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Abstract. Measurements of the complete isotopic compo-fective greenhouse gas itself, it has been shown that the emis-
sition of atmospheric COXCO, 14C0O, 70, C'80) have  sion of five CO molecules is equivalent to the emission of
been carried out at the high northern latitude stations Spitsene CH; molecule as regards greenhouse warming (Prather,
bergen, Norway, and Alert, Canada. The annual changes cf996).
the isotope signatures reflect the seasonally varying contri- In addition to its significance for OH, the reaction CO
butions from the individual CO sources and the OH sink. + OH leads to the formation of HOwhich, depending on
Short-term variability is small at the remote sampling lo- NOy-levels, can lead either to the production (high JOr
cations. Nevertheless, the interannual variability is consid-destruction (low NQ) of ozone. Under high NQconditions
erable, in particular for the summer minimum. The mostthis pathway is a major contributor to ground level photo-
prominent event was a strong increase in CO in 1998 thathemical smog.
persisted for several months. Using the isotope signatures it Through its active role in atmospheric chemistry, CO is
is possible to clearly identify extraordinarily strong biomass also a major player in the global carbon cycle. Most or-
burning during that season as the cause for this large-scalganic compounds — natural or anthropogenic — that are ox-
CO anomaly. In 1997, on the other hand, biomass burningdized in the atmosphere are processed via CO to the stable
emissions were very low, leading to an unusually low sum-C0O, molecule. This results in a global turnover of about 2 to
mer minimum and corresponding isotope signatures. The re3 pgjy.
sults underscore that monitoring of CO and its isotopic com- A global increase of CO over the past 200 years has
position at remote high latitude stations is a valuable tool topeen derived from measurements of CO in air bubbles
better understand long-term variations of CO that are repretrapped in polar ice (Haan et al., 1996), changes in the so-
sentative for the whole high northern latitude region. lar absorption spectra from the 1920s to the 1970s (Rins-
land and Levine, 1985) and in situ observations at var-
ious atmospheric monitoring stations over the last two
1 Introduction de.cades (Khalil and Rasmussen, 1988, 199Q, 1994; Nov-
elli et al., 1994a, 1998, 1992). The increase in global CO

Carbon monoxide is of considerable importance to the chemMay have been halted (Khalil and Rasmussen, 1994; Nov-
istry of the global atmosphere for several reasons: Foremos€lll et al., 1994a, 1998), and at present the atmospheric
it is the main reaction partner of the hydroxyl radical (OH), €O budget is being examined in considerable detail using
which is responsible for the removal of many natural and an-Various techniques: In situ measurements are carried out
thropogenic contaminants from the troposphere. Because th@h & global scale and impressive observations from satel-
reaction with CO is responsible for more than half of the total lit€S are becoming available (see e.g. MOPITT home-
turnover of OH (Crutzen and Zimmermann, 1991), changed®29€ ahttp://www.atmosp.physics.utoronto.

in CO can considerably affect mixing ratios of a host of atmo- €@MOPITT/home.html ). Computer models are used
spheric constituents that are oxidized by OH, including thet© refine source scenarios based on the observed CO dis-

greenhouse gas methane. In fact, although not being an efribution, using all available information about atmospheric
chemistry and physics (Bergamaschi et al., 2000a, 2000b;

Correspondence tof. Rdckmann Granier et al., 1999). An additional method is isotope anal-
(T.Roeckmann@mpi-hd.mpg.de) ysis. The different isotopic signatures provide independent
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148 T. Rickmann et al.: Isotope variations of high northern latitude surface CO

Table 1. The four major sources of atmospheric CO and their isotopic source signatures (see Brenninkmeijer et al., 1999 for references)

§13C (%) 14cO (pMCY 5180 (%) AL7O (%o)

Fossil fuel combustion —275 0 23.5 0
Biomass burning —229 ~115 17.2 0
CHy oxidation —5112 ~125 0 0?
NMHC oxidation —322 ~110 0 03

1 percent Modern Carbon (Stuiver and Polach, 1977)
2 updated value taking into account the new determination of the fractionation jrogiHiation by OH (Saueressig et al., 2001)
3 pathway via ozonolysis of unsaturated hydrocarbons: 25-50%., S@éitiann et al., 1998a)

variables that can help to resolve the contributions of the in-side, CA) using modified oil-free three-stage piston compres-
dividual sources and thus to better understand the global CBors (RIX industries, Mak and Brenninkmeijer, 1994). The
budget. The major CO sources and their isotopic source sigsampling procedure includes low-pressure and high-pressure
natures are presented in Table 1. drying with Drierite™™ to prevent condensation of water in
Due to the strong CO sources at the surface and its shothe sample cylinders. Zero tests show that the compressors
chemical lifetime of weeks to months, the mixing ratio and produce less than 0.6 ppb of CO in the compression pro-
all isotope signatures of tropospheric CO exhibit pronouncedcess, and CO levels in the cylinders are stable over months,
temporal and spatial gradients. In this paper, the £6C, i.e. change for most cylinders less than 1 ppb. CO is sep-
8180, AT’0 and!“CO time series from Spitsbergen (79)  arated from the large air samples using a laboratory extrac-
and Alert (82 N) are presented, which are our longest CO tion system. First, the air is cleaned from condensable com-
isotope records for the northern hemisphere. CO mixingponents, in particular C£ N>O and higher hydrocarbons,
ratios are reported in parts per billion (ppb), i.e. ~10or using high-efficiency, high-capacity Russian-Doll cryogenic
nmole/mole. Variations in the stable isotope composition arefraps (Brenninkmeijer, 1991). Subsequently, CO in the clean
usually reported ins- notation as the relative deviation of air matrix is oxidized to C@ on Scliitze reagent (Bren-
the ratio of the minor isotope to the abundant isotope, e.ghinkmeijer and Rckmann, 1997; Bckmann, 1998; Sditze,
13¢c/12C = 18R in a sample (SA) from an international stan- 1949; Smiley, 1965) and the CO-derived £8 collected
dard (ST) ratio, i.e.813C = (®Rsa/t®Rs7—1) % 1000%0. In  in an all-glass Russian Doll cryogenic trap (Brenninkmeijer
the case ot3C, the standard is Vienna PeeDeeBelemnite (v-and Rdickmann, 1996). The overall yield is then determined
PDB), in the case of the oxygen isotopes Vienna Standardn a calibrated manometer and the £€ample transferred to
Mean Ocean Water (V-SMOW). F3rO, it is useful to in-  the isotope ratio mass spectrometer (Finnigan MAT 252) for
troduce the variabl\1’0 = §170 —0.52 x §180, which is  isotope analysiss¢3C ands'80). After stable isotope deter-
a measure (mathematical approximation) for the excess ofination, the remainder of the sample 80%) is recovered
170 above what is expected based ondk0 value.14co  for 14CO and/ora?’O analysis.
values are reported in molecules perscaf air at standard This technique is a laborious but absolute method to de-
temperature and pressure (Brenninkmeijer, 1993). The activiermine the CO mixing ratio in air at ambient levels, i.e. it
ity of the various CO source materials is usually reported indoes not intrinsically require the use of a reference gas (Bren-
percent Modern Carbon (pMC) (Stuiver and Polach, 1977),ninkmeijer et al., 2001). Note that a recent intercomparison
and contemporary biomass and organic sources usually hauxercise has revealed a discrepancy between our absolute CO
an activity of 120 pMC. concentrations measurements and the NOAA/CMDL scale
in the low concentration range<(100 ppb). Thorough tests
have established the linearity of our system (Brenninkmeijer
2 Experimental et al., 2001), and the NOAA/CMDL scale is presently be-
ing examined in detail (P. Novelli, personal communication).
The air sampling and subsequent CO extraction, conversiofibove 100 ppb the scales agree well. The reproducibility of
and analytical procedures have been extensively described idur system is better than 1% routine operation, and the abso-
the literature (Brenninkmeijer, 1993; Brenninkmeijer et al., lute precision is better than 2%. The isotopic composition is
2001; Brenninkmeijer and &kmann, 1997, 1998b; Mak determined with a standard deviation-60.2%. and=0.3%o
and Brenninkmeijer, 1994; &kmann, 1998; Rom et al., for 8*3C ands*®0, respectively, including sampling, prepa-
2000). At the sampling stations, Brair samples are com- ration and mass spectrometry.
pressed into 10 L aluminum cylinders (Scott Marrin, River-  The 14C/12C ratio of the sample is determined by Accel-
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erator Mass Spectrometry (AMS) after dilution of the small and then analyzed within about two weeks when they arrive
samples with nearly"C-free CQ and preparation of atarget at the lab, the average correction is 1.1 molec.ém

for AMS from the diluted sample by graphitization (Rom et  The 17O content of a CO-derived GOsample cannot be
al., 2000). The overall precision of the experimental proce-determined on the C£molecule directly, because bofRC-
dure including sampling, extraction of CO as gdilution,  substituted an§’O-substituted C@have molecular mass 45
preparation of a sample for AMS, and AMS measurementand cannot be resolved on a conventional isotope ratio mass
amounts to 0.27 molec.cm of air at standard temperature spectrometer. Therefore, an aliquot of the sample is con-
and pressure. An additional error arises due to productionverted to G using a recently developed two-step conversion
of ¥4CO in the sample cylinders during storage, as recog-system (Brenninkmeijer andd®kmann, 1998a). After con-
nized recently (Lowe and al, 2002). For storage times of theversion,s1’0 ands180 can be determined independently by
order of months, the neutron capture reacttéN(n,p}*“C,  monitoring the g ions (mass 32, 33 and 34) in the mass
followed by oxidation of“C to1CO leads to non-negligible  spectrometer. Due to a small mass-dependent fractionation
production oft4CO in high pressure cylinders even at ground during the conversion, the individuat’O ands80 values
level (Lowe and al, 2002; Mak et al., 1999). The production have a reproducibility of only 1 and 2%., respectively, but as
depends not only on the storage time, but also on altitudethese variations are correlatest’O can be determined with
latitude and on the actual storage location. To correct fora standard deviation better than 0.2%.

this effect, the global averagéC production rate from (Lin-

genfelter, 1963) was normalized to the measdf&D pro-

duction rate from a cylinder exposure experiment in Antarc-3 Data presentation and analysis

tica (Mak et al., 1999). The correction amounts to approxi-

mately 0.44 molec.cm?® per month of storage at ground level The CO concentration and isotope records for the two high
at 80'N. For our sample cylinders, which are shipped ap-northern latitude stations Spitsbergen (Norway, 785
proximately every 2 to 5 months from the sampling stations11.5 W, 475msl) and Alert (Canada, 81K, 62.3 W,
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210 msl) are shown in Fig. 1. Sampling at the Zeppelinfiel- (Rockmann and Brenninkmeijer, 1997) that the in situ de-
let mountain in NyAlesund, Spitsbergen, started during the struction of CO at OH levels below %@nolec.cnt? in
spring 1995 and 1996 ARCTOC campaigns (Barrie and PlattMarch and April at 80N (Spivakovsky et al., 2000) is in-
1997), at that time specifically in search fdCO variations  sufficient to cause this rapid CO destruction. Even in a
during tropospheric ozone depletion event®¢kmann and closed box without any sources, OH levels between 2 and
Brenninkmeijer, 1997; Bckmann et al., 1999a) caused by 3 x 10° molec.cnm would be required to produce the ob-
production of extremely depleted CO via the reactionsCH served CO decrease. This confirms that in spring not only
+ Cl (see Sect. 3.2). From July 1996 to June 1999, weeklychemical destruction causes the fast observed CO decrease.
samples were taken on a regular basis by the Norwegian PAAs CO is lower and decreases earlier at lower latitudes, mix-
lar Institute at the Zeppelinfjellet station. In Alert, sampling ing with and import of these air masses leads to a dilution of
started in July 1996 and samples were taken approximatelyhe high northern latitude CO inventory. Thus, CO that was

weekly until January 1998. temporarily stored at the high northern latitudes over winter
is transported in spring to lower latitudes again where it is
3.1 Seasonal variation eventually removed. Also mixing with the free troposphere
leads to a reduction of the wintertime vertical CO gradient
3.1.1 CO mixing ratio over the Arctic, and by the end of May this gradient has dis-

appeared and the troposphere is vertically well mixed again
CO mixing ratios at Spitsbergen and Alert are very simi- as regards CO levels (Yurganov et al., 1998).
lar and exhibit a pronounced seasonal cycle with high val- - buring spring and summer, not only the dominant CO sink
ues in late winter 4z 180 ppb) and a minimum in summer process gains importance, but also CO emissions from natu-
(~80ppb). This strong seasonal cycle is the result of the relya| sources both direct (e.g. biomass burning) and indirect,
atively short lifetime of CO of the order of weeks to months. via oxidation of hydrocarbons and GHincrease. The sea-
On the one hand this is short enough to produce a strongonality of these natural CO sources also affects the level of
peak to peak amplitude, on the other hand it is long enoughhe CO seasonal minimum, which is determined by the com-

to be only little influenced by short time fluctuations at these petition between the CO + OH sink process and the combined
remote stations, which results in a rather smooth seasonakgntributions from all sources.

ity. The similarity between the Spitsbergen and Alert record
shows that the remote high northern latitudes are well-mixed3.1.2 4co
with respect to CO; several Arctic stations show similar CO
mixing ratios throughout the year (Novelli et al., 1994b, As with the CO record, th&*CO time series from Alert and
1998). Figure 1a also shows the CO time series from SpitsSpitsbergen agree fairly well (Fig. 1bY*CO values peak at
bergen and Alert from the NOAA/CMDL air-sampling net- about 25 molec./cfin late winter and bottom out in sum-
work. The data from the two groups show a good agreementmer at values around 9 molec./2niThe seasonal variations
However, the data at the very beginning of our continuousof “CO and CO generally follow a very similar pattern, as
record for Spitsbergen (summer 1996) do not quite captureDH is their primary sink. However, the similarity of the two
the seasonal minimum as seen in the record for Alert. seasonal cycles cannot be assumed a priori, because both
The CO seasonal cycle is to a large degree driven by itsnolecules have a very different source distribution, and it
main sink, i.e. reaction with OH. When OH levels are low is useful to recall the principle factors that influenéd€0
throughout the fall and winter period, CO builds up in the abundance before examining the data in detail.
high northern latitude boundary layer, and mixing ratios of 14CQO is primarily produced from cosmic radiation in the
about 180 ppb are reached in early spring (Fig. 1a). This CQower stratosphere and upper troposphere. H@O pro-
must originate from the industrial regions at mid-northern duction has no seasonal component, but it is modulated
latitudes, because there are no in situ CO sources at the highy the 11-year solar cycle, because the solar wind reduces
latitudes in winter. Due to reduced convection in the absencehe ability of galactic cosmic ray particles to penetrate the
of surface heating, mixing with the free troposphere is lim- Earth’s magnetic field. Consequently the productio®*€fO
ited, which results in vertically decreasing CO mixing ratios, is high during a solar minimum and low during a solar max-
as has been established by Conway et al. (1993). Recentlymum. This inverse modulation ¢fCO production by vari-
Yurganov et al. (1998) published correlated surface and totahble solar activity amounts te- 15% (bckel, 2000). On
column CO mixing ratio measurements revealing that surfaceshort time scales, however, primatfCO production can
values are about 50 ppb higher than average total column vabe regarded as constant and seasonal variations in cosmo-
ues during Arctic winter and spring. genic1*CO at ground level can only result from variations
When OH formation starts again after polar sunrise, thein transport or OH levels. An addition&tCO source in the
main CO sink regains momentum and CO mixing ratiostroposphere is biogenic CO, which chiefly stems from oxida-
rapidly decline towards the late summer minimum neartion of biogenic CH and VOCs, and from biomass burning.
80ppb (Fig. 1a). However, it has already been arguedThis 1*C has been circulated through the atmosphere, soils
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and the terrestrial and marine biosphere as part of the global L 00 05 10 15 20 25 30 35 40
carbon cycle, and can therefore be regarded as “recycled” '
14C. When assigning a modetiC content of 120 pMC to 35+ 135
these biogenic sources, 10 ppb of recycled CO corresponds |
to 0.38 molec./crh 14CO (Brenninkmeijer, 1993). Note that

CO has a higher specific activity than all other atmospheric 251
carbonaceous trace compounds; € level ranges from ]
400 to 1000 pMC. Therefore, an addition of biogenic, i.e. re-
cycled CO to the atmospheric CO content primarily increases =

3.0 1 -3.0
125

—2.0

N
o
1

normalized

co
-
1

- : . 1995 1
CO mixing ratios, whereas the effect 8#CO is much less. 104 1996 4 1.0
Finally, CO from fossil fuel combustion processes contains 1 1997 1
14, . . . . 5 -0.5
no **CO, and thus contamination of a given CO reservoir ] 1999 |
with CO from that source can significantly change CO levels 0.0 +——T———T——T——T——T——T——7—— 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

without direct effect on thé*CO concentration, as has been co
shown repeatedly (Brenninkmeijer, 1993; Gros et al., 2001). normatized

To examine relative differences between CO &H@O in Fig. 2. Normalized4CO values vs. normalized CO. The original
the records, we have normalized €0 and CO values by  data have been normalized by dividing through €0 and CO
dividing each measured value by the lowest meastffe® minimum values. Linear fits are applied to the 1996 data (red line)
and CO value, respectively, in the record. These normalizednd to all data (black line).
data are shown in Fig. 2. Apart from the generally good cor-
relation, clear deviations are discernible. In particular the
extraordinarily high CO values in the second half of 1998 but reverses already in early June. This reversal of the trend
(see Sect. 3.3.1) show up below the linear fit line. To elimi- for :*C must be a due to a source effect. Clearly, this source
nate the influence of the strong 1998 CO anomaly as well aghust be strongly depleted #¥C relative to ambient CO so
several higH“CO values that occurred in 1997, a separate fitthat it can effectively counteract the kinetic fractionation, and
has been applied to the 1996 data only, which show relativelyt must gain relative importance in summer.
little variability. The linear fit through all data has a slope of ~ Table 1 shows that CO formed in the oxidation of £H
1.14 + 0.05, the slope of the 1996 fit is.25 + 0.10, i.e.  Via CHs+ OH — ... — CO + products has a source value
the relative annual variation 3fCO is significantly larger ~ Of about—52%., a very low value compared the other major
(15 to 25%) than that of CO itself. Both molecules share CO sources with3C signatures near27%, the typical*C
the same sink, therefore the difference must be due to difvalue of biomass. With atmospheric glevels being nearly
ferences in the sources. In summer, the important biogenigonstant at about 1700 ppb, the source strength of CO from
CO sources (Ch{and VOC Oxidation) have a much smaller CHa oxidation depends on OH levels, i.e. at hlgh northern
effect on14CO than on CO. This addition of biogenic CO latitudes it is negligible in winter and peaks in summer. As
occurs during the annual minimum of CO aMCO, and  €Xplained above, the same applies to the sink of CO. Thus,
consequently it diminishes the range of annual variation ofalthough much more CO is formed from Gldxidation in
CO relative to that o¥*CO, which can result in the observed summer than in winter, in summer this amountis also quickly
slope> 1. Thus, the relationship betweCO and CO con-  removed again. Assuming an atmosphere in which, Cxt
tains interesting information about these difficult to quantify idation is the only CO source, the CO cycle can be simply
sources, but 3D modeling is needed to investigate this issugé€scribed in a box model by
in detail. P .

CHy -5 co"2%" co,
3.1.3 st3c
and the CO mixing ratio is then given as

Due to th.e ki.netic isotope _effect _in the reaction CO.+ OH, [CO| kCHa+OH
the OH sink induces a variation §13C: OH preferentially =
removes'2CO over3CO, and the remaining CO becomes
enriched in'3C. The kinetic fractionation is strongly pres- Regarding [CH] as constant, the equilibrium CO mix-
sure dependent and has an average strength of 4 to 5%. iimg ratio is determined by the ratio of the rate constants
the lower troposphere @Rkmann et al., 1998b; Smit et al., and is not a function of OH levels. The rate constant
1982; Stevens et al., 1980). Consequently in spring, whetkcoron = 1.5 x 10713 x (1 + 0.6patm) cm® molec 1571
CO levels decrease after the seasonal maxinddit; rapidly ~ (DeMore et al., 1997) is dependent on pressure, but shows
rises from values of around27%. up to—23%. within three  almost no temperature dependence at atmospheric pressure
months (Fig. 1c). In contrast to all other signals, however,(Fulle et al., 1996). Therefor&coron cannot cause no-
the springtime trend does not persist throughout the summetable seasonal variations in [CO]. HowevéigH,+0H,

= 1
[CH4]  kcotoH )
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Table 2. kcp,+on and the equilibrium CO mixing ratio from oxi- 202 2 4 6 8 10 12 M0
dation of CH, calculated from Eq. (1) assuming 80% CO yield and 184 Y= 1685 x + 18.40 m  fall & winter 1998 J4s
disregarding transport. The temperatures selected are typical sum- 4 ] R*=0.907 O fall & winter 1996/1997 7
mer and winter values for Spitsbergen (S. Debatin, pers. comm.) 144 1
12-
T(K) kcH,+om (107 cmPmolects™1)  [CO).q (ppb) 10
278 (summer) 4.1 23.4 S Z
258 (winter) 25 14.3 o,
5]
0]
. -2
is strongly temperature dependefticH,on = 2.45 x 3
10712 x exp(—1775T)cm®molec-1s~1, DeMore et al., 0
1997). Thus the seasonal atmospheric temperature variations [COT" (ppm™)

do result in lower equilibrium CO mixing ratios in winter _ e _

than in summer. As CO contributions from different sourcesFig. 3. The correlation plot of fall and winte=“O data versus in-

can be treated as independent, Eq. (1) still applies to the cHVerse CO mixing ratio showing a clear difference between the “nor-

derived CO fraction in the natural atmosphere. Thus, the ab™2!" years 1996 and 1997, and 1998 with the CO anomaly. The low

solute amount of CO from in situ GFbxidation in the m’) o- y-axis intercept has been found to be indicative of CO from biomass
. . P bélrning in boreal forest regions in several recent studies.

sphere depends on temperature, as indicated in Table 2, an

is higher in summer than in winter at high latitudes.

The degree to which this GHlerived CO affects the iso-  sequently, thé3C value is relatively constant for the rest of

tOpiC Composition of the ambient CO inventory, however, the year until Spring' when CO levels decrease again_
is determined by the relative, not the absolute contribution

of CH4 derived CO. Given the strong CO seasonality at3.1.4 §180
high northern latitudes, the relative contribution of £te-
rived CO increases considerably from about 8% in winter Eyven more thaa3C, 180 is strongly affected by the kinetic

(14.3ppb in a total ofc 180 ppb CO at the low winter tem-  jsotope fractionation in CO + OH. This reaction involves an
peratures, Table 2) to about 29% in summer (23.4 ppb in dnverse isotope effect of aboutl0%. for 180, i.e. here &0
total of ~ 80 ppb CO at moderate summer temperatures, Tais removed 10%. faster by OH than"® (Rockmann et al.,
ble 2). CHy-derived CO is about 25%. depletedd*®C rel-  1998b; Stevens et al., 1980). Accordingly, after the seasonal
ative to the ambient CO, and the additional 21% of this COmaximum near 11%o in ear|y Sprin@?—so declines qu|Ck|y
will deplete the atmospheric CO pool by5%o. This deple-  concomitant with the strong CO decline (Fig. 1d). In contrast
tion counteracts the kinetic isotope effect in the reaction COto §13C; this trend persists until the end of July. Here the in-
+ OH, which itself should lead to an enrichmenteb%. for  creasing CH-based source has virtually no effect, because
CO decreasing from winter maximum to summer minimum the §180 value of CH derived CO is close to the ambient
values (ratio of mixing ratios approximatelyd). Thus, in summer level. Note, however, that ti&0 values of the
early summer the increasing fraction of strongly depleted COCH, and NMHC oxidation sources are not well known yet.
from CH, oxidation eventually outweighs thié3C increase  Qur first attempt to determine this source signature (Bren-
due to the kinetic isotope effect in the reaction CO + OH, andninkmeijer and Rckmann, 1997) is based on an estimate us-
considerably drives down ambieftC values. Apparently  ing southern hemisphere isotope data, from which it is clear
the extent of the depletion due to the £bkidation source  thats180(CO) from CH, oxidation must be low (around 0%o,
is slightly larger than the enrichment due to the kinetic iso- cf. Table 1), and a 3-D inverse modeling study (Bergamaschi
tope effect, as in late summer the overall effect is a moderatet al., 2000a) yielded even lower values.
depletion ofs13C relative to the late winter values. The 5180 seasonal minimum is reached in July/August
In fall and winter, the OH based sink loses importance.at values around-3%.. In fall and winter, two processes
Hence, changes in the CO isotopic composition are increaseontribute to the increasingt®O trend. First, the kinetic
ingly less influenced by the kinetic fractionation, but rather fractionation in CO destruction loses importance as OH lev-
reflect the input from the sources. During that time, CO els decrease. Second, CO sources shift from isotopically
sources shift more and more from natural sources towardtight natural sources towards isotopically heavy combustion
combustion sources, as witnessed bysH© variations (see  sources 510 is plotted vs. the inverse CO mixing ratios in
below). Fors13C, ambient values in fall are close to the ex- Figure 3. In a simple two-component system where a back-
pected source signature from combustion sources2¥%o, ground reservoir withs-value 5, and mixing ratioy,, is
except for the very clean year 1997 (see Sect. 3.3.2). Coneontaminated by a single source withvalue §; and mix-
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ing ratio x,, the observed delta value is the weighted meanis 10%. faster for €0 than G®0. For a strictly mass de-

of the twoé-values pendent fractionation, the rate constant féf@ should then
be about 5%. faster, but in fact it is only about 1%. faster,
(Xbg + Xs5) * Sobs = Xbg * Obg + Xs * O . (2) i.e. very close to 0. Thus, in the reaction with OH

the remaining CO accumulates excé$® with a pseudo-

Thus, whers,, is plotted versusy, + xs) " * the value of  fractionation constant foal’0 of 4-5%. (Rdckmann et al.,
they-axis intercept (infinite contamination, i.€x,,+xs) —  1998b), which is of the right magnitude to explain the atmo-
o0) corresponds to the isotopic signature of the contaminatspheric observations (Fig. 1e). Also the shape of ARéO
ing sources;. Note that kinetic fractionation in the sinks has seasonal cycle supports the thesis that the mass independent
been neglected in this calculation, although it is clear thatfractionation in the OH sink is the dominant factor causing
also the contaminating CO will be fractionated in its reac- the mass independent anomaly. When CO levels decrease in
tion with OH. As the kinetic fractionation is negative for spring, the remaining CO gets progressively enriched@
180, the intercept will actually be a lower limit for the actual and reaches a seasonal maximum when CO mixing ratios are
source signature. The linear fit to the fall and winter datalowest in summer. The total decrease of CO from the win-
from 1996 and 1997 has an intercept at4l& 0.7%o, only  ter maximum at 180 ppb to the summer minimum at 80 ppb
slightly lower than the source signature for high temperaturecorresponds to a reduction of CO to about 40%, i.e. leaving
combustion processes (Table 1). Thus the admixture is witha fraction of close to fe. The concurrent observed isotopic
fairly unmodified CO from combustion origin. The anoma- enrichment of about 5% is of the right magnitude.
lous behavior in 1998 will be discussed in Sect. 3.3.1. Inthe |n fall and winter, the reaction with OH loses importance
atmosphere, the strong wintf°0 increase parallels the in-  and the atmospheric CO reservoir is topped up with CO pri-
crease in CO mixing ratios. The fundamental difference tomarily from combustion sources, which is mass dependently
the §13C variations is that in the case 8t°0, the isotopic  fractionated. This causes the observed decreasd’i® val-
fractionation caused by the dominant source signature (fosyes. Indeed the correlation of:’O versus inverse CO mix-
sil fuel combustion) and the kinetic isotope effect in CO de- ing ratio reveals that during fall and winter the data follow a
struction are in phase, whereas 88¢C they counteract each dilution line that passes through zero, indicative of a dilution

other. by CO with A0 = 0%, (Rdckmann et al., 1998a). This is in
agreement with our finding that t8é80 value of the winter
3.1.5 A0 CO source is close to 23%o, i.e. CO reaching the observatory

. in winter is isotopically fairly unmodified, and must originate
It has been discovered recently (Hodder et al., 1994; Huffio a large degree from fossil fuel combustion at mid to high
and Thiemens, 1996, 1998pBkmann et al., 1998a, b) that |atitudes.

atmospheric CO possesses a significkl@ excess above

what is expected based on #%0 content. This anomalous 3.2 Short term variability

fractionation pattern is often referred to as mass-independent

fractionation because it deviates from the general mass deAs mentioned above, short term variability is generally small
pendent relationship approximated $0 = 0.52 x §170, for the two remote sampling locations, but occasionally the
which is expected from the established theories for commordata exhibit some short-term deviation from the general sea-
isotope fractionation. In the case of several atmospheric traceonal cycle. Five day 3D-back-trajectories have been calcu-
gases, among them CO, a deviation from this relationship hakated by the Atmospheric Environment Service, Canada, for
been observed, and théO excess is quantified in terms of the 1997 data. Using these, one can relate some CO and iso-
A0 = §180 —0.52 x §170. Figure 1e shows the extent of topic excursions to air mass origin, and two clear examples
thel’0 excess of atmospheric CO at high northern latitudeswill be presented here. The Alert air sample from 20 March
The strong seasonal signal is clearly anticorrelated to the CQ997 exhibits an extraordinarily low CO mixing ratio. For
mixing ratio, andA’O values vary between 2%. during the this data point back trajectory analysis indicates advection
winter minimum and 8%. during the summer maximum. of clean northern Atlantic air from lower latitudes (Fig. 4a).

It has been shown that the mass independent fractionatioPue to the latitudinal CO gradient in winter and spring, ad-
in atmospheric CO originates from two processes. One is therection of air masses from low latitudes should indeed lead to
production of CO from ozonolysis of unsaturated hydrocar-the observed low CO mixing ratio. Furthermore, a concomi-
bons (e.g. isoprene) in the atmosphere. The oxygen in théant slightly lows80 value, also typical for lower latitudes,
CO product is derived from the ozone precursor, and posis observed.
sesses the stroddO excess (Bckmann et al., 1998a) thatis A significant short-term CO increase in the Spitsbergen
also found in @ (Krankowsky et al., 1995). The dominating record occurred on 26 February 1997. The five day back
effect is however that the fractionation in the CO sink reac-trajectory shows that this air parcel was advected over ma-
tion with OH is mass independent@Bkmann et al., 1998b). jor industrialized areas of western Russia (near the Caspian
As mentioned above, the rate constant for reaction with OHsea) 5 days prior to its arrival at Spitsbergen (Fig. 4b). This
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culations. Clearly, strong CO contaminations can persist for
more than five days in an air mass, and furthermore anthro-
pogenic CO sources are often spatially confined to regions
that cannot be resolved with trajectory analysis.

On the other hand, the short time variability of the signa-
ture that is usually most susceptible to contaminatidfo,
is relatively low in Spitsbergen and Alert for most of the
record, apart from the minor deviations as mentioned above.
This is in sharp contrast to other sampling stations at lower
latitudes (see e.g. Gros et al., 2001), where '@ com-
position is often a clear indicator for air mass origin. The
absence of strong short tindé®0 fluctuations just confirms
once more that the high northern latitude stations are remote
from major anthropogenic sources. In most cases, the ob-
served signatures are not sensitive to the air mass origin.
Fig. 4a. A 5-day back trajectory for the air sampled 20 March 1997 Thus, the data obtained in this study are representative for
in Alert. Clean air is advected from lower latitudes over the North the entire high northern latitude region.

Atlantic. The short time variability in thé*CO record at Spitsber-
gen and Alert is particularly strong in winter and early spring.
Here, back trajectory analysis is not very conclusive. We
speculate that in particular the two very high values in 1997
may have been caused by stratospheric intrusions (Gros et
al., 2001) during that time, because in winter the high north-
ern latitude!*CO background level is already the highest ob-
served near the surface, and even higher values can only orig-
inate from higher altitudes.

Generallys13C values rarely exhibit large scatter because
CH, oxidation, the source with the most prominefiC
source signature, shows a very smooth seasonal evolution
due to the long CHl lifetime. The isotopic source values
of the other major sources are close to that of ambient CO,
and even large emissions from these sources cannot pro-
duce strong13C signals, as witnessed during the 1998 CO
anomaly (see Sect. 3.3.1). Furthermore, &€ latitudinal
Fig. 4b. A 5-day back trajectory for the air sampled 26 February gradient is not very strong in the northern hemisphere, and

1997 in Spitsbergen. Air is transported over the industrial part Ofconsequently large scale advection also has little impact on
Russia within few days, and the high CO ahfO values imply s13c.

anthropogenic contamination.

Nevertheless, there is one interesting class of short term
§13C variations that occurs during polar spring at the Arctic
locations. The particular effect has been discussed in detail
makes anthropogenic contamination a plausible cause of thien Rdckmann et al. (1999a), and here it is summarized only.
high CO mixing ratio, and also th#t®0 value shows a si- We detected characteristic sm&lC depletions at Spitsber-
multaneous small elevation 180, indicating contamina- gen during tropospheric ozone depletion episodes in Arctic
tion from combustion processes. There are several other inspring. During these episodes, surface ozone levels quickly
stances of simultaneous CO asffO elevations, for which  decline from normal levels of about 40 ppb to values below
the origin of the excursion is not as readily identifiable. The the detection limit for several hours to days (Barrie and Platt,
Alert samples from 17 January, 24 January and 13 Februarf997). Concomitant to thesezQ@lepletions, thes3C val-
1997, for example, show smaffO elevations. Here, the air ues of CO decrease by several tenths of a permil, and return
parcels passed 5 days before over or near the sparsely popack to background levels when ozone recovers (see Fig. 2
ulated north eastern part of continental Russia. A similarin Réckmann et al., 1999a). These excursions*C are
trajectory was also derived for other samples that show ndhe result of small quantities of CO being formed according
obvious contamination (e.g. on 13 February, 22 February oto the reaction Cl+ Cl — ... — CO + products during
5 March 1997 for Spitsbergen). Thus, the CO mixing ratio ozone depletion events, which are associated with elevated
and isotopic composition can be a much more reliable indica-halogen radical levels (mostly Br, but also CI). In addition to
tor for anthropogenic contamination than the trajectory cal-CH4 being already depleted ##C relative to CO, the large
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isotope effect of 70%. in the reaction GH Cl (Saueres- 220" Apr Jul Okt 220
sig et al., 1995) leads to formation of CO witls¥C value I T T ]
that is almost 100%. below that of ambient CO. Thus, even 200 200

a small addition of about 1ppb CO from this source can
significantly alter the'3C content of the ambient CO con- I8
tent. This effect has not only been shown qualitatively, but 160 -
the degree of thé3C depletion has been used to estimate ]
the integrated amount of Cl that the air mass must have en- ]
countered. The results imply that Cl levels must have been © 120

3—7 x 10* molec./cni over the typical duration of the halo- 100

O (ppb)
5
1

gen elevations of about three day$ilRmann et al., 1999a). 1 1oas

Thus, thes13C excursions are a sensitive measure for Cl lev- 807 ]
els that cannot be measured directly, and the results are in o 1999 — — — 6o
agreement with indirect estimates based on hydrocarbon de- Jan Apr Jul Okt

struction patterns (Ramacher et al., 1999). sampling date

o Fig. 5. Seasonal cycles of the CO mixing ratio for each individual
3.3 Interannual variation year of the study. The anomaly in 1998 is prominent.

3.3.1 Summer-fall 1998
ered almost entirely and are only slightly above the maxi-

Superimposed on the typical seasonal cycle, interannual varimum in 1998.
ability is evident in the CO data, especially for the summer Among the major CO sources, large scale biomass burn-
minimum, as shown in detail in Fig. 5. The most prominenting is the only one that can be expected to produce such
interannual feature is the elevated and surprisingly narrowast quantities of CO for extended periods of time. Indeed,
CO minimum in 1998. From the beginning of July, CO lev- 1998 was an extreme fire year throughout the high north-
els do not fall further, and the common minimum values in ern latitude boreal forest region and the extent of biomass
August are never reached during that summer. Rather, CQurning even reached catastrophic dimensions in some parts.
already starts increasing rapidly in August 1998, one to twowith a total of 4.7 million hectares burnt in Canada, 1998
months earlier than in the other years, and then shows an els among the five worst years regarding forest fires, whereas
evation of 20 to 50 ppb for several months. Recalling thatonly 625 000 and 1.9 million hectares were burnt by wildfires
the atmosphere at high northern latitudes is well mixed inin 1997 and 1996, respectively, the two other burning seasons
summer, such a persistent CO excess cannot be a local pheevered by our study (Johnston, 1999). For Russia, only 2.65
nomenon but rather reflects a large-scale CO anomaly in thenillion hectares of burnt forest have been officially reported
entire high northern latitude region. Five-day back trajec-in 1998, but recent satellite imagery has exposed that the ac-
tories calculated for the samples during this period do nottual area burnt in Russia in 1998 may have been as high as 10
show a common air mass origin, which further indicates thatmillion hectares (Kasishke et al., 1999). In the three major
the observed CO elevation was a large-scale phenomenomegions (Khabarovsk, Amur, Sakhalin Island), 4% of the en-
On the other hand, no similar elevations have been detectetire land area burned. Furthermore, the satellite observations
at our mid-latitude sampling station Mount Sonnblick in the revealed that most of these fires were crown fires, which have
Austrian Alps (Gros et al., 2001); thus the effect appears torecently been shown to emit particularly high amounts of CO
be confined to the high northern latitudes. (Cofer 1l et al., 1998). In 1998, boreal forest fire emis-

Interestingly, the strong CO elevation in summer 1998sions were detected even in the stratosphere: A substantial
even leads to a double shoulder during the 1998/1999 sedncrease in aerosols stemming from boreal forest fires was
sonal maximum. This feature is indicative of an additional detected in the stratosphere during the biomass burning sea-
strong CO source that is out of phase with the CO seasonaon between May and October at latitudes betweé&iNznd
cycle, and it is clearly discernible both in our data and the70° N (Fromm et al., 2000). It has been shown that CO from
NOAA/CMDL data. After the quick rise in August, mixing biomass burning can significantly influence atmospheric CO
ratios actually decrease again in November, when CO usuallynixing ratios in Russia on large scales (Bergamaschi et al.,
increases due to low OH levels. The decrease must be due tt098; Crutzen et al., 1996;d&@kmann et al., 1999b), that CO
dynamics, i.e. dilution of the CO excess by mixing with air from Canadian forest fires can affect concentrations even in
from lower latitudes. The double shoulder in the observa-the southern United States (Wotawa and Trainer, 2000) and
tions confines the duration of the additional CO source to an the free troposphere above northwestern Europe (Forster
period between July and November 1998, slightly delayed toet al., 2001; Waibel et al., 1999), and that forest fires can
the typical biomass burning season between May and Octoincrease the entire CO column over Russia (Yurganov et al.,
ber. During the spring 1999 maximum, values have recov-1997). Thus, fire activity in the boreal forests of North Amer-
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ica and Asia has far-reaching effects on tropospheric CO levthe CO mixing ratio (Fig. 1). Furthermore, as soon as the
els in the whole high northern latitude region, and a recentstrong anomalous increase of CO starts in 1998,Ah&
evaluation of the NOAA/CMDL data shows a clear correla- values show a concurrent strong decrease, and the entire win-
tion of summer CO minima and biomass burning (Wotawa etter 1998/1999 minimum is slightly lower than in 1997/1998.
al., 2001). Both the NOAA/CMDL data and our data show This again confirms that the large CO elevation observed in
that these high CO levels can persist for several months irthe second half of 1998 is caused by mass dependently frac-
the entire northern part of the globe. tionated CO, in agreement with the above explanation that
The 180 isotope data clearly confirm that the 1998 CO this CO originates from biomass burning.
elevation observed in Spitsbergen was due to a particularly
strong CO biomass burning contamination. At first sight, 3.3.2 Summer 1997
relatively little interannual variability is observed in th&0
data (Fig. 1d). The strong CO anomaly of 1998 is accompa-The second most significant interannual phenomenon is the
nied by only a minor increase #180. However, the corre-  exceptionally low and wide summer CO minimum in 1997,
lation of §180 vs. 1/[CO] for 1998 yields a source signature reaching values of merely 75 ppb. This feature also persisted
of 10.8 & 0.9%. (Fig. 3) much lower than in the other years. for several months, indicating that these levels were char-
As discussed above, the intercept is actually a lower limit onacteristic for the entire high northern latitudes in summer
the source signature, as the kinetic isotope fractionation irl997. The most likely cause of the low summer minimum is
the OH based sink has been disregarded in Eq. (2), but ththat 1997 was indeed an exceptionally clean year regarding
value clearly points to biomass burning. The intercept neatCO source emissions, which is supported by official statistics
11%. compares well with results from Siberia derived for showing that biomass burning was low throughout the Rus-
both strong (Bergamaschi et al., 1998) and lesser contaminzsian and North American boreal forest in 1997 (Johnston,
tion (Rockmann et al., 1999b) with CO from biomass burn- 1999; Kasishke et al., 1999; Wotawa et al., 2001). The 1997
ing. Recent laboratory experiments (Kato et al., 1999) haveCO anomaly has a large effect on th€’C signature dur-
shown that thes*80 value of CO emitted during biomass ing summer 1997, whe#!3C values reach almost29%..
burning depends on the fire conditions, and is lower duringAs shown above, th&**C minimum is primarily determined
the smoldering phase when CO emissions are highest, thapy the relative fraction of Cliderived CO in the total CO
the burning phase. Our data can also be compared to resulteservoir. Due to the exceptional source signature (Table 1),
from a recent inverse modeling exercise (Bergamaschi et alsmall deviations in this fraction can lead to significant iso-
2000a) where source signatures for biomass burning weréopic shifts. The absolute amount of ¢Herived CO, how-
generally found to be around 10%.. However, this study pre-ever, should not exhibit large interannual variation as it only
dicted even lower values for biomass burning north gfl80  depends on temperature (see above). In 1997, concomitant to
in some scenarios even around 0%o, which is not supported13C also CO mixing ratios were low (Fig. 5), Thus, the ab-
by our data. solute amount of CO from sources other thans@iidation
Note that in Fig. 3 a few of thé180 data points from  must have been lower in 1997 than in the other years, and the
the 1996/1997 seasons fall on the line that is defined by theelative fraction of CH derived CO was consequently higher,
1998 data. Figure 5 shows that during August and Septemeausing the observed l084°C minimum. More quantita-
ber 1996, CO summer values are higher than the 1997 datdively, the seasonal CO minimum was about 85 ppb in 1996
Actually, it is exactly these data which fall on the “biomass and 75 ppb in 1997. Keeping the absolute amount of thg CH
burning-influenced” linear regression line of the 1998 data inderived CO constant at 23.4 ppb (Table 2), the relative con-
Fig. 3. Although the effect is much smaller than in 1998, this tribution from this strongly depleted source was about 27.5%
indicates that also the slightly elevated CO values in 1996in 1996 and 31.2% in 1997, a changexof#%. As the source
were caused by biomass burning in the northern boreal forsignature of the Ciiderived CO is about 25%. lower than
est. Thus, biomass burning has a critical influence on sumambient values, this is of the right magnitude to explain the
mer minimum CO values at high northern latitudes, as hass13C depletion of 1-1.5%o during the 1997 minimum.

been shown by (Wotawa et al., 2005}80 is a good indi- For 6180, the additional isotopic depletion that occurs for
cator to detect year-to-year variability of CO emissions from §13C in summer 1997 is hardly recognizable. This does not
boreal forest burning at high latitudes. come as a surprise, because 4420 value of CH derived

From the two complete seasonal cycles now available weCO is close to ambient summer levels. B8O the main ef-
can for the first time examine the interannual variability of fect is not the different relative amount of CO from gbki-
A0, As explained above, the seasonal cycles of CO andlation, but the fact that CO has been broken down to slightly
A0 are anticorrelated, because the major sink of CO (reaclower levels in 1997. However, the difference barely dis-
tion with OH) is the major source fak’O. This behaviour  cernible above the experimental error. As regdfiR0, the
is now even evident in the interannual pattern. The 1998summer minimum in 1997 is low, as observed for the CO
summerA’0 maximum is both much lower and more nar- data. Although the signal is too small to be evaluated quanti-
row than in 1997, the opposite behavior than observed fottatively, this qualitatively supports the above interpretation
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