongly dilute D14C in the Northern Hemisphere
(Figure 4b), since nearly all fossil fuel emissions occur in the
Northern Hemisphere (European Commission, EDGAR,
2009). Fossil fuel emissions reduced D14C by an average of
15.8‰ at Northern sites, relative to the South Pole, in 1988–
89. In 2005–07, fossil fuel emissions similarly reduced
D14C by an average of 14.9 ‰ at Northern sites (not
including Mauna Loa).
[28] The fossil fuel dilution effect did not change signifi-

cantly, despite the increase in emissions by roughly 50%
from 1988–89 to 2005–07 [Marland et al., 2008] (also
European Commission, EDGAR, 2009). This can be

Figure 4. (a) Observed differences in mean D14C (DM)
between each station and the South Pole for 1988 through
1989 (empty squares) and for mid-2005 through mid-2007
(black circles). Error bars indicate uncertainty in DM at each
station. Mean D14C for 1988 through 1989 utilizes observa-
tions from Levin et al. [1990, 1991, 1992]; Levin and
Kromer [2004] and Meijer et al. [2006]. Stations labeled in
italics reflect sites in the Heidelberg network. (b) Dilution
of D14C by local fossil fuel CO2 present at each site (dDff ),
relative to the South Pole, as simulated by the TM3 4 �
5° atmospheric transport model using emissions from the
EDGAR v4.0 database. (c) Residual D14C (D0) after sub-
tracting fossil fuel dilution, presumably caused by regional
carbon and 14C exchanges with the ocean, biosphere and/or
stratosphere and nuclear energy production. See Section 2.2
and Appendix A1 for a detailed description of the fossil
fuel dilution and uncertainty estimations.
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explained by changes in atmospheric composition concurrent
with rising emissions [Levin et al., 2010], which also deter-
mine the effect of adding fossil fuel CO2 (equation (1)).
Average atmospheric D14C decreased from roughly 170 ‰
in 1988–89 to 60 ‰ in 2005–07, reducing the isotopic
disequilibrium between CO2 and fossil carbon, while CO2

concentration rose from 350 ppm to 380 ppm, reducing the
fractional change in CO2 concentration per added increment
of fossil-derived CO2 (e.g. per Gt C emitted). Together, these
changes reduced the sensitivity of atmosphericD14C to fossil
fuel emissions in 2005–07 compared to 1988–89. Addition-
ally, growth in emissions in the northern subtropics and
stagnant emissions in the northern midlatitudes between the
1980s and 2000s [Andres et al., 2011] slightly reduced dCff

simulated at high northern latitudes relative to subtropical
latitudes in 2005–07.
[29] Our estimate of the fossil fuel component to the

interhemispheric D14C gradient using the TM3 model
(�15 ‰) is similar to an estimate by Turnbull et al. [2009]
for 2002–2007 (�16 ‰) from a different atmospheric
transport model. By using higher resolution 3-D models, we
and Turnbull et al. [2009] both improve upon Levin et al.’s
[2010] estimate using a tropospheric 6-box model. Turnbull
et al. [2009] and our estimates are also larger than Levin
et al.’s [2010] estimate (�10 ‰), indicating the simulated
gradients are sensitive to model resolution and model physics.

5.3. Meridional Gradients in D14C From Other
Processes

[30] The previous analysis shows that the observed shift to
a Northern D14C deficit between 1988–89 and 2005–07 is
almost entirely due to processes other than fossil fuel burn-
ing. To quantify the non-fossil contribution to the gradient,
we calculate the residual between the measured gradient and
that predicted from fossil fuel burning, D0 = DM � dDff

(Figure 4c). In both time periods, higher values of D0 are
found in the North compared to the South, with the difference
decreasing from 16.4 ‰ in 1988–89 to 9.8 ‰ in 2005–07.
The gradient in D0 between Kumukahi and Mauna Loa is
less than half of the observed gradient, indicating that fossil
fuel CO2 contributes to vertical gradients of D14C in the
Northern Hemisphere.
[31] Levin et al. [2010] estimated the contribution of air-

sea exchange to the shifting gradient by extrapolating oce-
anic survey measurements conducted in the 1990s [Key et al.,
2004]. We expand on their estimate by comparing recent
observations of D14C in the surface of the Southern Ocean
from Jenkins et al. [2010] to the prior measurements from
Key et al. [2004]. In 2005, the air-sea gradient averaged 80‰
across the latitudes 44–63°S in the Pacific sector of the
Southern Ocean, while in 1991 the air-sea gradient averaged
130‰. The fractional decrease in the air-sea gradient (40%)
is similar to the fractional decrease in D0 (Figure 4c), indi-
cating that reduced 14C uptake to the Southern Ocean is likely
to be the main driver of the shifting gradient. This estimate is
consistent with Levin’s extrapolation, which resulted in a
decrease in the interhemisphericD14C gradient of about 4‰
between 1987 and 2007, which was similar to the observed
decrease. It is also consistent in sign with a reduced influence
of air-sea exchange on global tropospheric D14C in the
2000s, compared to the 1990s, as simulated with an oceanic

box diffusion model in the accompanying paper [Graven
et al., 2012].
[32] Other contributions to meridional gradients of D14C

are unlikely to have changed as much as the air-sea
exchange in the Southern Ocean. Emissions of 14C by the
nuclear industry cause a small Northern D14C excess since
they occur almost entirely in the Northern Hemisphere. But
this contribution is small and is likely to have increased
slightly in recent decades, in opposition to the observed
change [Levin et al., 2010; Graven and Gruber, 2011].
Similarly, exchanges with 14C-enriched terrestrial ecosys-
tems induce a small Northern D14C excess that is likely to
have increased slightly in recent decades, also in opposition
to the observed change [Levin et al., 2010].

6. Seasonal Cycles

[33] Figure 5 shows the mean seasonal cycles in D14C for
mid-2001 to 2007. Average cycles were computed by first
subtracting the fitted linear trend for each station (Section 4),
except Palmer Station, then binning by month and averag-
ing. For Palmer Station, observations were detrended using
the average of the fitted trends at Samoa and the South Pole,
�4.6 ‰ yr�1.
[34] The seasonal cycles generally show a pattern with

minima in D14C occurring in spring and maxima in the late
summer or fall. The average seasonal peak-to-trough
amplitude appeared to decrease progressing southward in the
Northern Hemisphere from Point Barrow (71°N, �7 ‰) to
La Jolla (33°N, �5 ‰) to Kumukahi (20°N, �4 ‰). Low
seasonal peak-to-trough amplitude of 2–3 ‰ was observed
at Mauna Loa and Samoa. At the South Pole, monthly values
that were consistently different than average were only
apparent for the spring months when 14C was enriched.
[35] Seasonal cycles at Point Barrow and the South Pole

from the earlier period 1985–1991 [Meijer et al., 2006] were
computed in the same manner and are also shown in
Figure 5. The cycles are generally similar between periods.
The amplitude at Point Barrow appeared to decrease by
roughly 30%, although with large uncertainty. Seasonal
variation at the South Pole in both periods showed highly
variable D14C that tended to be enriched at the end of the
calendar year. A strong maximum in December averaging
5 ‰ in the 1985–91 observations was larger than the aver-
age enrichment of 1–3 ‰ over spring months in 2001–07.
[36] Figure 5 also shows the simulated cycles in D14C

from fossil fuel burning (dDff,seas). The cycles were com-
puted using 2 sets of TM3 simulations (Section 2.2 and
Appendix A2) with either seasonally varying or aseasonal
emissions. The seasonally varying emissions were imple-
mented with a latitude-dependent sinusoidal amplitude fac-
tor of 30% [Gurney et al., 2005], which produces amplitudes
of �15–25% in the midlatitudes with stronger emissions in
January in the Northern Hemisphere and in July in the
Southern Hemisphere. This likely overestimates the actual
variation, since the sinusoidal function does not account for
energy use for air conditioning during the summer months
[Blasing et al., 2004; Gurney et al., 2005; Erickson et al.,
2008] and since the amplitude is toward the higher end of
economic- and observation-based estimates [Rotty, 1987;
Levin et al., 2003; Blasing et al., 2004]. We also show the
range of dDff,seas simulated in the 16 Transcom models using
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aseasonal emissions for 1995 as gray bars in Figure 5
(Appendix A2).
[37] Distinct seasonal cycles of dDff,seas were simulated at

Point Barrow, La Jolla and Kumukahi (Figure 5). The
modeled dDff,seas has similar phasing to the observations;
however, the amplitude is considerably smaller than the
observed cycles. This is true regardless of which transport
model or whether aseasonal or seasonal emissions were
used. At Samoa, a distinct seasonal cycle was also simulated
for dDff,seas; however, the phasing in dDff,seas is opposite to
the observed phasing.
[38] The scatter in monthly averages shown in Figure 5

arises partly from measurement uncertainty in D14C, but
also from interannual variability in the seasonal cycle, which
can be seen in Figures 2 and 3. This interannual variability
was not consistent over wide regions; for example, high
amplitude was observed at Point Barrow in 2002 and 2003
while La Jolla showed low amplitude.
[39] In Figure 6, we investigate year-to-year variation in

the seasonal amplitude and phase at La Jolla over 1992–
2007.D14C was detrended by subtracting a cubic smoothing
spline with cutoff period of 24 months [Graven et al., 2012],
then each year was fit to a single harmonic to determine the
peak-to-trough amplitude (Figure 6a) and the timing of
maximum D14C (Figure 6b) in each calendar year. We
repeated the process for years defined as July to June to
evaluate robustness in amplitude variations. Amplitude and
phase in simulated dDff,seas were also calculated for each
calendar year.
[40] The seasonal amplitude of D14C observed at La Jolla

varied between 1 and 8 ‰, but showed no apparent trend.

The strong variations in seasonal cycles at La Jolla appear
to be larger than at Jungfraujoch [Levin et al., 2010], but
strong variations in seasonal cycles have been observed at
Wellington, New Zealand [Currie et al., 2009]. Average
amplitudes at Jungfraujoch (1986–2006) and Niwot Ridge,
Colorado, USA (2003–05) were within the range of ampli-
tude observed at La Jolla [Levin and Kromer, 2004; Levin
et al., 2010; Turnbull et al., 2007], while the average
amplitude at Point Barrow (2001–07) was higher (Figure 6).
The simulated year-to-year variation in the amplitude of
dDff,seas was small and not consistent with the observed
variation.
[41] The maximum D14C at La Jolla consistently occurred

between August and November, except in 1993, 1995 and
2002–03 when the phase was poorly resolved due to low
amplitude. The timing of maximum D14C at La Jolla was
similar to Point Barrow but one month later than Jung-
fraujoch and Niwot Ridge, on average. Observations from
Vermunt, Austria (1959–84 [Levin and Kromer, 2004]) and
Fruholmen, Norway (1963–93 [Nydal and Lövseth, 1996])
during and subsequent to the period of nuclear weapons
testing showed maximum D14C 1–2 months earlier than
more recent observations at Jungfraujoch and Point Barrow,
located at the same latitudes (47°N and 71°N, respectively).

7. Discussion

7.1. Meridional Gradients

[42] The shift in the meridional D14C gradient from
1988–89 to 2005–07 appears to be consistent with weak-
ened air-sea uptake in the Southern Ocean (Section 5.3 and

Figure 5. Mean and standard error of detrended D14C in monthly bins for observations between mid-
2001 and the end of 2007 (black circles and solid lines). For Point Barrow and the South Pole, the
detrended mean and standard error is also shown for 1985–91 observations from CIO (empty squares
and dashed lines [Meijer et al., 2006]). Simulated fossil fuel CO2 contributions to the seasonal cycles of
D14C are shown in gray, as calculated by equation (1) using output from the TM3 4 � 5° atmospheric
transport model with annual emissions from the EDGAR v4.0 database that was sampled at the same times
as the observations. Emissions were aseasonal (squares) or varied with a 30% seasonal amplitude factor
(triangles). Also shown as thick gray vertical lines are the range of fossil fuel CO2 contributions for
1995 simulated by 16 atmospheric transport models with aseasonal emissions in the Transcom 3 Experi-
ment [Gurney et al., 2003].
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Levin et al. [2010]); however, a comprehensive under-
standing of all individual contributions to the meridional
D14C gradient has not yet been achieved. Here, we only
quantified the fossil fuel component. Other studies that
have simulated all known contributions to D14C gradients
have not succeeded in matching the observed gradient

[Levin et al., 2010; Randerson et al., 2002]. The sum of all
components from Levin et al.’s [2010] study resulted in a
simulated North - South gradient that was 3 ‰ lower than
observed, and they could not match the observed gradient
and long-term trend over 1987–2007 simultaneously by
adjusting model parameters. Randerson et al. [2002] also
simulated a total gradient that was 3 ‰ too low in the
1980s. Reconciliation of the observed D14C gradient and
trend will likely require improvements in the representa-
tion of ocean circulation and the age structure of respired
carbon in global models.
[43] In the future, the meridional D14C gradient can be

expected to continue to shift in the same direction as rising
fossil fuel CO2 emissions decrease atmospheric D14C fur-
ther, weakening air-sea 14C exchange in the Southern Ocean
even more. At the same time, 14C will continue to be
released from the terrestrial biosphere and rapidly over-
turning ocean regions outside of the Southern Ocean. Precise
observation of meridional D14C gradients in the coming
years and further investigation of historical gradients could
provide insights on the carbon turnover in ocean and land
reservoirs that govern regional D14C disequilibria and 14C
fluxes.

7.2. Seasonal Cycles

[44] Fossil fuel CO2 emission and transport contribute to
seasonal cycles of D14C at Northern Hemisphere sites;
however, the observed seasonal cycles cannot be explained
solely by fossil fuel influences. Model simulations of other
known contributions to D14C that were conducted by
Randerson et al. [2002] and Levin et al. [2010] demonstrate
a substantial seasonal influence from the stratosphere in mid-
to high latitudes of both hemispheres, in addition to smaller
contributions from the terrestrial biosphere in the North and
air-sea exchange in the South. Randerson et al.’s [2002]
simulated seasonal cycle for Fruholmen, Norway over
1985–90 is similar to the observations at Point Barrow for
1985–1991 from Meijer et al. [2006], which showed the
same phasing but larger amplitude than our recent mea-
surements at Point Barrow for 2005–07. The cause of the
reduction in amplitude at Point Barrow is not presently
known, and such a reduction in amplitude was not apparent
at La Jolla or Jungfraujoch [Levin et al., 2010] over the same
period. Simulated seasonal cycles for northern and southern
midlatitudes from Levin et al. [2010] were similar to
observed cycles at La Jolla and Palmer Station.
[45] Contributions to the seasonal cycle should be expec-

ted to vary between midlatitude sites that reside at different
altitudes. In particular, the influence of stratosphere-tropo-
sphere transport should contribute to larger and earlier sea-
sonal maxima at higher altitude sites than sea level sites in
the midlatitudes since closer proximity to the stratosphere
would reduce the transport time and the attenuation in
amplitude [Liang et al., 2009]. Correspondingly, the D14C
maximum at high altitude sites Jungfraujoch and Niwot
Ridge was observed one month earlier than at La Jolla and
Point Barrow (Figure 6b). A one month delay was also
observed in recent measurements at Alert (82°N) compared
to Jungfraujoch [Levin et al., 2010]. Average seasonal
amplitudes, however, were not larger at Jungfraujoch
and Niwot Ridge, compared to La Jolla or Point Barrow

Figure 6. Results of fitting detrended D14C at La Jolla to a
single annual harmonic. (a) Peak-to-trough amplitude and
(b) timing of maximum annual D14C. Calendar years
defined as January to December are shown as the filled black
circles and solid line; years defined as July to June are
shown in the empty circles and dash-dotted line. Error bars
reflect 1-s uncertainties in the fitted harmonics. Also shown
is the modeled amplitude and phase resulting from com-
bustion and transport of fossil fuel (dDff,seas), using aseaso-
nal emissions (filled gray squares) or a 30% seasonal
amplitude factor in emissions (empty gray triangles) from
the EDGAR v4.0 database in the TM3 4 � 5° atmospheric
transport model. Omitted years in Figure 6b had uncertain-
ties larger than �4 months. The crosses on the right axes
show the average amplitude and/or timing of seasonal max-
imumD14C at other Northern Hemisphere observation sites:
Fruholmen, Norway (FYR, 71°N, 1963–1993 [Nydal and
Lövseth, 1996]), Vermunt, Austria (VER, 47°N, 1959–
1984), Jungfraujoch, Switzerland (JFJ, 47°N, 1986–2007
[Levin and Kromer, 2004]), Niwot Ridge, USA (NWR,
40°N, 2003–2005 [Turnbull et al., 2007]) and Point Barrow
(PTB, 2001–07).
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(Figure 6a). One explanation for the lack of reduced ampli-
tude at the sea level sites may be that an attenuated strato-
spheric influence is compensated by a larger influence from
fossil fuel CO2, which can be seen by comparing dDff,seas

between Kumukahi and Mauna Loa. Another explanation
may be that the 14CO2 concentration in air of stratospheric
origin increases with time after cross-tropopause transport,
since some oxidation of cosmogenic radiocarbon from 14CO
occurs after entering the troposphere [Jöckel et al., 2002].
The oxidation of 14CO may also contribute to summertime
enrichment in D14C of CO2, since oxidization occurs more
rapidly in the summer. Seasonal peak-to-trough amplitudes
of 10–15 molecules 14CO cm�3 STP observed at Northern
and Southern midlatitudes [Jöckel and Brenninkmeijer,
2002; Manning et al., 2005] suggest that 14CO oxidation in
the lower troposphere may add approximately 1 ‰ ampli-
tude to the seasonal cycle.
[46] Stratosphere-troposphere exchange may account for

most of the variability in the seasonal amplitude of D14C at
mid- to high latitudes. The atmospheric eddies and tropo-
pause folds that drive cross-tropopause transport have an
episodic nature that causes the location and magnitude of
stratosphere-troposphere exchange to vary significantly
between years [Gettelman and Sobel, 2000; James et al.,
2003; Stohl et al., 2003]. Modeling studies that resolve
interannual variation in tropospheric ozone or Lagrangian
particle transport caused by variable stratosphere-troposphere
transport support this idea [e.g., Sprenger and Wernli, 2003;
James et al., 2003; Cristofanelli et al., 2006], but simula-
tions of the effect on seasonal cycles of long-lived trace
gases have not yet been performed.

8. Summary

[47] Here and in the accompanying paper [Graven et al.,
2012] we report measurements of D14C in CO2 at seven
global stations made through collaboration between the
Scripps Institution of Oceanography flask sampling net-
works and Lawrence Livermore National Laboratory.
[48] Comparison of our measurements from 2005–07 with

prior measurements from 1988–89 [Levin et al., 1992;
Meijer et al., 2006] show that Northern Hemisphere D14C
has decreased by 5 ‰, relative to the Southern Hemisphere.
Our observations are consistent with Levin et al. [2010], who
observed a similar shift in the interhemispheric D14C gra-
dient. The simulated contribution to D14C gradients from
fossil fuel CO2 emissions were nearly the same in 1988–89
and 2005–07, also in agreement with Levin et al. [2010].
These analyses demonstrate that the shift in the meridional
D14C gradient was not caused by increased fossil fuel
combustion. The shift is likely to have been caused by
decreasing 14C uptake in the Southern Ocean, since the air-
seaD14C disequilibrium was reduced by a similar amount as
the fossil fuel-corrected D14C gradient between the 1990s
and 2000s [Levin et al., 2010; Jenkins et al., 2010; Key et al.,
2004].
[49] Seasonal cycles with higher D14C in summer and/or

fall were observed at most stations. In the Northern Hemi-
sphere, seasonal cycles were similar in phase to observations
at other sites [Levin et al., 2010; Turnbull et al., 2007] and
were partly explained by the seasonal emission and transport

of fossil fuel-derived CO2 as simulated by the TM3 model.
Though not quantitatively modeled here, Randerson et al.
[2002] and Levin et al. [2010] showed that stratosphere-
troposphere transport provides a strong influence on sea-
sonal cycles of D14C in the Northern midlatitudes, while
stratosphere-troposphere transport and air-sea exchange
both influence seasonal cycles in the Southern Hemisphere.
Our observations demonstrate substantial variability in the
seasonal amplitude of D14C, particularly at La Jolla. This
suggests that the specification of background D14C levels,
which is necessary for identifying additions of fossil fuel-
derived CO2 in polluted air, requires regular, precise mea-
surements of D14C at clean air sites.

Appendix A: Methods for Calculating Fossil Fuel
Influences
A1. Meridional Gradients

[50] Simulated CO2 concentrations resulting from fossil
fuel emissions in the TM3 model (Section 2.2) for 1988 and
1989 were averaged to estimate dCff for 1988–89, and results
from simulations for 2005, 2006 and 2007 were averaged
with twice as much weight on 2006 to estimate dCff for mid-
2005 to mid-2007. In each case, dCff was calculated by sub-
tracting Cff simulated for the South Pole. CM in equation (1)
was calculated by the average of monthly CO2 observations
from the Scripps CO2 and O2 Programs [Keeling et al.,
1998b, 2005], from the Instituto Nacional de Meteorologia
for Izaña (http://gaw.kishou.go.jp/wdcgg/), and from the
National Oceanic and Atmospheric Administration (NOAA)
for Cape Grim [Conway and Tans, 2004]. No CO2 observa-
tions were available at Neumayer and Jungfraujoch so their
CO2 concentrations were approximated using observations
from Palmer Station and from Terceira Island, Azores con-
ducted by NOAA [Conway and Tans, 2004].
[51] Uncertainties in dDff were estimated as a quadrature

sum of four sources of uncertainty: the measurement
uncertainty in DM (Section 3.5 and Figure 4) and CM, and
the uncertainty in dCff caused by the uncertainty in fossil fuel
CO2 emissions and the uncertainty in transport of fossil-
derived CO2, both of which grow with increased emissions.
Measurement uncertainty in CM is �0.1 ppm [Keeling et al.,
1998b; Conway and Tans, 2004; Keeling et al., 2005],
except at Jungfraujoch and Neumayer where we increased
the uncertainty in CM to �0.4 ppm since observations were
not available at these sites. We assigned the uncertainty in
emissions as �10%, slightly larger than uncertainties in
global emissions of �8% estimated by Andres et al. [1996]
and �5% estimated by Canadell et al. [2007]. To estimate
transport uncertainty, we used the standard deviation in
annual mean dCff at each station simulated by the 16 atmo-
spheric transport models that participated in the Transcom 3
experiment [Gurney et al., 2002, 2003], using Plateau Rosa
Station, Italy and the Pacific Ocean Station at 35°N, 143°W
to represent Jungfraujoch and La Jolla. We scaled the stan-
dard deviation in the Transcom simulations for 1990 to the
mean global emissions in 1988–89 and the standard devia-
tion in the Transcom simulations for 1995 to the mean global
emissions in 2005–07. The resulting uncertainty in transport
was �0.6–2.8% at the Southern Hemisphere sites and �7.6–
9.5% at the Northern Hemisphere sites. We note that
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transport uncertainty may be even larger than the standard
deviation between different models, due to biases in
common model formulations or meteorological products.
The largest contribution to uncertainty was the uncertainty
in transport at Northern Hemisphere sites and uncertainty
in DM at Southern Hemisphere sites. Combining all four
contributions, the total uncertainty in dDff averaged
�1.5 ‰ in 1988–89 and �1.8 ‰ in 2005–07.

A2. Seasonal Cycles

[52] For each calendar year at each site, simulated CO2

concentrations resulting from fossil fuel emissions in the
TM3 model were detrended, sampled at the time steps
nearest to the sampling times of the observations and used to
calculate D14C variations according to equation (1). Here,
dDff is interpreted as the change in D14C due to seasonal
variation in fossil fuel CO2 (noted by dDff,seas). dCff is the
modeled detrended fossil fuel CO2 concentration with the
annual mean subtracted, and CM and DM are the observed
CO2 concentration and D14C in CO2. dDff,seas was binned
by month to compute monthly means and standard errors in
the same manner as the observations.
[53] dDff,seas was also estimated for 16 models that par-

ticipated in the Transcom 3 Experiment [Gurney et al., 2002,
2003] in order to quantify the uncertainty in dDff,seas from
different models’ representations of atmospheric transport.
Monthly mean fossil fuel CO2 concentrations resulting from
the transport of Brenkert’s [1998] pattern of aseasonal fossil
fuel emissions for 1995 were detrended and used to calculate
dDff,seas. Our comparison of Transcom model results from
1995 to the TM3 model results from 2001–07 is reasonable
since the amplitude of dDff,seas remained largely constant
over 1992–2007 (Figure 6). Again we note that comparing
the spread over different models may underestimate the
transport uncertainty, due to biases in common model
formulations or meteorological products.

Appendix B: Data Tables

[54] Measurements of D14C in CO2 samples collected by
the Scripps CO2 Program and measured at Lawrence Liver-
more National Laboratory are provided in Tables B1–B6.
The CO2 mole ratio and d13C listed are an average of all
measurements with the same sample date. The d13C values
footnoted with an “a” are estimates of d13C when measure-
ments of d13C in concurrently sampled CO2 were not avail-
able. CO2 mole ratios were measured on the ‘SIO 2008A’
Calibration Scale. The SIO calibration scale for CO2 is
established by infrared and manometric analysis of primary
reference gases [Keeling et al., 2002]. The SIO calibration
scale is tied to the historic CO2 measurements at SIO
and independent of the WMO scale since 1995. d13C values
are relative to the international V-PDB standard and include
the addition of a �0.112 ‰ offset for consistency with
measurements performed at the Center for Isotope Research,
University of Groningen, Netherlands. sTot is the total mea-
surement uncertainty in D14C. Flagged samples (16%) have
been removed. D14C measurements from La Jolla, Cali-
fornia, USA are reported in the companion paper [Graven
et al., 2012].

Table B1. Measurements From Point Barrow, Alaska, USA

SIO ID
LLNL
ID

Sample
Date

CO2

(ppm)
d13C
(‰)

D14C
(‰)

sTot
(‰)

M99-002 126909 12-Jun-99 373.73 �8.453 91.8 1.7
M99-004 117889 03-Jul-99 362.60 �7.96a 98.8 1.7
M99-006 126930 15-Aug-99 353.65 �7.67a 91.6 1.7
M99-008 131097 25-Sep-99 365.99 �7.81a 93.3 1.7
M99-024 117888 22-Oct-99 364.99 �7.960 97.4 1.8
M99-025 131033 19-Nov-99 374.38 �8.15a 89.0 1.7
M99-027 117887 25-Dec-99 375.00 �8.420 87.6 1.7
M99-028 131125 29-Jan-00 373.47 �8.350 90.7 1.7
M99-029 126917 12-Feb-00 375.05 �8.427 85.7 1.7
M99-031 117886 09-Mar-00 373.80 �8.354 88.7 1.7
M01-030 131506 27-Jul-01 362.58 �7.638 79.8 1.7
M01-032 117892 01-Sep-01 363.19 �7.720 82.5 1.9
M01-046 131072 18-Oct-01 369.23 �8.12a 86.8 1.7
M01-102 131568 08-Dec-01 375.51 �8.351 80.0 1.7
M01-104 131058 16-Feb-02 377.17 �8.414 75.7 1.7
M01-130 117893 16-Mar-02 381.72 �8.51a 71.3 1.8
M01-163 131129 20-Apr-02 379.17 �8.452 72.8 1.7
M01-165 131537 28-May-02 378.48 �8.430 71.7 1.7
M01-193 124203 26-Jul-02 368.71 �7.84a 75.3 1.7
M01-221 117793 18-Oct-02 374.75 �8.07a 77.1 1.7
M01-267 117771 18-Nov-02 374.68 �8.225 80.4 2.8
M01-268 138082 30-Nov-02 376.97 �8.320 75.8 2.2
M01-269 117749 25-Dec-02 385.54 �8.37a 72.6 2.7
M01-298 117850 17-Jan-03 377.63 �8.354 68.4 2.7
M01-300 117810 24-Feb-03 383.83 �8.674 67.0 2.0
M01-322 117845 17-Mar-03 386.80 �8.53a 63.8 2.7
M01-340 117789 02-May-03 382.87 �8.57a 61.7 1.7
M01-343 117838 13-Jun-03 380.76 �8.523 69.1 2.7
M01-352 117851 12-Jul-03 369.90 �8.004 70.1 2.7
M01-353 117844 16-Aug-03 366.13 �7.68a 69.8 2.7
M01-385 117805 13-Sep-03 367.59 �7.806 71.5 1.7
M01-387 126998 10-Oct-03 371.84 �8.050 74.1 1.7
M01-453 126965 10-Jan-04 383.50 �8.601 70.0 1.7
M01-476 124202 13-Mar-04 381.81 �8.511 62.7 1.7
M01-478 128078 09-Apr-04 384.20 �8.551 64.1 1.7
M01-493 124196 07-May-04 383.22 �8.630 63.7 1.7
M01-511 128116 10-Jun-04 382.91 �8.481 62.6 1.7
M01-513 128091 01-Jul-04 374.59 �8.126 60.9 1.7
M01-530 124198 13-Aug-04 363.31 �7.55a 67.1 1.7
M01-556 126939 13-Sep-04 367.30 �7.738 63.5 1.7
M01-558 124187 07-Oct-04 371.42 �7.95a 67.2 1.7
M01-568 126988 12-Nov-04 380.83 �8.388 67.4 1.7
M01-641 128139 18-Feb-05 384.67 �8.539 62.7 1.7
M01-642 128151 25-Mar-05 385.79 �8.606 60.3 1.7
M01-659 128144 22-Apr-05 385.66 �8.614 59.7 1.7
M01-661 128100 20-May-05 385.36 �8.602 56.5 1.7
M01-682 128131 17-Jun-05 383.25 �8.463 57.9 1.7
M01-684 126974 22-Jul-05 373.55 �7.954 64.9 1.7
M01-727 128069 30-Sep-05 373.53 �7.904 61.4 1.7
M01-729 128286 24-Oct-05 377.67 �8.133 58.8 1.7
M01-757 128272 14-Dec-05 384.57 �8.444 56.1 1.7
M01-777 131550 20-Jan-06 386.34 �8.588 55.9 1.7
M01-792 131535 17-Feb-06 386.46 �8.555 52.9 1.7
M01-800 131050 17-Mar-06 387.28 �8.582 54.8 1.7
M01-814 131575 21-Apr-06 387.43 �8.591 49.1 1.7
M01-840 131111 26-May-06 389.43 �8.722 52.5 1.7
M01-841 131099 16-Jun-06 387.14 �8.559 55.4 1.7
M01-852 131139 28-Jul-06 369.31 �7.707 57.0 1.7
M01-882 131025 31-Aug-06 371.07 �7.793 53.3 1.7
M01-883 131516 22-Sep-06 374.70 �7.979 57.1 1.7
M01-894 131082 03-Nov-06 383.90 �8.368 61.1 1.7
M01-925 131562 15-Dec-06 388.00 �8.546 53.0 1.7
M07-013 138041 05-Jan-07 390.77 �8.713 48.2 2.2
M07-014 138034 09-Feb-07 388.79 �8.609 54.0 2.2
M07-035 138132 09-Mar-07 388.66 �8.589 50.5 2.2
M07-049 138083 06-Apr-07 390.13 �8.633 49.8 2.2
M07-050 138095 04-May-07 389.47 �8.602 52.2 2.2
M07-087 138064 08-Jun-07 387.94 �8.538 49.2 2.2
M07-099 138109 17-Aug-07 372.62 �7.708 51.5 2.2
M07-101 138097 07-Sep-07 376.11 �7.884 46.6 2.2
M08-021 141195 12-Oct-07 379.28 �8.20a 48.5 2.2
M08-022 141178 01-Nov-07 383.48 �8.20a 46.1 2.2
M08-023 141139 07-Dec-07 389.02 �8.522 49.1 2.2

aEstimated d13C values, when direct measurements were not available.
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Table B2. Measurements From Kumukahi, Hawaii, USA

SIO ID
LLNL
ID

Sample
Date

CO2

(ppm)
d13C
(‰)

D14C
(‰)

sTot
(‰)

M01-028 128113 13-Aug-01 366.80 �7.830 81.3 1.7
M01-029 124155 04-Sep-01 368.28 �7.904 80.7 1.7
M01-056 128132 29-Oct-01 369.83 �8.022 77.6 1.7
M01-092 131124 19-Nov-01 372.75 �8.121 80.5 1.7
M01-095 126916 14-Jan-02 373.06 �8.153 81.9 1.7
M01-124 127002 19-Feb-02 373.97 �8.199 79.3 1.7
M01-128 126940 18-Mar-02 376.00 �8.311 72.4 1.7
M01-140 126972 15-Apr-02 375.37 �8.233 80.7 1.7
M01-142 131034 29-Apr-02 375.84 �8.246 74.8 1.7
M01-159 124156 13-May-02 376.51 �8.264 71.4 1.7
M01-177 128088 17-Jun-02 374.15 �8.147 74.3 1.7
M01-179 141174 01-Jul-02 373.80 �8.113 73.9 2.2
M01-181 128143 15-Jul-02 372.24 �8.029 79.0 1.7
M01-176 124154 12-Aug-02 368.80 �7.833 72.5 1.7
M01-210 117769 03-Sep-02 366.84 �7.800 80.8 2.7
M01-212 131522 16-Sep-02 366.81 �7.778 76.8 1.7
M01-214 117756 07-Oct-02 370.16 �7.943 79.5 2.8
M01-254 138060 18-Nov-02 372.47 �8.027 76.9 2.2
M01-256 117751 02-Dec-02 374.20 �8.157 67.8 2.8
M01-258 124145 16-Dec-02 376.86 �8.230 69.3 1.7
M01-284 117852 07-Jan-03 377.32 �8.269 66.4 3.0
M01-288 117753 03-Feb-03 377.70 �8.236 71.1 2.8
M01-307 117757 03-Mar-03 378.07 �8.286 70.5 2.7
M01-308 124138 17-Mar-03 377.54 �8.277 66.5 1.7
M01-324 124139 14-Apr-03 379.25 �8.333 67.0 1.7
M01-329 117781 03-Jun-03 380.17 �8.415 69.7 1.7
M01-364 128281 08-Sep-03 371.27 �7.924 69.4 1.7
M01-398 124143 14-Oct-03 373.10 �8.01a 71.4 1.7
M01-400 131599 10-Nov-03 374.78 �8.108 69.7 1.7
M01-441 131588 15-Dec-03 376.21 �8.174 68.7 1.7
M01-444 124144 12-Jan-04 377.33 �8.180 64.3 1.7
M01-445 128289 02-Feb-04 378.31 �8.256 64.0 1.7
M01-459 126994 01-Mar-04 378.23 �8.256 71.4 1.7
M01-485 131023 04-May-04 380.38 �8.303 67.4 1.7
M01-497 124140 01-Jun-04 381.18 �8.325 64.9 1.7
M01-514 128282 06-Jul-04 378.66 �8.214 68.5 1.7
M01-545 128067 16-Aug-04 373.69 �7.974 67.3 1.7
M01-547 131584 13-Sep-04 374.94 �8.018 66.3 1.7
M01-559 128124 04-Oct-04 374.85 �8.048 63.7 1.7
M01-596 128068 15-Nov-04 377.95 �8.189 60.3 1.7
M01-599 128288 21-Dec-04 377.88 �8.153 60.9 1.7
M01-614 131593 18-Jan-05 378.50 �8.130 68.0 1.7
M01-624 131603 22-Feb-05 382.56 �8.351 63.1 1.7
M01-636 128275 28-Mar-05 382.22 �8.402 57.5 1.7
M01-639 128153 25-Apr-05 383.63 �8.445 60.8 1.7
M01-665 126947 23-May-05 384.23 �8.384 55.3 1.7
M01-688 128077 20-Jun-05 382.28 �8.346 56.0 1.7
M01-692 131594 19-Jul-05 377.83 �8.141 60.2 1.7
M01-717 126920 06-Sep-05 375.95 �7.978 62.4 1.7
M01-724 126908 11-Oct-05 376.62 �8.043 63.6 1.7
M01-749 128269 07-Nov-05 378.68 �8.126 57.9 1.7
M01-769 126968 09-Jan-06 381.82 �8.255 56.8 1.7
M01-781 128102 17-Jan-06 382.33 �8.280 56.1 1.7
M01-793 131102 21-Feb-06 383.35 �8.344 54.6 1.7
M01-809 131133 20-Mar-06 383.00 �8.293 55.7 1.7
M01-812 131057 17-Apr-06 384.73 �8.374 59.8 1.7
M01-829 131107 15-May-06 387.21 �8.552 53.4 1.7
M01-832 131073 12-Jun-06 385.06 �8.355 61.8 1.7
M01-854 131576 10-Jul-06 382.41 �8.262 56.9 1.7
M01-858 131503 07-Aug-06 376.69 �7.971 56.2 1.7
M01-879 131567 11-Sep-06 377.60 �7.984 58.7 1.7
M01-890 131080 09-Oct-06 378.08 �8.029 59.7 1.7
M01-920 131548 13-Nov-06 379.62 �8.138 56.9 1.7
M01-922 131530 11-Dec-06 382.57 �8.253 52.9 1.7
M07-010 138089 16-Jan-07 383.41 �8.259 51.7 2.2
M07-027 138066 19-Mar-07 384.54 �8.291 56.5 2.2
M07-046 138113 16-Apr-07 386.63 �8.427 49.3 2.2
M07-056 138053 14-May-07 387.04 �8.408 51.5 2.2
M07-070 138042 18-Jun-07 386.19 �8.382 55.2 2.2
M07-094 138139 23-Jul-07 381.88 �8.204 52.3 2.2
M07-097 138108 20-Aug-07 375.19 �7.823 53.5 2.2
M07-111 138038 17-Sep-07 379.62 �8.00a 49.9 2.2
M07-126 141134 16-Oct-07 381.91 �8.10a 50.7 2.2
M07-129 141116 19-Nov-07 382.52 �8.160 49.5 2.2
M08-030 141198 17-Dec-07 384.50 �8.270 44.3 2.2

aEstimated d13C values, when direct measurements were not available.

Table B3. Measurements From Mauna Loa, Hawaii, USA

SIO ID
LLNL
ID

Sample
Date

CO2
(ppm)

d13C
(‰)

D14C
(‰)

sTot
(‰)

M01-024 124190 22-Aug-01 369.25 �7.937 85.9 1.7
M01-027 104521 12-Sep-01 368.90 �7.935 81.9 2.2
M01-040 131518 26-Sep-01 367.58 �7.887 85.2 1.7
M01-043 104522 17-Oct-01 368.09 �7.893 79.6 2.2
M01-058 124362 07-Nov-01 369.05 �7.959 86.0 1.7
M01-059 104523 14-Nov-01 369.81 �7.990 78.9 2.2
M01-083 104525 16-Jan-02 372.37 �8.090 79.3 2.2
M01-108 104526 13-Feb-02 372.80 �8.094 79.1 2.2
M01-110 124349 01-Mar-02 372.91 �8.132 80.0 1.7
M01-118 104527 13-Mar-02 374.09 �8.174 77.4 2.2
M01-122 104528 10-Apr-02 374.18 �8.137 77.1 2.2
M01-144 124352 24-Apr-02 375.44 �8.231 78.7 1.7
M01-146 104529 08-May-02 374.21 �8.103 73.1 2.2
M01-154 124353 29-May-02 376.09 �8.252 78.0 1.7
M01-183 124355 07-Aug-02 371.05 �7.985 74.0 1.7
M01-185 104532 21-Aug-02 371.72 �8.023 77.8 2.2
M01-200 124359 04-Sep-02 369.34 �7.904 78.6 1.7
M01-202 117800 18-Sep-02 369.79 �7.926 76.0 1.7
M01-206 117759 16-Oct-02 371.71 �7.982 73.6 2.7
M01-231 117747 13-Nov-02 372.05 �8.000 75.5 2.7
M01-251 117809 18-Dec-02 373.67 �8.071 75.6 1.7
M01-265 117799 15-Jan-03 374.11 �8.085 76.9 1.7
M01-304 117784 19-Mar-03 376.40 �8.236 72.4 1.7
M01-317 117746 16-Apr-03 378.47 �8.344 71.7 2.8
M01-321 117773 14-May-03 377.29 �8.242 72.3 2.7
M01-337 124360 28-May-03 379.17 �8.316 72.1 1.7
M01-338 131566 04-Jun-03 378.45 �8.264 73.3 1.7
M01-348 117770 16-Jul-03 376.11 �8.221 71.7 2.7
M01-351 117755 13-Aug-03 374.80 �8.062 73.6 3.0
M01-371 126913 10-Sep-03 372.58 �8.042 73.7 1.7
M01-390 124363 01-Oct-03 373.29 �8.033 72.5 1.7
M01-394 124342 29-Oct-03 373.19 �8.017 70.5 1.7
M01-410 126905 07-Jan-04 375.88 �8.107 70.9 1.7
M01-448 124204 04-Feb-04 377.40 �8.197 69.6 1.7
M01-451 126971 01-Mar-04 377.82 �8.214 72.8 1.7
M01-471 124344 24-Mar-04 378.53 �8.241 68.0 1.7
M01-486 124188 28-Apr-04 380.28 �8.355 67.9 1.7
M01-488 124191 12-May-04 379.89 �8.457 67.2 1.7
M01-505 124194 16-Jun-04 379.52 �8.304 66.2 1.7
M01-522 126950 14-Jul-04 376.02 �8.140 64.7 1.7
M01-527 124343 18-Aug-04 375.33 �8.079 68.3 1.7
M01-535 128107 15-Sep-04 374.06 �7.985 68.0 1.7
M01-552 126918 13-Oct-04 374.15 �8.034 62.9 1.7
M01-571 124346 17-Nov-04 376.48 �8.090 66.7 1.7
M01-572 124347 24-Nov-04 376.41 �8.131 65.8 1.7
M01-590 124348 08-Dec-04 377.36 �8.138 64.8 1.7
M01-595 128090 12-Jan-05 378.85 �8.247 61.6 1.7
M01-618 128103 16-Feb-05 380.16 �8.288 62.3 1.7
M01-630 128148 16-Mar-05 381.88 �8.318 64.0 1.7
M01-634 128098 13-Apr-05 381.49 �8.696 61.2 1.7
M01-654 128082 11-May-05 382.06 �8.282 62.2 1.7
M01-674 128140 13-Jul-05 381.39 �8.263 62.3 1.7
M01-702 128128 10-Aug-05 378.05 �8.168 62.0 1.7
M01-709 127001 14-Sep-05 376.12 �8.039 65.2 1.7
M01-732 131531 26-Oct-05 377.19 �8.095 62.4 1.7
M01-754 138136 30-Nov-05 378.68 �8.138 65.0 2.2
M01-756 126964 14-Dec-05 379.41 �8.209 63.1 1.7
M01-773 128075 11-Jan-06 381.04 �8.259 56.8 1.7
M01-784 131122 08-Feb-06 381.99 �8.217 62.2 1.7
M01-796 131113 08-Mar-06 382.79 �8.313 56.8 1.7
M01-802 131132 05-Apr-06 384.06 �8.397 57.2 1.7
M01-816 131065 10-May-06 385.34 �8.458 60.5 1.7
M01-836 131504 14-Jun-06 383.9 �8.344 58.8 1.7
M01-846 131098 12-Jul-06 381.75 �8.277 56.0 1.7
M01-864 131024 16-Aug-06 379.97 �8.143 60.1 1.7
M01-869 131061 20-Sep-06 378.31 �8.107 59.2 1.7
M01-887 131096 18-Oct-06 379.30 �8.126 57.0 1.7
M01-910 131037 15-Nov-06 379.82 �8.112 57.2 1.7
M01-914 131539 13-Dec-06 380.93 �8.184 55.3 1.7
M07-018 138127 14-Feb-07 384.58 �8.317 60.4 2.2
M07-031 138055 13-Mar-07 384.49 �8.387 53.6 2.2
M07-044 138118 18-Apr-07 387.57 �8.473 53.3 2.2
M07-059 138037 16-May-07 386.24 �8.388 53.0 2.2
M07-068 138090 13-Jun-07 386.50 �8.346 50.8 2.2
M07-076 138103 18-Jul-07 384.33 �8.24a 55.0 2.2
M07-104 138120 13-Sep-07 378.92 �8.10a 53.9 2.2
M07-120 141155 17-Oct-07 380.86 �8.109 49.7 2.2
M07-124 141147 15-Nov-07 382.01 �8.161 49.7 2.2
M08-026 141172 13-Dec-07 383.62 �8.218 52.8 2.2

aEstimated d13C values, when direct measurements were not available.
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Table B5. Measurements From Palmer Station, Antarctica

SIO ID
LLNL
ID

Sample
Date

CO2

(ppm)
d13C
(‰)

D14C
(‰)

sTot
(‰)

PSA-01A 131523 10-Mar-05 375.18 �8.098 64.6 1.7
PSA-03A 131120 19-May-05 376.23 �8.107 59.5 1.7
PSA-04A 131529 03-Jul-05 377.00 �8.119 60.5 1.7
PSA-05A 131557 23-Sep-05 378.06 �8.147 58.1 1.7
PSA-06A 131086 20-Oct-05 377.90 �8.128 65.3 1.7
PSA-07A 131572 30-Nov-05 377.26 �8.148 57.3 1.7
PSA-08A 131030 12-Dec-05 377.55 �8.153 58.2 1.7
PSA-09A 131507 30-Dec-05 377.36 �8.099 58.6 1.7
PSA-10A 131041 16-Jan-06 377.47 �8.139 61.7 1.7
PSA-11A 131140 06-Feb-06 377.14 �8.099 62.0 1.7
PSA-12A 131563 02-Mar-06 377.57 �8.087 62.4 1.7
PSA-13A 131135 20-Mar-06 384.73 �8.098 61.9 1.7
PSA-14A 131084 17-Apr-06 378.08 �8.072 66.2 1.7
PSA-15A 131512 29-Apr-06 378.04 �8.093 59.0 1.7
PSA-16A 131101 28-Jun-06 378.97 �8.116 60.7 1.7
PSA-17A 131028 10-Jul-06 378.69 �8.130 57.6 1.7
PSA-18A 131540 24-Jul-06 378.94 �8.158 57.6 1.7
PSA-19A 131074 07-Aug-06 379.14 �8.185 60.6 1.7
PSA-20A 131558 07-Nov-06 379.73 �8.163 55.7 1.7
PSA-21A 131579 02-Dec-06 379.76 �8.174 54.5 1.7
PSA-23A 138040 02-Jan-07 378.93 �8.159 58.0 2.2
PSA-24A 138107 28-Feb-07 378.94 �8.132 57.7 2.2
PSA-25A 138047 27-Mar-07 379.43 �8.145 54.0 2.2
PSA-26A 138124 15-Apr-07 379.67 �8.102 60.5 2.2
PSA-27A 138088 22-May-07 380.64 �8.148 56.0 2.2
PSA-28A 138073 06-Jun-07 380.40 �8.149 54.1 2.2
PSA-29A 138111 03-Jul-07 380.59 �8.14a 52.9 2.2
PSA-30A 141166 18-Jul-07 380.96 �8.123 52.5 2.2
PSA-32A 138117 03-Aug-07 381.71 �8.145 51.9 2.2
PSA-31A 141140 04-Aug-07 381.14 �8.153 53.4 2.2
PSA-33A 138096 11-Sep-07 381.68 �8.188 55.5 2.2

aEstimated d13C values, when direct measurements were not available.

Table B4. Measurements From Cape Matatula, American Samoa

SIO ID
LLNL
ID

Sample
Date

CO2

(ppm)
d13C
(‰)

D14C
(‰)

sTot
(‰)

M01-049 117880 25-Sep-01 370.04 �7.988 85.3 1.7
M01-084 117881 29-Oct-01 370.06 �7.940 83.5 1.7
M01-085 104537 07-Nov-01 370.12 �8.014 85.3 2.2
M01-112 117882 29-Jan-02 370.53 �7.967 83.0 1.7
M01-132 104541 12-Mar-02 372.16 �8.029 83.8 2.2
M01-136 104542 09-Apr-02 370.71 �7.999 83.0 2.2
M01-137 117883 19-Apr-02 370.50 �7.999 79.9 2.0
M01-150 104543 14-May-02 370.63 �7.966 81.9 2.2
M01-171 104544 18-Jun-02 371.72 �8.023 78.4 2.2
M01-188 104545 19-Jul-02 371.48 �8.013 78.8 2.2
M01-189 117884 23-Jul-02 371.83 �8.032 79.6 1.7
M01-196 104546 14-Aug-02 372.19 �8.037 77.4 2.2
M01-197 117885 26-Aug-02 372.19 �8.023 78.0 1.8
M01-225 131131 29-Oct-02 372.89 �8.041 77.5 1.7
M01-228 117807 19-Nov-02 373.21 �8.061 79.3 1.7
M01-271 131064 03-Dec-02 373.85 �8.095 79.7 1.7
M01-275 131501 31-Dec-02 372.94 �8.072 79.9 1.7
M01-293 117767 18-Feb-03 373.26 �8.043 78.4 2.7
M01-311 117766 11-Mar-03 374.76 �8.082 77.7 2.8
M01-313 126984 11-Apr-03 374.88 �8.121 79.5 1.7
M01-315 131062 22-Apr-03 373.03 �8.020 79.3 1.7
M01-331 117840 23-May-03 373.28 �8.077 79.2 2.7
M01-359 117765 16-Jul-03 373.44 �8.10a 73.6 2.7
M01-365 117891 30-Jul-03 374.37 �8.086 79.1 1.7
M01-375 138052 03-Sep-03 374.17 �8.069 68.9 2.2
M01-377 126942 16-Sep-03 374.25 �8.057 73.0 1.7
M01-383 141125 28-Oct-03 374.19 �8.086 73.8 2.2
M01-434 126935 17-Nov-03 374.55 �8.106 69.4 1.7
M01-438 126914 16-Dec-03 375.50 �8.059 75.7 1.7
M01-465 126991 11-Feb-04 376.21 �8.076 74.5 1.7
M01-468 117871 09-Mar-04 376.41 �8.096 72.8 2.3
M01-480 117872 13-Apr-04 376.01 �8.104 71.0 1.8
M01-482 117873 27-Apr-04 375.14 �8.072 71.8 1.7
M01-501 117874 18-May-04 375.51 �8.074 71.3 2.0
M01-509 128277 16-Jun-04 376.33 �8.088 71.2 1.7
M01-518 128118 14-Jul-04 375.65 �8.064 68.8 1.7
M01-540 117875 09-Aug-04 376.22 �8.108 68.7 1.8
M01-544 126931 07-Sep-04 375.85 �8.085 65.1 1.7
M01-564 117877 09-Nov-04 375.98 �8.010 67.9 1.7
M01-566 117878 24-Nov-04 376.19 �8.123 68.0 1.7
M01-603 128072 05-Jan-05 377.67 �8.132 68.3 1.7
M01-617 126963 10-Feb-05 377.39 �8.128 67.9 1.7
M01-646 126959 11-Apr-05 377.93 �8.078 64.1 1.7
M01-650 128137 12-May-05 379.39 �8.155 68.7 1.7
M01-680 128063 17-Jun-05 377.80 �8.140 65.0 1.7
M01-695 128147 18-Jul-05 378.42 �8.159 68.5 1.7
M01-699 128094 17-Aug-05 378.05 �8.096 63.5 1.7
M01-720 128106 13-Sep-05 378.34 �8.108 62.9 1.7
M01-734 128125 12-Oct-05 378.17 �8.103 63.6 1.7
M01-760 128156 17-Nov-05 378.97 �8.127 65.9 1.7
M01-763 126997 13-Dec-05 378.08 �8.145 66.0 1.7
M01-775 128081 04-Jan-06 379.89 �8.119 62.5 1.7
M01-788 131081 18-Feb-06 380.87 �8.161 67.4 1.7
M01-808 131032 27-Mar-06 378.75 �8.143 63.8 1.7
M01-823 131103 25-Apr-06 378.72 �8.138 62.0 1.7
M01-843 131510 28-Jun-06 380.05 �8.159 62.7 1.7
M01-860 131060 28-Jul-06 379.95 �8.170 59.8 1.7
M01-871 131121 28-Aug-06 379.94 �8.142 57.6 1.7
M01-875 131114 25-Sep-06 379.69 �8.121 60.9 1.7
M01-898 131560 23-Oct-06 379.83 �8.150 59.3 1.7
M01-929 131049 29-Dec-06 381.64 �8.134 58.7 1.7
M07-037 138035 27-Feb-07 382.55 �8.190 50.8 2.2
M07-040 138044 23-Mar-07 382.25 �8.126 52.8 2.2
M07-063 138131 30-May-07 382.24 �8.136 56.0 2.2
M07-080 138102 28-Jun-07 380.88 �8.107 56.8 2.2
M07-090 138033 27-Jul-07 382.16 �8.152 53.5 2.2
M07-107 138091 22-Aug-07 381.98 �8.138 55.4 2.2
M07-109 138074 25-Sep-07 382.36 �8.115 52.0 2.2
M07-117 141168 23-Oct-07 382.37 �8.121 51.5 2.2
M08-034 141130 16-Nov-07 382.55 �8.082 51.6 2.2
M08-035 141122 28-Nov-07 382.84 �8.134 51.9 2.2
M08-037 141150 19-Dec-07 383.16 �8.098 48.1 2.2

aEstimated d13C values, when direct measurements were not available.

Table B6. Measurements From the South Pole, Antarctica

SIO ID
LLNL
ID

Sample
Date

CO2

(ppm)
d13C
(‰)

D14C
(‰)

sTot
(‰)

M99-010 131574 16-Feb-99 364.76 �8.034 96.0 1.7
M99-011 131559 01-Mar-99 364.81 �7.982 97.9 1.7
M99-012 117824 01-May-99 364.97 �7.973 92.6 2.7
M99-013 126962 15-Jul-99 365.68 �7.999 97.1 1.7
M99-014 128152 17-Aug-99 365.95 �7.980 93.0 1.7
M99-016 128099 16-Sep-99 366.24 �7.983 89.4 1.7
M99-018 126946 17-Oct-99 366.63 �8.024 86.3 1.7
M99-020 126911 19-Nov-99 369.52 �8.01a 92.4 1.7
M99-022 131127 23-Jan-00 366.40 �8.007 93.2 1.7
M01-001 128284 18-Feb-00 366.48 �8.011 93.0 1.7
M01-004 128280 15-Apr-00 366.51 �8.010 89.8 1.7
M01-008 117826 16-Jun-00 366.73 �7.988 86.6 2.7
M01-010 128071 15-Jul-00 367.06 �7.990 84.4 1.7
M01-013 126985 02-Sep-00 367.60 �8.005 88.6 1.7
M01-015 117864 01-Oct-00 367.69 �7.998 87.6 1.7
M01-017 128290 01-Nov-00 367.88 �7.998 86.2 1.7
M01-019 117827 02-Dec-00 367.79 �7.982 86.3 2.8
M01-021 131040 15-Jan-01 367.82 �7.980 92.2 1.7
M01-065 128064 15-Feb-01 367.11 �7.983 88.7 1.7
M01-067 128270 15-Mar-01 367.05 �7.966 81.4 1.7
M01-069 117828 16-Apr-01 367.35 �7.958 85.7 2.7
M01-071 126996 15-May-01 367.61 �7.969 88.3 1.7
M01-074 131509 01-Jul-01 367.97 �7.976 87.9 1.7
M01-078 117830 15-Sep-01 369.35 �7.997 78.8 3.1
M01-100 138094 02-Jan-02 369.28 �8.028 75.6 2.2
M01-233 117831 13-Feb-02 369.50 �8.010 75.8 2.8
M01-240 117853 01-Jul-02 370.62 �7.985 78.6 2.8
M01-242 117772 01-Aug-02 371.16 �8.031 76.6 2.7
M01-244 117752 02-Sep-02 371.48 �8.025 73.5 2.6
M01-259 117745 02-Nov-02 371.82 �8.057 79.3 2.7
M01-261 117795 03-Dec-02 371.72 �8.045 76.3 1.7
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aEstimated d13C values, when direct measurements were not available.
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