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Abstract. The “C-free fossil carbon added to atmospheric clear bias is largely independent of the choice of reference
CO, by combustion dilutes the atmosphefitC/C ratio station in the context of continental-scale Eulerian transport
(A14C), potentially providing a means to verify fossil GO and inversion studies, but could potentially be reduced by an
emissions calculated using economic inventories. Howeverappropriate choice of reference station in the context of local-
sources of"*C from nuclear power generation and spent scale assessments.

fuel reprocessing can counteract this dilution and may bias
14c/C-based estimates of fossil fuel-derived £ these
nuclear influences are not correctly accounted for. Previoui
studies have examined nuclear influences on local scales, but

the potential for continental-sca_lle influences mﬂﬁc _has Since radiocarbon'fC) is absent in highly aged fossil fu-
not yet been explored. We estimate anntfg emissions s, fossil fuel combustion strongly dilutes the ratid&€,/C

from each nuclear site in the world and conduct an Eulerian, atmospheric C@ reported as\'4C including corrections
transport modeling study to investigate the continental-scale;q, age and fractionation. Atmospheric observations can be
steady-state gradients af**C caused by nuclear activities sed to quantify the dilution ok 14C and thereby provide an
and fossil fuel combustion. Over large regions of Europe, estimate of the amount of Gdded by fossil fuel combus-
North America and East Asia, nuclear enrichment may offsettion, relative to a clean air reference site (elgyin et al,

at least 20 % of the fossil fuel dilution in*4C, correspond- 2003. Thus, AX4C observations and atmospheric transport
ing to potential biases of more tharD.25ppm in the C®  modeling may provide a means for independently validating
attributed to fossil fuel emissions, larger than the bias fromco2 emissions calculated from economic de®agala et aJ.
plant and soil respiration in some areas. Model grid cells in-201Q_

cluding high1“C-release reactors or fuel reprocessing sites One way thatA4C observations may be employed to es-
showed much larger nuclear enrichment, despite the coarsgmate CQ emissions from fossil fuel combustion is through
model resolution of B°x1.8°. The recent growth of nu-  the joint inversion of atmospheric GGand its14C/C ratio
clear'4C emissions increased the potential nuclear bias OVepn, continental scale®eters et al2007 Pacala et al2010.
1985-2005, suggestln%that changlpg nuclgar activities Mmayyeyious studies using observations and models have shown
complicate the use oA™"C observations to identify trends ¢ fossil fuel emissions cause discernable continental-scale
in fossil fuel emissions. The magnitude of the potential nu- 5 14- gradients Randerson et al2002 Hsueh et a].2007
Turnbull et al, 2009. Implementing observation sites along
suchA14C gradients may allow continental-scale fossil fuel
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make such inversion-based estimates of fossil fuel fluxes orern Hemisphere. TheséC emissions are part of the nor-
the basis ofA*C observations, all other influences ad*C mal operating procedures of the nuclear sites and are within
gradients must be known and corrected for. government-imposed limits. We use an Eulerian framework,
One such influence is caused by activities of the nuclearather than a Lagrangian framework, to estimate steady-state
power industry. Nuclear power and spent fuel reprocessingyradients over large scales. This Eulerian framework is sim-
sites releasé*C in gaseous and liquid effluents, enriching ilar to that used in global and regional inversions of Qfat
14C of CO; in air and carbon in plant material and water exploit gradients between observation stations located 200—
surrounding nuclear sites by 4-20 000 %eyin et al, 1988 10 000 km from one another (e.@urney et al.2002 Peters
2003 Dias et al, 2008. et al, 2007), as well as in other studies of continentet*C
Most prior studies of the nuclear influence ad*C have  gradients Kisueh et al.2007 Turnbull et al, 2009. Our
focused on the impact of these emissions orp @Qhe local  results therefore have specific relevance for applications uti-
areas surrounding nuclear sites, i.e., on scales of less thanlaing steady-state, continental-scad¢“C gradients, while
hundred kilometers. For exampld,ein et al, 2003 cal- they do not address the small-scale gradients that exist in the
culated the influence of a nearby reactor®HC measured local vicinity of individual nuclear sites and may also influ-
at the Heidelberg atmospheric sampling site in Germany usenceA“C at some observation sites.
ing dispersion modeling of*C emissions observed at that
reactor [evin et al, 2003. Nuclear*C emissions may
also contribute toA4C gradients at larger, i.e. continental, 2 Methods
scales extending to several hundred or thousand kilometers;
however, the potential for nucleafC emissions to influ- 2.1 14C0O, emissions from individual nuclear power
ence continental-scale gradients #¥*C has not yet been plant sites
explored. A previous modeling study found that thé*C
enrichment caused by the nuclear industry was negligibleRadiocarbon is produced mainly through reactions of nitro-
but this study unrealistically appliedC emissions homoge- gen impurities and oxygen in uranium oxide fuel or coolant
neously across northern continental regions without considwater of nuclear reactors, but also in structural material, in
ering the spatial distribution of individual nuclear sitéain- the graphite of graphite-moderated reactors and the cooling
bull et al, 2009. gas of gas-cooled reactor¥ih and Caron2006. Nearly
In this study, we consider the influence ¥ emissions  all 14C is released in the form f'CO,, except in Pressur-
from nuclear sites on continental scales. When nuci@r ized Water Reactors (PWRs) whetC is mainly released
emissions are mixed into the larger atmosphere, will a highas*CH, (Kunz, 1985 Uchrin et al, 1998 Van der Stricht
density of nuclear sources or even one large nuclear sourcand Janssen2001, 200%. We assume the lifetime 6fCH,
create large-scale regions of high*C, relative to areas on (approx. 10 yrPrather 1994 to be too long to contribute to
the same continent without nuclear sites or relative to thecontinental-scale gradients i**C of CO,, permitting us to
free troposphere? An analogy could be made to 8@is-  neglect'*CH, emissions.
sions from coal-fired power plants causing acid rain depo- Only 20-25% of all nuclear sites measure and re-
sition over a large-scale region that extends several hundregort 1*C emissions (Fig. 1), so we us¥C emission
kilometers downwind of the power plants. factors, i.e. the ratio ofl“C emissions over electrical
In order to investigate the potential ffiC emissions from  energy output, to estimaté*C emissions at all sites.
the nuclear energy industry to cause continental-scale gradiAnnual energy output for each reactor in operation be-
ents inA14C, we estimaté*C emissions from individual nu- tween 1985 and 2005 was compiled from the Interna-
clear sites and conduct Eulerian atmospheric transport simtional Atomic Energy Agency's Power Reactor Informa-
ulations of spatially-resolved nucle#tCO, and fossil fuel  tion System (IAEA PRIS, available ttp://www.iaea.org/
CO, sources. We assess the potential A0¥*C gradients  programmes/a2/index.htjnl We usel“CO, emission fac-
from nuclea“C emissions to cause biases in fossil fuelb,CO tors of: 0.06 TBqGWa! for PWRs, 0.51 TBq GWal for
at continental scales and compare the pattern and magnitudoiling Water Reactors (BWRs), 1.6 TBq GWhfor Heavy
of the potential nuclear biases to those arising ffld@ ex-  Water Reactors (HWRs), 1.4 TBqGWh for Advanced
change with the ocean and terrestrial biosph&ter(bull et Gas-Cooled Reactors (GCRs), 5.5 TBq GWdor Magnox
al,, 2009. By compiling observed“C emission rates, we GCRs, 1.3TBqGWa! for Light-Water-cooled Graphite-
also consider variability and uncertainty in nuclé4® emis-  moderated Reactors (LWGRs) and 0.12 TBq G\Wor Fast
sions. Breeder Reactors (FBRs). These emission factors were given
Unlike previous work examining the dispersion of tempo- as averages for 1990-1995 UNSCEAR (2000). We re-
rary, severe radioactive sources using Lagrangian approachekiced the emission factor for PWRs by 75 % to account for
(e.g.,Klug et al, 1992 Draxler and Hess1998, our study  1“C released as methankunz, 1985 Uchrin et al, 1998
focuses on**C emissions from multiple nuclear sites that Van der Stricht and Jansse2901, 2005 and increased the
occur continually within continental regions of the North- emission factor for Magnox-type GCRs by a factor of 4 based
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08 on observed emission rates (Fig.UKEA 1996—2008 Es-
07t PWR timated emissions df'C from each nuclear site are tabulated
06| | in the auxiliary material.
L o5t 1 Total electrical energy output by all nuclear reactors nearly
% o4l 1 doubled between 1985 and 2005, while tdt€ emissions
g sl ] (including 1#CHa) increased by only 40—-60 %, from 89 [43,
oz - | 172] to 130 [69, 280] TBqyr! (bracketed values indicate
by o gﬁf"g *i; B g;* e 70% confidence intervals). This is because most of the
I et ot s fisas o s sl growth in electrical output was generated by PWR- and
EEEEE L IR AR R R R R R R R T BWR-type reactors that release comparatively 1€s Total
EFEEEEE2000550080558%% 14C release represented about 10 % of the average production
220s & §83¢ —§ gEEzgRics: rate from cosmogenic radiatioM@sarik and Beer2009.
E AooEsss R 25T g The 14C emission factors are associated with substantial
£ z 2 uncertainties as they vary, for example, due to episodic vent-
30 12 ing, replacement of resin columns and other maintenance
Magnox Advanced

GCR | (Kunz, 1985 Stenstém et al, 1995 Sohn et al.2004. To
examine temporal and site-to-site variability, we compiled
available observations of gaseotC emissions and com-
pared them to electrical energy output at several individual
PWRs, BWRs, HWRs and GCRs (Fig. 1). Observations
at LWGRs Konstantinov et a).1989 were consistent with
UNSCEAR(2000). No observations from FBRs were found.
P e = oly v Substantial variability spanning 300-1000 % was found in
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SEEESS 855358555553 E the observations for different reactors and for individual re-
[T g <& 9984 . .
] gg % >3 £5332 88 gg g5s2 actors over several years, particularly in PWRs, HWRs and
F2253 8 TEo8 Te8E% S E Magnox GCRs. No consistent differences between reactors
& & 8 8 R in different countries were apparent. We calculated the 15
g BWR 1. Reduced 75% total C reported and 85 % Iimits of the lognormal cumule.\tive. distributioq of
2. Yim and Caron, 2006 the observations for each reactor type in Fig. 1 to define a
15k 3.1992; Stenstrém et al., 1995 0 . . . . ..
4.mean 1976-82; Kunz, 1985 0 contidence Interval 1or the emission factors, similar to
70% fid t | for th fact lar t
= S oon a0 Uommeral Toos a 1-sigma uncertainty in a normal distribution. We apply the
S A I | Z-1%95-2007; UKEA, 1996-2006 observed confidence intervals to estimate uncertaint§@n
o, 1 hA 9.1985-89; UNSCEAR, 1993 emissions and uncertainty in the resulting enrichment in at-
| 10.2001-07; BMU, 2002-2008 - 14,
R R =T= - 11.1995-99; Van der Stricht, 2001 mOSphe”(} CO, (_SeCtS- 3and 4)- _ _ _
,,,,,,, o] 12.2000-03; Van der Stricht, 2005 Theoretical estimates fC emission factors (Fig. im
13.1999-2001; Sohn et al., 2004 .. .
s and Caron2006 were similar to observations for PWR and

& & o @ o

BWRs, but quite different for HWRs and GCRs. This is
likely a result of theoretical estimates not accounting'fie
capture at some HWRs and GCRs or the poorly-known re-
lease of“*C produced in the moderators of GCRs.
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2.2 14C emissions from other sources
Fig. 1. Emission factors ok*CO; release per electrical energy out-
put at nuclear reactors of Pressurized Water Reactor (PWR), Heavipissolution of spent nuclear fuel during reprocessing liber-
Water Reactor (HWR), Magnox and Advanced Gas-Cooled ReactoatesC, which is released in gaseous effluents'480,
(GCR) and Boiling Water Reactor (BWR) types. Triangles indicate (Koarashi et al.2005. We compiled observations éfC
theoretical emission factors frolim and Caron2006. Observed released between 1985 and 2005 at 3 active spent fuel re-
emission factors at individual nuclear sites are shown as squaregrocessing sites wheréC is released: La Hague, France,
when one year or one multi-year average observatioh%6i0, Sellafield, UK and Tokai, JapatUNSCEAR 1988, 1993,
release was reported, or as boxplots when several years of ananbOQ Schneider and Marigna®008 Nakada et a).2008
mean observations were reported. Dashed lines show 70 % ConftJKEA 1996-2008 also tabulated in the auxiliary material
dence intervals. Emission factors at PWRs footnoted with a “1” 14 . :
Total ~“C release from spent fuel reprocessing from these 3

reported total*C release and were reduced by 75 % to account for ", 0
14CH, emissions. Other footnotes indicate the periods of obser-SItes over 1985-2005 was roughly 10 % of the release from

vation and references. Solid lines show emission factors used, aguclear power generation.
listed in Sect2.1
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Fossil fuel-derived CO, and A™C gradients
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Fig. 2. (a—c)Maps of fossil fuel-derived C®(5Cs) and AT4C dilution (S Af) in continental regions of the Northern Hemisphere. Regional
reference sites are indicated by triangles and observation sites by sqdafedluclearA14C enhancemensanye) and potential nuclear
bias to fossil fuel-derived C&(Bnuc). Locations of lowl4C release reactors are indicated by crosses, H}ghcelease reactors by triangles,

and spent fuel reprocessing sites are labelgeh) The ratio|Bnuc: 8Cs; |, in percent, shown only in grid cells whepayc was less than
—0.25 ppm.

Our estimates of totéf*C emissions do not include some 2.3 Transport modeling
additional anthropogenit*C sources, despite the fact that
they could also contribute tf'C enrichment at continental ~Surface fluxes of*C from nuclear sites and GGrom fossil
scales. These sources include emissions from experimerfuel combustion were used as boundary conditions in simu-
tal research reactors, reactors that were recently shutdowngtions of the global TM3 atmospheric transport model with
radiochemical production facilities, military operations, and 1.8°x1.8° resolution and 28 vertical level$igimann and
disposal or incineration sites for medical or research wasteKorner, 2003. Annual mean emissions of GGrom fossil
We omitted these sources due to lack of data on emissioifiuel combustion were given by the Emissions Database for
rates and chemical forms dfC. However, observations Global Atmospheric Research version 4.0 (EDGAR, avail-
from research reactors in GermaBMU, 2002-2008and a  able athttp://edgar.jrc.ec.europa.eu/index.pfgy individual
radiochemical production facility in the UKJKEA, 1996—  years 1985-2005, aggregated from°Gd. 1.8 resolution.
2008 showed!*C emissions that were similar to medium- ~ We computed 4-yr simulations with constant fluxes corre-
to large-sized BWRs. Emissions from newly shutdown reac-sponding to each year 1985-2005, similar to the specifica-
tors can be as large as 300 % of the average release duririgpns of the Transcom 3 Experimersrney et al. 2000,
active periodsBMU, 2002-2008 UKEA, 1996—2008 but  and averaged the simulated concentrations over the 4th year.
are neglected here by our use of emission factors that are tieblleteorological forcing was given by 6-h NCEP reanalysis
to electrical production. As a result, our estimaté@ emis- fields specific to each year 1985-208@(nay et al, 1996.
sion from the nuclear power industry does not comprise the We examine gradients in1*C over three continental re-
total anthropogenic emission §iC. gions in the Northern Hemisphere, relative to a regional

Atmos. Chem. Phys., 11, 123302349 2011 www.atmos-chem-phys.net/11/12339/2011/
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reference site: Niwot Ridge, USA (NWR, 3.75km a.s.l.) 3 Regional gradients inA4C of CO,

for North America, Jungfraujoch, Switzerland (JFJ, 3.45km

a.s.l) for Europe and Mt. Waliguan, China (WLG, The largest simulatediCy of 11-18 ppm was associated with

3.81km as.l) for Asia (Fig. 2a—c). Spatial maps of gra-the most densely populated areas (Fig. 2a—c), while over

dients in A¥C in the lowest model level are presented for large regions of North America, Europe, and A8 ex-

2005 in Sect3, while temporal changes at selected sites areceeded 0.5 ppmsQs < — 1.4 %o). In contrast, nucleat*C

presented in Sec. emissions enhances'“C by more than 0.7 %o over large re-
Gradients were calculated using the simulated enhancegions of North America, Europe and Asia in 2005 (Fig. 2d—

mentin CQ (8Cy) or 14CO, (8 Anug) relative to the regional ), offsetting the dilution ofA4C from fossil fuel emissions

reference sites, i.6Cx = Crr — CR ands Apue= Anue— AR, ~ Substantially. _

where R indicates the reference site. The dilutionAf*C The larges Anuc and fnuc was simulated over northern

France and the UK due to releases from La Hague and Sel-

caused by fossil fuel emissionsA¢, and the enhancement - - .
in A24C caused by nuclear emissiofs\ e, were calculated lafield reprocessing sites and several Gas-Cooled Reactors.
’ Though enhancement &f“C was largest in grid cells con-

by: . .
taining large nuclear sources, negative valueggf extend
SAf = —5Cq 1000 %o+ A g (1) far into downwind regions without nuclear sources. Out-
Cr+8Cx flow from northern France and the UK contributed to high
. 8 Apuc and Bnuc over much of Northern Europe (Fig. 2e).
8 Anuc= 8 Anuc1000 %o (2)  The Great Lakes region of North America, central Japan and
Rs(Cr+6Ct) South Korea also showed substandial,,c and B¢ extend-

. . . ing >400 km away from nuclear sites.
These equations were derived by approximate mass balance . . . .
The simulations clearly show a continental-scale influence

4 : 12 14 i
of carbon and“C. Rsis 1176x10% the'“C/C ratio in the of nuclear emissions: significadiA ¢ gradients extended

Modern Standard. The changeAt4C also depends on the ) o
background air C@mixing ratio andA24C (Cx and Ag) more than 700 km (3 grld.cells) away from nuplear s_|tes in
’ northeastern North America, Europe and Asia. This spa-

which was assigned to be the global average for each yeat ) - ;
(Table S1). We use global average values at each regionat al scale is sufficiently resolved by the model resolution of

.. 1M3, 100-200 km in mid-latitude regions. However, since
Eulerian models like TM3 homogenize point sources over
the local grid cell, simulate@,,c near nuclear point sources
are sensitive to the model resolution and the location of the

in all years. Though annual mea*C and CQ in Northern
Hemisphere background air can varyb§ %. and+1.6 ppm
from the estimated global averadesyin et al, 2010 Graven : . L
et al, 2011 Keeling and Whorf2005, the potential error in model grid. For example, the largest simulaféc is in

8 Ag caused by using global average values at the regionaﬁe grid cell contamm_g the spent fuel reprocessing s_lte qt La
7 ague, Francepn,c simulated for the area within this grid
reference sites is less than 0.8 %.

Since the spatial gradients in fossil fuel €&re small rel- cell (—8 ppm) is likely to change if a different model resolu-

ative to the absolute concentration of £i@ the atmosphere, t|o_n or model grid is ysed, particularly fo_r areas within the
ie. 5Cx < C, the dilution of A14C by fossil fuel emis- grid cell that are particularly near to or distant from the La

) Hague site.

?gnSS %60:A£f )p‘r)irl]agﬁszt((;ggﬁ .br)r/] ; [;?; sg?t;)éffotﬂ;awoﬁgt%;?f Tr_\e relativg magnitu.de of the potential biases_in inferred
cur if nucleart4C enrichment was not accounted fgio) fossil fuel-derived CQ, i.e. the absoluge of'the rat.lo Bhuc
similarly relates t& Ay by approximately—2.8 %o : 1 ppm, tsnaclv.ﬁ hcgrr: amount to more tlhan 100% (E'g' 29-1). IOver the
since nuclear enrichment reduces appasent. glis annelfnuc was as large as 260 % &€y In large

We performed sensitivity tests to evaluate the effect of un-r€gions. such as Ea_stern Ca”ad"?" Northwestern France, _the
certainty in'*C emission factors and the choice of regional U.K’ Irelanq, the Baltic Sia’ Russia and Japan, the pgtentlal
reference site. To test the effect of uncertainty in the emissio las remained above 20 %. There were also areas with very

factors, we performed additional simulations for emissionsl;tliﬁitpt’lzt‘fgﬁil nbL:iISe,acr)g:;ig\]/ itto 'ST;?saes :)?/Sesrllnrrgil/eesrp::soszl;s)?(s)f
calculated with emission factors at the lower and upper lim- Y,

its of the 70 % confidence intervals shown in Fig. 1. To testNogh Almterlca a?d r;(;)osé of _Chma._ ion fact t the 15 %
the sensitivity to the choice of reference site, we additionally imulatedSnuc for using emission factors at the 0

calculatedA1C gradients relative to free tropospheric air at anq 85% limits of the cumullativg distribution (.)f obse_rvgd
2.9km a.s.l. (the 10th model level). emission factors are_shown in Fig. 3. Increasing emission
factors to the upper limit causeghyc to be 300 % larger, on
average. The area @,c< —0.25 ppm spread over the At-
lantic Ocean, Eastern Canada, Russia, Scandinavia, Southern
Europe, China and Korea. In these argige was generally
larger than 20 % ofCs . In simulations with emission factors

www.atmos-chem-phys.net/11/12339/2011/ Atmos. Chem. Phys., 11, 1P?3383-2011
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Nuclear A™C gradients and potential bias in fossil fuel-derived CO, - Upper limit of 70% confidence
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Fig. 3. Results from transport model simulations8€ emissions for 2005 estimated using emission factors at the upper and lower limits of
the 70 % confidence intervals as shown in Fig. 1. Nucte¥tC enhancemens{nuc) and potential nuclear bias to fossil fuel-derived £O
(Bnuc) for emissions at the uppéa—c)and lower(g—i) limits of 70 % confidence. The rati@nuc: 8Cs |, in percent, shown only in grid cells
wherepBnucwas less thar-0.25 ppm for emissions at the upp@kf) and lower(j—I) limits of 70 % confidence.

at the lower limit,8 Apyc and Bnyc became 60 % smaller in - 4 Temporal changes indC¢ and Bnuc
North America and Asia and 40 % smaller in Europe, on av-

erage. Potential biases were much less important in Nortfconcurrent changes to the patterns and magnitudes of fos-
America and Asia, but in large regions of Northern Europe;jj fyel and nuclear emissions could cause spurious trends in
Pnuc Was still comparable in magnitude 8t (>20%).  5c4 inferred from A4C observations. To estimate the po-

Patterns were largely the same when we used free troporential for such an effect, we examine modeled annual mean
spheric air as the background instead of the continental refers o and g, relative to the continental reference sites, over

ence sites, andiCys changed by less thag0.1ppm andSnuc  1985-2005 at 6 sites where!4C in CO, is currently mea-
changed by less tha#0.01 ppm in more than 85% of grid  syred or may be initiated in the future: Cape May, USA

cells shown in Fig. 2. (CMA) and Sable Island, Canada (SBL) in North America;

Atmos. Chem. Phys., 11, 123302349 2011 www.atmos-chem-phys.net/11/12339/2011/
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Fig. 4. (a—c)Annual mean fossil fuel-derived CGQ8Cy, solid lines) and fossil fuel-derived GOncluding the nuclear bias$ Cs + Bnuc,

dashed lines) simulated at each observation site for 1985—-286f).Annual mearBnyc Simulated at each observation site for 1985—-2005.
Panelqg—i) Annual mean ratioBnuc: §Cs| Simulated at each observation site for 1985-2005, in percent. Filled areas show 70 % confidence
intervals.

Lutjewad, Netherlands (LUT) and Schauinsland, Germanymore at Schauinsland and Lutjewad, and to have decreased
(SCH) in Europe; and Gosan, South Korea (GSN) and Ryoriby 4-5 % instead of increased by 1-2 % at Sable Island and
Japan (RYO) in Asia. Ryori. The largest effects were at Cape May and Ryori, sig-

ModeledsC was between 1 and 7 ppm at the 6 sites c)Verr?ificantly Iarge_r in magnitude than uncertainties in_ th_e frac-
1985-2005 (Fig. 4a—c). At each sit&s spannedt0.2 to _t|onal.ch.ange in locadCy or 8Cit + Bnuc due to variations
1.0 ppm from the mean value due to an overall trend and/ofn €Mission and atmospheric transport. Our results indicate
to variations in emission and atmospheric transpie was th?j concurrent trends ifhuc can bias and change the sign of
—0.1 to —0.8 ppm, with the largest negative potential biases2~ C-based observations &€ trends.
at Cape May, Lutjewad and Ryori (Fig. 4d—f). 8Cx calculated in comparison to free tropospheric air was

At all sites, fnuc grew in proportion tosCy (Fig. 4g—i)  S—40% smaller thadCy calculated using the continental

as the number and activity of nuclear reactors expanded bd€ference sites, except at Schauinsland where it was slightly
tween 1985-2005 and, at the European sitessGs de- Iarger._ However, in comparison to free troposphericiic
creased. A strong increase finc is apparent at Gosan, Was simultaneously reduced by a comparable amount (1-
caused by the implementation of 3 Heavy Water Reactorét4 %) SO that the ratio gfnucto 5Cy changed very little.

at Wolsong, South Korea in the 1990s. To assess the impact Simulations using emission factors at the limits of 70 %
of growth in Bnyc On the apparent trend i6iCss, we com-  confidence demonstrate very large uncertainties that are
pare 5-yr means ofC andéCs + Bnuc for 1985-1989 and  skewed toward strongenyc (Fig. 4). At the upper limit,
2001-2005 (Table 1). Simulatéd’s increased at the North  B,,c compensated 15-50 % of the dilution frat@s at the
American and Asian sites and decreased at the European sitsges. At the lower limit,8,,c compensated 5-10 % 6.
between 1985-1989 and 2001-2005. Including the simultaThese uncertainties further complicate the identification of
neous change ifin,c caused Cy to appear to have increased trends indCs using A4C observations. While we have set
6—7 % less at Cape May and Gosan, to have decreased 2—3 étnission factors to either the lower or upper limit at all sites,
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Table 1. Change in simulatedC and3Cy + fnuc between 5-yr 1.4C em|SS|on?4at Phll_lppsburg with a dispersion model to es-
means for 1985-1989 and 20012005 at the sites shown in Fig. 4imate localA™*C enrichment of 0.2—10 %o over 1986-2002,
Uncertainties were calculated using the standard error in simulated@veraging 4.8-2.0 %.. Our simulated nuclear enrichment in
8Cx andSCy + Bnuc over the 5-yr periods, which comprise only the grid cell containing Heidelberg is22[1.1, 37] %o in
variations in emissions and atmospheric transport over the 5-yr pe2005 (Figs. 2 and 3), which equates to a potential bias of

riods. Uncertainties if*C emission factors are not included. —0.7 [-0.4, —1.3] ppm. Our estimate is lower thdrevin
et al. (2003 mainly because, as described above, the coarse
ASCy (%) A(SCx + Bnuc) (%)  difference (%) resolution model underestimatas“C near to nuclear point

CMA 12644 11943 _7 sources. However, another fundamental difference from
SAB +146 _446 _5 Levin et al.(2003 is that we consider the influence from all
SCH _545 _845 -3 nuclear sites, not only from Phillipsburg. Our results indi-
LTW -845 —10+£6 -2 cate that long-range transport from more distant nuclear sites
RYO +2+4 —5+5 -7 is likely to be significant in Heidelberg, in addition to local
GSN +38+9 +32+7 -6 transport from the Phillipsburg site.

the observations show that emission factors at each site var§ Discussion and conclusions

from year to year (Fig. 1), which may cause different patterns ) o )
and larger variability than our simulations. Accounting for the spatial distribution of nuclear sites reveals

several regions with a high density 8C sources that are

important to consider in determining continental-scale influ-
5 Comparison with previous estimates 0B nuc ences onAC. Simulation of spatially-resolvefC emis-

sions from individual nuclear sites in the Northern Hemi-
Turnbull et al.(2009 simulatedBnyc using a slightly lower  sphere shows that the$&C emissions contribute to A'4C
resolution atmospheric transport model with surface fluxesenrichment at continental scales that is substantial enough to
of 14C from the nuclear industry that were spread homo-partially counteract the fossil fuel dilution effect. Simulated
geneously across the Northern continents. They reporpotential nuclear biases of more tha.25 ppm tosCy ex-
simulatedgn,c at Cape May of only 0 to-0.2 ppm over tend over spatial scales on the order of 1000 km in populated
2002-2008, much smaller than our value -60.8 [-0.3, regions of the Northern Hemisphere. This spatial scale is
—1.8] ppm for 2005 (Fig. 4). A similarly large underestima- sufficiently resolved by the coarse Eulerian model we used,
tion occurs in the study dfurnbull et al.(2009 for Orleans,  100-200 km in mid-latitude regions, so this result is not lim-
France (48.8N, 2.5 E). There, they reported a simulated ited by our model or model resolution.
Bnuc 0f 0 to —0.2 ppm over 2002—2008 while we simulated  Potential nuclear biases ef0.25 ppm or more make a
a value of—0.9 [-0.6, —1.4] ppm for 2005 (Figs. 2 and 3). substantial contribution to the total uncertainty in fossil fuel-
This is a consequence of us emitting the nucléar from derived CQ determined byA'4C measurements, which is
point sources rather than spreading the emissions homogeomprised of a component from measurement uncertainty
nously over the northern continents. Our result for Cape Mayand a component from uncertainty in non-fossil influences on
could also be overestimated by the presence of two nucleaA'*C. The measurement uncertainty is presesty5 ppm
reactors in the local model grid cell, both located near thefor an individual sample but can be as low a3 @pm for an
western edge of the grid cell while Cape May is located nearannual mean, calculated by averaging many samhkegr(
the eastern edge. But the potential biases in the 5th modeind Rddenbeck2008. In continental studies, respiration
level (900 m) above Cape May and in the adjacent grid cellof 1“C-enriched carbon from terrestrial ecosystems has been
to the east are-0.4 ppm, also substantially larger th@orn- regarded to be the only substantial non-fossil influence on
bull et al.(2009. Similarly, there are two nuclear sites within A#C (Hsueh et a].2007 Turnbull et al, 2009. However,
the local grid cell of Orleans but the potential bias in the 5th by accounting for the location of nuclear point sources, rather
model level above Orleans is also substantially larger tharthan spreading the emissions homogenously over the north-
Turnbull et al.(2009, —0.5 ppm. No nuclear sites are present ern continents as ifurnbull et al.(2009, our results suggest
in the grid cells containing Sable Island, Lutiewad, Schauins-that nuclear influences on'“C are likely to be larger than
land, Ryori and Gosan. those previously estimated (Sect. Byurnbull et al, 2009.

Simulated continental-scale effects can be compared with  Our work suggests that the potential biag @ caused by

local-scale effects at Heidelberg, Germany (4%48.7 E), nucleart“C releases may be as large or larger than the poten-
estimated by evin et al.(2003. Our simulated continental- tial bias caused by exchanges with the terrestrial biosphere
scale influence of nuclear emissions at Heidelberg is half a®ver some areas.Turnbull et al. (2009 simulated biases
large as the estimated local-scale influence from the nearbgaused by respiration in recent years to-H&2 ppm above
Philippsburg nuclear sitd.evin et al.(2003 used observed northern continents, on average, and as large-Appm,
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consistent with model results &4C enrichment of 0-2%.  dent, while Germany immediately shut down several older
above North America bidsueh et al(2007). Our simulated  reactors and pledged to phase out all nuclear reactors within
potential biases are more thai®.25 ppm over large regions, a decade. Several other countries delayed or canceled plans
and up to several ppm near to nuclear sites. Additionally,to build new reactors and the fuel reprocessing site at Sell-
Bnuc tends to show stronger gradients than those resultingfield, UK was shut down.
from relatively homogeneous biospheric sourc&grifbull Whetherl“C releases grow or decline, trendsfg,c can
et al, 2009. Together, nuclear and respiratory influences bias the apparent change @5 over time and complicate
on AC likely cause potential negative biases$@y larger  the use of atmospherit1“C to identify growth or reduction
than 0.5 ppm over large regions of the Northern Hemispherein CO, emissions. Trends ifinyc caused potential biases of
similar to uncertainty contributed by measurement precision2—7 % in§Cs trends in our simulations, comparable to the

The broad, continental-scale patterns we simulated usingmissions reductions agreed upon in the Kyoto Protocol.
an Eulerian transport modeling approach are caused by the Our results suggest that the influence of nuclear activi-
aggregate influence o~C from all nuclear sites in the re-  ties on atmospheria 14C must be correctly accounted for in
gion, which cannot be accounted for by dispersion modelinglarge regions of North America, Europe and Asia to estimate
of nearby reactors only. Our results show that the compari$Cy accurately using observations af*C in CO,. High
son of observea 14C to a reference site 100-200 km away  resolution“C release data from each nuclear reactor site
may therefore include a substantial continental-scale effectwould improve estimates ok'*C enrichment by transport
in addition to any local-scale effects from nearby reactors.modeling. Alternatively, measures to reduce or elimifa@
Observational studies at finer (urban) scales may be effectiveelease would improve accuracy in observation-based esti-
in reducing the continental-scatg,c, however, by using lo- mates ofsCy, though such measures would cause temporal
cal observation sites to define background air compositionchanges t@,,c that would influence apparent trendsSifi .
particularly in areas that are far from nuclear sources.

While our objective was not to resolve local-scale disper-Supplement related to this article is available online at:
sion and transport, simulated continental-sgélg; is still http://www.atmos-chem-phys.net/11/12339/2011/
highly dependent on model resolution such that stronger graacp-11-12339-2011-supplement.zip
dients exist within the 100—200km grid used in the rather

coarse TM3 simulations. Higher resolution regional models _ )
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