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Abstract. Stratospheric and upper tropospheric air samplesl Introduction
were collected during 1994—2004 over Sanriku, Japan and in
1997 over Kiruna, Sweden. Using these archived air samype  value of 5170 (defined as  [(O/0)sampid
ples, we determined the triple oxygen-isotope COmpOSition(17O/160)V3Mow—1]xlbOO (%0), where VSMOW isp an
of strat%sphenc Coand the ’\%O mixing ratio. The maxi- jnternational oxygen isotope standard) varies during many
mum A*‘Oco, value of +12.2%., resembling that observed iq6pic fractionation processes, but the relation between
previously in the mesosphere at 60 km height, was founds175 5045180 values is usually conserved according to the
in the middle stratosphere over Kiruna at 25.6 km height’mass-dependent relation 6#70=0.516<5180 (Matsuhisa
suggesting that upper stratospheric and mesospheric air d@y 5 | 1978; Santrock et al., 1985). Mass-independent triple
scended to the middle stratosphere through strong downwargxygen-isotopic fractionation processes, which engender a
advection. A least-squares regression analysis of our obz 1 oar0 value ofAl70 (=5170—0.516x8%80), so-called

; 18 17 2 ' '
servations on & *Oco,-6"'Oco, plot (r°>0.95) shows a 175 gnomaly, have been found in several chemical reactions,
slope of 1.630.10, which is similar to the reported value ¢,ch as in the photochemical production of @om O,
of 1.7]:&0.06_, ther_eby confirming the Iinegrity of t_hree_iso- (Thiemens and Heidenreich, 1983; Mauersberger, 1987).
tope correlation with the slope of 1.6—-1.7 in the mid-latitude nqte that this equation is an often-used linearization as
lower and middle stratosphere. The slope decrease with ingac.rined for example in Young et al. (2002), Miller et
creasing altitude and a curvy trend in three-isotope corre4 (2002), and Miller et al. (2007). ’
lation reported from previous studies were not statistically ’

significant. Using negative linear correlations &t’0 _ . .
ar?d 5180(:02 witr? theg NO mixing ratio, we quan(t:if?éd (~+41%0) with a small’O anomaly which results from rapid

triple oxygen-isotope fluxes of GOto the troposphere as ;)xygen isotopehexcrllan]?e betweedn troposphe_rligr:]m sur |
+48% GICIyr (A\1Oco,) and +38%. GtC/yr §80co,) with ace water such as leaf water and seawater (Thiemens et al.,

~30% uncertainty. Comparing recent model results and o199 ICiaisl er:_arla.s,181997;| Hoag st al, 20057’) In conltrast,
servations, underestimation of the three isotope slope and th@ghomalously nig O values and a positive’O anomaly
maximumA1’Ogg, value in the model were clarified, sug- have been observed in stratospheric@@er Texas and New

gesting a smaller @photolysis contribution than that of the MEXICO (T_h|emens etal., 1991),in southe'rn h|gh-lat|tude re-
model. Simultaneous observations‘sé?ocoz, 8170002, and gions (Thiemens et al., 1995a), over Sanriku in Japan (Gamo

N,O mixing ratios can elucidate triple oxygen isotopes in etal., 1989;, 1995; Aoki et al., 2003; Kawagucci et al., 2005),

CO, and clarify complex interactions among ph sical,chem—over Kiruna in _Sweden (Alexa.nder etal, 200Bmhmerzah
o7 fy comp gpny et al., 2002), Aire-sur-I'Adour in France @immerzahl et al.,

ical, and photochemical processes occurring in the middle ) . N . :
atmosphe?e P g 2002), in northern high-latitudinal regions (Boering et al.,

' 2004), and also in the upper stratosphere and lower meso-
sphere over New Mexico (Thiemens et al., 1995b). i@

Correspondence tdS. Kawagucci anomaly observed for middle atmospheric (stratospheric and
BY

(kawagucci@ori.u-tokyo.ac.jp) mesospheric) CQis generally thought to be derived from a

Tropospheric C@ has an almost constant®0 value
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series of chemical reactions of whichs @rmation is the As described in this paper, we report triple oxygen iso-
principal source of extra heaw!80 and A1’O (Mauers-  tope compositions of C£and its relation with the hD mix-

berger, 1987; Yung et al., 1991; Lacoursiere et al., 1999;ng ratio of the middle-latitude lower/middle stratospheric
Perri et al., 2003): CO, samples collected during 11 years’ air sampling over

O3 + hv(< 310nM) — O, + O(D) (R1a) Sanril_<u, \?apan ar_ld Kiruna, Sweden. Th_e long-term strat_o-
spheric air sampling program over Sanriku was started in
O, + hv(< 175nm — OCP) + O(*D) (R1b) 1985 (Gamo et al., 1989). It continued during 1994—-2004,
while additional stratospheric air sampling was carried out
COz + O(*D) — CO4 — CO, + OCP) over Kiruna in February 1997 within the polar vortex. Oxy-
or CO,+O('D) (R2) gen isotope fluxes in C&from the stratosphere to the tropo-

sphere and triple oxygen isotope fractionation processes in
In addition to those field observations, several laboratorythe middle atmosphere are discussed using the comprehen-
experiments and model calculations have been conductesdive dataset of triple oxygen isotope composition of strato-
to elucidate detailed mechanisms of mass-independent oxyspheric CQ and the mixing ratio of NO.
gen isotope fractionation of CQ Oz, and Q in the mid-
dle atmosphere (Wen and Thiemens, 1993; Johnston et al.,
2000; Chakraborty and Bhattacharya, 2003; Liang et al.2 Sampling and analysis
2007; Shaheen et al., 2007). In addition, the flux of oxy-
gen anomaly in C@from the stratosphere to the troposphere 2.1 Sampling and sample storage
is an important parameter for the tropospherico@dget,
which is useful to investigate carbon circulation between theStratospheric whole air samples were collected during six
atmosphere and the biosphere (Cuntz et al., 2003; Boering dralloon flights over Sanriku, Japan (39, Table 1) during
al., 2004; Hoag et al., 2005). 1994-2004 using a balloon-borne cryogenic sampler devel-
Although several observational studies have revealedped by the Japan Aerospace Exploration Agency (JAXA).
anomalous oxygen isotopic compositions in stratospheridJsing the same sampling system, additional vertical sam-
CO,, few samples or parameters have been obtained for eagbling was carried out at Kiruna, Sweden {68 on 22 Febru-
observation, rendering further detailed quantitative analysesiry 1997 (Table 1). Details of our air sampler and sampling
difficult. For example, some reports have presented resultprocedure have been reported elsewhere (Nakazawa et al.,
from fewer than 10 stratospheric air samples (Thiemens ef995; Honda et al., 1996; Aoki et al., 2003; Honda, 2001).
al., 1991, 1995a; Alexander et al., 2001). In more extensiveHerein, we describe them briefly. The air sampling system
studies, interesting correlations have been reported for thean collect multiple whole-air samples into pre-evacuated
lower stratosphere df80co,-51"Oco, (Lammerzahl et al., 760 cn? stainless steel sample bottles. Chemical and isotopic
2002), 5*80c0,-N,O mixing ratio (Aoki et al., 2003), and compositions in the sampled air are only slightly affected by
AY"0Ocq,-N20 mixing ratio (Boering et al., 2004). However, the collection process (Honda et al., 1996; Honda, 2001).
no report has described a comprehensive dataset to elucidaRreliminary experimental tests showed that a possible change
these unique relations in the same observation, which hindersf §180co, caused by isotope exchange between, @8d
further comparison of direct data to modeling studies. water on the inner walls of the sample bottle is comparable
The correlation plot betweeih'80 andsl70 is useful to  to our analytical precision of 0.05%. (Honda, 2001; Gamo et
discuss mass-independent isotope fractionation processes bak, 1995; Aoki et al., 2003). Fax!’Oco,, such preliminary
cause vertical deviation from a terrestrial fractionation line experimental tests were not carried out, but we consider that
(TFL: slope=0.516) corresponds to th&® anomaly. Sev- this sampling process also provides results within our ana-
eral previous studies of the triple oxygen isotope composi-ytical precision of 0.5%., as discussed previously (Boering
tion of middle atmospheric COhave revealed a linear cor- et al., 2004).
relation betweers180 and§1’0. However, slopes of the In the laboratory, each whole air sample in the stainless
linear correlation lines and the degree of the mutual rela-steel bottle of the sampler was divided into several aliquots.
tion differ among studies. For exampleammerzahl et From each aliquot, C®was extracted and separated from
al. (2002) reported a close linear relation with a slope ofwater vapor and other components using cryogenic trapping,
1.714+0.06 (&) in the lower/middle stratosphere air over which is commonly used in C£isotope analysis. The sep-
Aire-sur-'Adour (44 N) and Kiruna (68N); in contrast, arated CQ gas was then sealed into a glass ampoule that
Thiemens et al. (1995b) reported a slope of :08.7 forthe  had been combusted at 4@ and kept in a desiccator to
upper stratosphere/lower mesospheric air over New Mexicavoid contamination by water and organic matter. These
(32° N). This difference in slope was interpreted as a gradualCO, samples had been stored for more than a decade be-
decrease in slope occurring concomitantly with increasing alfore current isotope analysis. Although the storage period
titude (Kawagucci et al., 2005; Liang et al., 2007), althoughis quite long, the change itihlsoco2 is expected to be neg-
such a change in slopes has not been observed to date.  ligible because very little water remains in the ampoules.

Atmos. Chem. Phys., 8, 6188197 2008 www.atmos-chem-phys.net/8/6189/2008/
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Table 1. Measured oxygen isotopic compositions of £&re shown with the sampling location, date, altitude, an@® Mixing ratio. A
sample denoted with # is regarded as mesosphere-derived air. Five samples marRegrevittgarded as tropospheric air. Errors 0,
8170, andA170 are estimated respectively as at most, 0.05%o, 0.5%o, and 0.5%o.

Location pate  Allitude N0 s180  s170 Al70
(km)  (ppbv) (%) (%) (%)
Sanriku 31 Aug94  18.2 289 4189 226 1.0
(3% N) 20.4 266 4229 232 1.4
22.3 196 4322 24.9 2.6
24.7 158 4367 258 33
26.8 135 4375 256 3.0
29.2 127 4350 257 3.2
31.1 92 4429 278 5.0
34.7 72 4475 276 45
8 Jun 95 20.3 209 4367 24.8 2.3
22.3 223 4192 231 1.4
24.5 129 4535 281 47
26.7 108 4521 279 45
28.8 66  46.13 30.3 6.5
30.6 50 46.31 305 6.6
32.4 43 4750 313 6.8
33.8 35 4673 303 6.1
28 Aug00  15.0 316 39.71 205 0.0*
17.1 315 4180 223 0.7
18.7 282 4197 214 -03
20.9 209 4292 250 2.9
22.7 192 4323 254 3.1
25.8 144 4413 271 4.4
30May0l  14.9 300 4122 217 0.4
16.8 292 4104 217 0.5
18.8 280 40.02 205 -0.2
27.6 154 4258 25.4 3.4
29.4 107  44.03 27.7 5.0
4 Sep 02 15.2 316 4224 216 —-0.2
16.4 315 4044 208 -0.1 *
18.7 296 4215 23.1 1.3
20.6 231 4316 25.1 2.8
22.9 210 4390 26.7 4.1
24.0 208 4319 26.0 3.7
27.7 95 4479 282 5.1
30.3 50 45.68 30.5 6.9
34.0 19  47.08 312 6.9
6 Sep 04 14.7 318 4163 214 —01 *
16.5 317 4211 222 0.5
18.7 287 4227 223 0.5
21.2 238 4290 24.9 2.7
23.4 183 4379 251 25
25.7 180 4355 250 25
27.8 124 4364 273 47
30.5 53 4511 29.1 5.8
315 30  46.47 308 6.8
32.8 30 4661 31.6 7.6
35.6 16 4690 31.3 71
Kiruna 22Feb97  10.2 300 43.67 226 0.0¢
(68°N) 13.0 273 4207 229 1.2
14.1 259 4221 238 2.1
15.9 198 4323 240 1.7
16.4 175 4363 256 3.1
17.2 171 4379 254 2.8
18.2 164 4382 258 3.2
20.1 124 4562 27.4 3.9
21.8 76 4558 29.4 5.9
23.6 25 4834 336 8.7
25.6 9 52.49 393 122 #
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After 2001, we changed the sample storage method. Aliquots 4 T T T (

of the whole-air samples were transferred directly into pre- 0 1994 e TH95 *

evacuated 1000 chrstainless steel gas canisters at a positive 35 [ 2 ;388 . ﬁkg; o . >

pressure of 2 atm without CGseparation. They were stored g 2001 © g’ B

for more than three years before analyses. It is noteworthy _ 5[ Z 2882 CE’| Do O& ¢ ¢

that the quality of our whole-air sampling and handling pro- £ * Kiruna OD >y g

cedures was verified by concurrent analyses of multiple com- § 1 > OO % “ *

positions, such as concentrations of £®>0, and CH, 2 DN >y e 5.

ands13Cco,. The sample air was regarded as defective and — ,f | o ofe 4.

eliminated from this study when an apparent anomaly was A bove %(‘

observed in any chemical or isotope signature. b EA 7&;

2.2 Oxygen isotope analysis using CF-IRMS b il * . . . . . .
0 2 4 6 8 10 12

Both §180¢0, and$1’Oc, values of the stratospheric GO A0, (3o VSMOW)

were analyzed simultaneously using a new continuous flow-

'S(_)tOpe ratio mas§ spectrometry (7CF'|RMS) .technlque. De'Fig. 1. Vertical profiles ofA17OCO2. Open symbols represent our
tails of the analytical method ard’O calculation were re-  gpservation over Sanriku (categorized by the sampling year) and
ported in Kawagucci et al. (2005). Herein, we describe kjruna. Filled symbols represent observations referred from previ-
them briefly. The C@ and other molecules in a sample ous studies: TH95 (Thiemens et al., 1995b), ALO1 (Alexander et
gas are separated using gas chromatography with heliural., 2001), and LA02 (emmerzahl et al., 2002). A vertical dotted
as the carrier gas. After separation, £® split and ana- line indicates nd’O anomaly.

lyzed on-line using two procedures: 1) direct introduction

into the IRMS (Finnigan MAT252) for isotope analysis, and

2) eliminating thel’O anomaly in the C@by exchanging The measurements over Sanriku revealed a nearly linear
the oxygen atoms with high-temperature CuO, with subse-altitude dependence mf”Ocoz. Some deviations from the
quent isotope analysis using IRMS. This CF-IRMS mea-linearity might reflect dynamic variation in the stratosphere.
surement yield two isotope values for “raw” G@nd “ex-  The vertical distribution oA*’Oco, over Kiruna exhibited
changed” CQ and results in four isotope ratios of 4544  a different profile:1’O anomalies higher than 20 km height
46/444,, 45/44., and 46/44,. Thes170 value is calculable  increased more quickly with increasing altitude than those
accurately using these measured isotope ratios and severalwer than 20 km height, which agrees well with the results
constants ok=0.516 (Santrock et al., 1985), K=0.0099235 of previous studies of the stratosphere over Kiruna (Alexan-
(Santrock et al., 1985)}3Ryppg=0.0112372 (Craig, 1957), der et al., 2001; kmmerzahl et al., 2002). In particular,
and *®Rysmow=0.0020052 (Baertschi, 1976). The total large AOco, values (+5%0) even in the lower/middle
analytical errors of this method in determining®Oco,, stratosphere (20-26 km), observed in this study and by Lam-
8170co,, and AYOco, values are estimated respectively merzahl et al. (2002), are noteworthy. The characteristic ver-
as, at most;+0.05%o, +-0.5%0, and+0.5%.. The NO mix- tical profile of A1’Oco, over Kiruna resembles the typical
ing ratio was also determined using a gas chromatographione observed for long-lived tracers, such g®Nand CH,
technique with analytical precision of 2 ppbv using anothermixing ratios within a polar vortex: Upper stratospheric and
aliquot from the same stratospheric air sample (Aoki et al.,mesospheric air descends to the lower/middle stratosphere
2003). through strong downward advection (Waugh and Hall, 2002),
resulting in upper stratospheric and mesospheric character-
istics observed even in the lower/middle stratosphere. In-
deed, A’Oco, at 25.6km height in our observation over
Kiruna reached +12.2%. (Table 1, Fig. 1), which is signifi-
cantly greater than those over Sanriku at a similar height and

We obtained 53 whole stratospheric air samples and five troWhich is as large as the highest value previously observed
pospheric air samples during seven launches over Sanrik@t 60 km height over New Mexico (Thiemens et al., 1995b).
and Kiruna (Table 1). Figure 1 portrays altitude profiles That result suggests the probable transport of a mesospheric
of A170002 for each balloon launch. Th¥O anomalies air mass into the middle stratosphere over the Kiruna area.
reached maximum values of +7.6%. and +12.2%., respec-

tively, over Sanriku and Kiruna. For comparison, similar al- 3.2  Triple oxygen isotopic compositions

titude profiles reported in the previous studies are presented

in that figure as well (Thiemens et al., 1995b; Alexander etThe triple oxygen isotopic compositionssslfo(;o2 and

al., 2001; lammerzahl et al., 2002). 817Ocoz) determined in this study are depicted in Fig. 2.

3 Results and discussion

3.1 Spatial distribution 0A’Oco,

Atmos. Chem. Phys., 8, 6188197 2008 www.atmos-chem-phys.net/8/6189/2008/
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For comparison, those reported in other studies are shown

in the figure as well (Thiemens et al., 1995b; Lammerzahl |

et al., 2002; Boering et al., 2004). A least-squares lin-

ear regression betwesh®Oco, ands'’Oco, for the strato-

spheric samples (excluding five tropospheric samples) yields £ 3

a slope of 1.630.10 (&) with a small deviations(*>0.95; g

n=53), which agrees with the slope (1#0.06; r2>0.99; g %

n=23) observed previously in the lower/middle stratosphere i

(Lammerzahl et al., 2002) within combined 2-sigma er- S 2 toos 1
rors. The agreement, or non-significant difference, of the % 2 A 2000 1
slopes was further tested using statistical analysis, AN- o THO5 5288;
COVA, with a 95% confidence leveF{;,72=0.87; p<0.05). 2 ¢ Eg%i ; i(.ma ]
We conclude that the slope on the triple oxygen isotope plot ‘ ‘ ‘ ‘ ]
within mid-latitude lower/middle stratospheric GQ39—- 35 40 45 50 %5 60
68° N; <36 km) is always constant for the observation term. 8"0co; (o VSMOW)

In contrast, Thiemens et al. (1995b) reported a slope OfFig. 2. 518000,-5170c0, plot. Symbols are similar to those

2 .o : . ;
1i%&|:0'17 4 T9.96, n=12) in their observation of both seq for Fig. 1. Filled squares (BO04) represent datasets obtained
§7°Oco, anqs oCO; vglues In upper stratosphenc/lower from Boering et al. (2004). The terrestrial fractionation line (TFL:
mesospheric C@ which is much lower than observations of sjope=0.516) and also an isoclinic line fA|17OCO2:+]_2_2%0 that

the lower/middle stratosphere reported herein and by Lammarks the maximum value of the atmospheric observations are
merzahl et al. (2002). Furthermore, ANCOVA tests demon-shown respectively as a bold solid line and a dashed line. Thin solid
strate significant differences in the regression between reand dotted lines respectively represent least square linear fits for
sults reported by Thiemens et al. (1995b) and LammerzahPur dataset and the dataset described by Thiemens et al. (1995b). A
etal. (2002) f1 31,=53.78;p>0.05) and between results of 9ray solid curve represents the model simulation result (from Fig. 5
the former study and this study e1)=26.29;p>0.05). in Liang etal., 2007) for comparison.
The observed difference in the slopes implies 8380co,
and §17Oco, values might not have a simple linear rela- 3.3 Correlation between® mixing ratio and oxygen iso-
tion, but rather an altitude-dependent difference by which topes in CQ
the slopes become smaller as altitude increases (Kawagucci
et al.,, 2005). Liang et al. (2007) also reported a grad-The physical processes in the stratosphere that are respon-
ual slope decline with increasing altitude using a theoreticalsible for the characteristic spatial distribution af’Oco,
model that incorporated a considerable impact gp@otol- in both Sanriku and Kiruna (Fig. 1) can be studied by plot-
ysis to O&D) in the mesosphere. Kawagucci et al. (2005) ting A17Oc02 against the MO mixing ratio (Boering et al.,
reported that the slopes in thﬁésoco2 and 61'Oco, cor- 2004). The present data, except for the five tropospheric
relation line seem to be different for altitudes greater thansamples and the sample showing the lardéét anomaly
and less than 25km over Sanriku, although the differenceof +12.2%0 over Kiruna (Table 1), exhibited a linear neg-
was not statistically significant. Using the current datasetative correlation betweeln;”Oco2 and NbO mixing ratio
over Sanriku, which includes more data than reported in(»2>0.90) (Fig. 3a), with some deviations from the fit line
Kawagucci et al. (2005), the separate linear fit for the lowerwhich are larger than the analytical errors. The linear corre-
division (<25 km) yields a slightly larger slope of 1.60.13 lation suggests that the relative reaction rates between the
(r?>0.88;n=22) than that for the higher division-5 km) heavy oxygen isotope accumulation in £€QR1-R2) and
of 1.46+0.11 (->0.90;n=21). However, ANCOVA tests for photochemical MO destruction are almost uniform in the
these slopes reveal no significant difference at a 95% conlower and middle stratosphere. On the other hand, the sam-
fidence level £(1,39=0.71; p<0.05). In addition, a least- ple showing the largestO anomaly of +12.2%o in the mid-
squares quadratic fit for our stratospheric dataset showed dle stratosphere over Kiruna (Table 1, Fig. 1) deviates from
correlation coefficient of2>0.95, which is the same as that the general linear correlation of®-A'"Oco, (Fig. 3a). It
for a linear fit ¢?>0.95), meaning that it is not possible to overlaps with the values from the mesosphere (Thiemens et
identify the gradual slope decline in the lower/middle strato-al., 1995b), suggesting its mesosphere origin, as discussed
sphere from our dataset. For those reasons, it is difficult teabove. In addition ta\*’Ocg,, §180co, showed a negative
prove the gradual slope decline in the stratosphere, even frotinear correlation with the DO mixing ratio (Fig. 3b), as pre-
our dataset. Further observation of the triple oxygen isotopesented in Aoki et al. (2003). Deviations comparable to those
in the upper stratosphere/lower mesosphere is necessary o the NbO-A1’Oco, correlation were also observed in the
prove the gradual decline in the slope. N20-818Oc02 correlation, although the degree of the devia-
tions was much smaller than for those described in Boering
et al. (2004) (Fig. 3).

www.atmos-chem-phys.net/8/6189/2008/ Atmos. Chem. Phys., 8, 61992008
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s ! 0 2001 | Fig. 4. A correlation plot between VDB80 and VDFAL70.
% 50 &° Z gggi . Symbols are the same as those used for Fig. 1. A solid line is least-
2 o R * Kiruna | squares fitting line. A dashed line denotes a theoretical line with a
£ kg y =-0.0185x + 47.0 ] slope of 1.1.
8 7>0.85
O 45 4
@
w0
] lation. However, isotope fractionation processes other than
40 f : . HEE R = ] the (R1)—(R2) reactions, most of which fractionate under the
" " mass-dependent relation that is usual for almost all physical
(b) - ] and chemical processes (e.g. Thiemens et al., 1999), cause
L T changes only in the pD-§180¢, correlation. Consequently,
IN,O] (ppbv) a comparison of the deviations between thgONA17Oco,

and N.O-6'80¢o, correlations is useful to examine potential
Fig. 3. N2O mixing ratio and@) A17Oc, or (b) 6180¢, plots. additional isotope fractionation processes. For this purpose,
Symbols are the same as those shown in Figs. 1 and 2. Solid bolwe introduce new parameters, VDEO and VDF$180,
lines represent linear square regression lines for our stratospheriezhich correspond to the vertical deviation of each datum
observation, excluding a sample showm§70002:+12.2%o and  from the fit lines of either I§IO-A17O(302 or N20-5180(:c>2
3180CO2=+52.49%0, used for isotope flux estimations. Solid and plot (Fig. 3) using the following equations:

dash curves in Fig. 3a represent model simulation results referred 17 17
from Liang et al. (2007). VDF-A""0=A""0cp,—(—0.0234x [N20] + 7.42)

VDF-5180=5180¢0,—(—0.0185x [N0] + 47.0)

The observed deviations from the linear correlations inthe Calculated VDF values for stratospheric samples are
plots of NbO-A'"Oco, and NeO-8180c0, could reflect ei-  within +-2%., as presented in Fig. 4, although the VDF values
ther some changes in the major natural (photo)chemical profor the sample showing the largé$D anomaly of +12.2%o
cesses in the stratosphere, in which the relative destructioare out of that rangex(+5%o), indicating a distinguishable
rate of O against the heavy oxygen isotope accumulationorigin as discussed above. By plotting VD¥~'O against
rate in CQ (R1-R2) have varied, or some additional iso- VDF-§180, we can distinguish whether those deviations are
tope fractionation processes for g@ther than the Reac- explainable according to changes in the relative destruction
tions (R1)—(R2). The B destruction rate is almost entirely rate of NO or not. That is to say, if the relative reaction rate
(~90%) governed by UV radiation, although the accumula-change were the only process responsible for the deviations,
tion rate of heavy oxygen isotopes in €(R2) is controlled  the correlation between the VDF80 and VDFA1’O val-
by the O&D) concentration governed by both the; @on- ues would be expected to be linear with a slope of +1.1-1.2
centration and its photolysis rate (R1a). Therefore, indepen{Fig. 4), as calculated from the constant fractionation slope
dent changes in the reaction rates in response to variationsf +1.6-1.7 betweed'80co, ands'’Oco, (Fig. 2) and the
in stratospheric chemical conditions, such as abundances ak70O definition of A1’0=51/0-0.516¢<5180. Although the
03 and O¢D) that would control the accumulation rate with observed VDFA'’O values exhibit a correlation with the
no relation to NO destruction, for example, might cause de- VDF-§180 values, showing a positive slope of +0.6 (Fig. 4),
viation from linear NO-A'"Ocq, and NNO-8180co, corre-  the linearity is not goodr>0.31). Therefore, we conclude
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that, aside from changes in the relative reaction rate in thérhey simulated correlation of #0-A'’Oco, and§'80¢o,-
stratosphere that produce the slope of +1.1-1.2, some addb!’Oco, using a 1D vertical model. That innovative model,
tional isotope fractionation processes having different slopesiowever, has not been tested yet, especially in terms of its
on the plot between the VDF values, such as the slope of @dequacy for assessing effects of @hotolysis on CQ.
(mass-dependent fractionation processes), were involved irlerein, we verify the theory in Liang’s model to compare
the observed isotopic compositions of £&s well. the simulation results with the observation results. The sim-
One such additional isotope fractionation process is, unulation results are included in the current correlation plots
fortunately, sample alteration during sampling and storageof $180co,-81"Oco, and NNO-A1"Ocg, portrayed in Figs. 2
despite careful handling. For example, oxygen isotope ex-and 3a, for which two different eddy diffusion constants were
change with stratospherico®, which includes highly-80- used for comparison (original values: solid curves in Figs. 2
depleteds80 from CQO, (Johnson et al., 2001), that takes and 3a; increased by 30% for altitudes of less than 40 km:
place in canisters reducéésoco2 values, with little accom-  dashed curve only in Fig. 3a) (see Liang et al., 2007).
panying A0, variation (Boering et al., 2004). In this  On the§!80¢q,-817Oco, plot (Fig. 2), the slope of the
case, the maximum extent 880 change can be estimated solid curve shows good fit for the lower stratosphere, but
as 1.5%o from Fig. 4. That is to say, we can obtain linearit declines gradually and underestimar<e!1570(;c>2 concomi-
correlation of the slope of 1.1-1.2 on the plot between VDF-tantly with increasing altitude (increasidd®0co,) in the
8180 and VDFA70, by adding, at most, 1.5%. correction model (Fig. 2) in comparison to observations from vari-
on VDF-$180. Therefore, we adopt the value for the maxi- ous latitudes and altitudes (Thiemens et al., 1995b; Lam-
mum extent of errors irilBO(;o2 for subsequent discussions. merzahl et al., 2002; this study). In particular, the maximum
AYOcg, value in the simulation result, which corresponds
3.4 Net oxygen isotope flux to the troposphere to ca. 55 km height, does not reach that in the observation
results (isoclinic line in Fig. 2). Furthermore, on the{
The linear correlations oA’Oco, and §'80co, with the  A’Oco, plot, the change of the eddy diffusion constant
N2O mixing ratio enable us to quantify net isotope fluxes from the original value (solid curve) to the increased value
of A0 ands'80 in CO;, from the stratosphere to the tro- (dashed curve) results in an excellent fit between the model
posphere. A slope of the fitting line between two long- and observation at a range of{8]>~50 ppbv, correspond-
lived tracers is known to be equal to the ratio of their neting to the lower/middle stratosphere, although the discrep-
vertical fluxes (Plumb and Ko, 1992); furthermore, the netancy in the maximumAl’Oco, values between the model
vertical flux of NbO is estimated as the global,® loss  and observation is more significant. The cause of the under-
rate of 13 MtN/yr with uncertainty of-25% (Prather and estimation of the maximumal’Oco, in the model will be
Ehhalt, 2001). Using the dataset in the stratosphere (exediscussed later. In addition to that disagreement, at a range
cluding five tropospheric and one mesosphere-derived sanef [N2O]<~50 ppbv, the observation result over Sanriku
ples)(Table 1), least-squares linear fitting is applied to cor-demonstrates smalléfO anomalies in C@compared to the
relation plots of NO-A1"Oco, and NNO-6'80co,. The fit-  model simulation result. The wide ranges of the observed
tings yielded slopes 6£0.0234+0.0022 (%o/ppbvi2>0.90) AYOco, values at the range of PD]<~50 ppbv would
and —0.0185+0.0022 (%o/ppbv,;-2>0.85), respectively, for be informative for middle/upper stratospheric chemistry and
N20-AYOco, and NO-8180cq,. The best fit lines are  physics, although only a fragmentary dataset of chemical
shown as solid lines with the formulas presented in Fig. 3aand isotopic compositions in the middle/upper stratosphere
and b. Assuming that the GQmixing ratio in the strato- is available for comparison to those in the lower/middle
sphere during our observation period is constant (370 ppmv)stratosphere ([pD]>ca. 50 ppbv). Additional intensive ob-
the resulting net isotope fluxes 8f’Oco, ands'®0co, are  servation throughout the whole stratosphere will elucidate
estimated as +48%. GtC/yr and +38%. GtC/yr, respectively.the complex chemistry and air transport in the upper strato-
We estimate that the calculated isotope fluxes might includesphere.
~30% uncertainty because of the uncertainty in the estimated Oxygen isotope fractionation in middle atmospheric,CO
N,O loss rate used here, uncertainty in the least-squares lineccurs through isotope exchange betweer, @8d O{D)
ear fitting, and the assumption of a constant@@xing ra- produced by photolysis of £©and & (Yung et al., 1991;
tio. The isotope flux ofA”Oco2 estimated in this study re- Liang et al., 2007). The possibility of oxygen isotope frac-
sembles that reported by Boering et al. (2004). tionation from the CQ photodissociation reaction has also
been proposed (Bhattacharya et al., 2000), although the ac-
3.5 Comparison of current observation and model calculatual contribution of the isotope fractionation was considered
tion to be negligible throughout the middle atmosphere (Liang et
al., 2007). Oxygen isotope fractionation in the series of reac-
Liang et al. (2007) first investigated the considerable con-tions of CQ with O(*D) through photolysis of @(R1a—R2),
tribution of O, photolysis in the upper mesosphere to the which dominates in the stratosphere, engenders a steep slope
oxygen isotope composition of middle atmosphericoCO of ~1.7, as observed in the lower/middle stratospheriep CO
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