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Abstract

Measurements of the complete isotopic composition of atmospheric CO (13CO, 14CO,
C17O, C18O) have been carried out at the high northern latitude stations Spitsber-
gen, Norway, and Alert, Canada. The annual changes of the isotope signatures re-
flect the seasonally varying contributions from the individual CO sources and the OH5

sink. Short-term variability is small at the remote sampling locations. Nevertheless,
the interannual variability is considerable, in particular for the summer minimum. The
most prominent event was a strong increase in CO in 1998 that persisted for several
months. Using the isotope signatures it is possible to clearly identify extraordinar-
ily strong biomass burning during that season as the cause for this large-scale CO10

anomaly. In 1997, on the other hand, biomass burning emissions were very low, lead-
ing to an unusually low summer minimum and corresponding isotope signatures. The
results underscore that monitoring of CO and its isotopic composition at remote high
latitude stations is a valuable tool to better understand long-term variations of CO that
are representative for the whole high northern latitude region.15

1. Introduction

Carbon monoxide is of considerable importance to the chemistry of the global atmo-
sphere for several reasons: Foremost, it is the main reaction partner of the hydroxyl
radical (OH), which is responsible for the removal of many natural and anthropogenic
contaminants from the troposphere. Because the reaction with CO is responsible for20

more than half of the total turnover of OH (Crutzen and Zimmermann, 1991), changes
in CO can considerably affect mixing ratios of a host of atmospheric constituents that
are oxidized by OH, including the greenhouse gas methane. In fact, although not be-
ing an effective greenhouse gas itself, it has been shown that the emission of five CO
molecules is equivalent to the emission of one CH4 molecule as regards greenhouse25

warming (Prather, 1996).
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In addition to its significance for OH, the reaction CO + OH leads to the formation
of HO2 which, depending on NOx-levels, can lead either to the production (high NOx)
or destruction (low NOx) of ozone. Under high NOx conditions this pathway is a major
contributor to ground level photochemical smog.

Through its active role in atmospheric chemistry, CO is also a major player in the5

global carbon cycle. Most organic compounds – natural or anthropogenic – that are
oxidized in the atmosphere are processed via CO to the stable CO2 molecule. This
results in a global turnover of about 2 to 3 Pg/y.

A global increase of CO over the past 200 years has been derived from measure-
ments of CO in air bubbles trapped in polar ice (Haan et al., 1996), changes in the10

solar absorption spectra from the 1920s to the 1970s (Rinsland and Levine, 1985)
and in situ observations at various atmospheric monitoring stations over the last two
decades (Khalil and Rasmussen, 1988, 1990, 1994; Novelli et al., 1994a, 1998, 1992).
The increase in global CO may have been halted (Khalil and Rasmussen, 1994; Novelli
et al., 1994a, 1998), and at present the atmospheric CO budget is being examined in15

considerable detail using various techniques: In situ measurements are carried out on
a global scale and impressive observations from satellites are becoming available (see
e.g. MOPITT homepage at
http://www.atmosp.physics.utoronto.ca/MOPITT/home.html ). Computer
models are used to refine source scenarios based on the observed CO distribution,20

using all available information about atmospheric chemistry and physics (Bergamaschi
et al., 2000a, 2000b; Granier et al., 1999). An additional method is isotope analysis.
The different isotopic signatures provide independent variables that can help to resolve
the contributions of the individual sources and thus to better understand the global CO
budget. The major CO sources and their isotopic source signatures are presented in25

Table 1.
Due to the strong CO sources at the surface and its short chemical lifetime of weeks

to months, the mixing ratio and all isotope signatures of tropospheric CO exhibit pro-
nounced temporal and spatial gradients. In this paper, the CO, δ13C, δ18O, ∆17O and
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14CO time series from Spitsbergen (79◦ N) and Alert (82◦ N) are presented, which are
our longest CO isotope records for the northern hemisphere. CO mixing ratios are
reported in parts per billion (ppb), i.e. 10−9 or nmole/mole. Variations in the stable
isotope composition are usually reported in δ- notation as the relative deviation of the
ratio of the minor isotope to the abundant isotope, e.g. 13C/12C ≡ 13R in a sample5

(SA) from an international standard (ST) ratio, i.e. δ13C = (13RSA/12RST−1) ∗ 1000‰. In
the case of 13C, the standard is Vienna PeeDeeBelemnite (V-PDB), in the case of the
oxygen isotopes Vienna Standard Mean Ocean Water (V-SMOW). For 17O, it is useful
to introduce the variable ∆17O ≡ δ17O −0.52 × δ18O, which is a measure (mathemat-
ical approximation) for the excess of 17O above what is expected based on the δ18O10

value. 14CO values are reported in molecules per cm3 of air at standard temperature
and pressure (Brenninkmeijer, 1993). The activity of the various CO source materials
is usually reported in percent Modern Carbon (pMC) (Stuiver and Polach, 1977), and
contemporary biomass and organic sources usually have an activity of 120 pMC.

2. Experimental15

The air sampling and subsequent CO extraction, conversion and analytical procedures
have been extensively described in the literature (Brenninkmeijer, 1993; Brenninkmei-
jer et al., 2001; Brenninkmeijer and Röckmann, 1997, 1998b; Mak and Brenninkmeijer,
1994; Röckmann, 1998; Rom et al., 2000). At the sampling stations, 1 m3 air samples
are compressed into 10 L aluminum cylinders (Scott Marrin, Riverside, CA) using mod-20

ified oil-free three-stage piston compressors (RIX industries, Mak and Brenninkmeijer,
1994). The sampling procedure includes low-pressure and high-pressure drying with
DrieriteTM to prevent condensation of water in the sample cylinders. Zero tests show
that the compressors produce less than 0.6 ppb of CO in the compression process,
and CO levels in the cylinders are stable over months, i.e. change for most cylinders25

less than 1 ppb. CO is separated from the large air samples using a laboratory ex-
traction system. First, the air is cleaned from condensable components, in particular
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CO2, N2O and higher hydrocarbons, using high-efficiency, high-capacity Russian-Doll
cryogenic traps (Brenninkmeijer, 1991). Subsequently, CO in the clean air matrix is ox-
idized to CO2 on Schütze reagent (Brenninkmeijer and Röckmann, 1997; Röckmann,
1998; Schütze, 1949; Smiley, 1965) and the CO-derived CO2 is collected in an all-glass
Russian Doll cryogenic trap (Brenninkmeijer and Röckmann, 1996). The overall yield is5

then determined in a calibrated manometer and the CO2 sample transferred to the iso-
tope ratio mass spectrometer (Finnigan MAT 252) for isotope analysis (δ13C and δ18O).
After stable isotope determination, the remainder of the sample (> 90%) is recovered
for 14CO and/or ∆17O analysis.

This technique is a laborious but absolute method to determine the CO mixing ra-10

tio in air at ambient levels, i.e. it does not intrinsically require the use of a reference
gas (Brenninkmeijer et al., 2001). Note that a recent intercomparison exercise has
revealed a discrepancy between our absolute CO concentrations measurements and
the NOAA/CMDL scale in the low concentration range (< 100 ppb). Thorough tests
have established the linearity of our system (Brenninkmeijer et al., 2001), and the15

NOAA/CMDL scale is presently being examined in detail (P. Novelli, personal com-
munication). Above 100 ppb the scales agree well. The reproducibility of our system
is better than 1% routine operation, and the absolute precision is better than 2%. The
isotopic composition is determined with a standard deviation of ±0.2‰ and ±0.3‰ for
δ13C and δ18O, respectively, including sampling, preparation and mass spectrometry.20

The 14C/12C ratio of the sample is determined by Accelerator Mass Spectrometry
(AMS) after dilution of the small samples with nearly 14C-free CO2 and preparation of
a target for AMS from the diluted sample by graphitization (Rom et al., 2000). The
overall precision of the experimental procedure including sampling, extraction of CO
as CO2, dilution, preparation of a sample for AMS, and AMS measurement amounts25

to 0.27 molec.cm−3 of air at standard temperature and pressure. An additional error
arises due to production of 14CO in the sample cylinders during storage, as recog-
nized recently (Lowe and al, 2002). For storage times of the order of months, the
neutron capture reaction 14N(n,p)14C, followed by oxidation of 14C to 14CO leads to non-
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negligible production of 14CO in high pressure cylinders even at ground level (Lowe and
al, 2002; Mak et al., 1999). The production depends not only on the storage time, but
also on altitude, latitude and on the actual storage location. To correct for this effect,
the global average 14C production rate from (Lingenfelter, 1963) was normalized to the
measured 14CO production rate from a cylinder exposure experiment in Antarctica (Mak5

et al., 1999). The correction amounts to approximately 0.44 molec.cm−3 per month of
storage at ground level at 80◦ N. For our sample cylinders, which are shipped approxi-
mately every 2 to 5 months from the sampling stations and then analyzed within about
two weeks when they arrive at the lab, the average correction is 1.1 molec.cm−3.

The 17O content of a CO-derived CO2 sample cannot be determined on the CO210

molecule directly, because both, 13C-substituted and 17O-substituted CO2 have molec-
ular mass 45 and cannot be resolved on a conventional isotope ratio mass spectrome-
ter. Therefore, an aliquot of the sample is converted to O2 using a recently developed
two-step conversion system (Brenninkmeijer and Röckmann, 1998a). After conversion,
δ17O and δ18O can be determined independently by monitoring the O+

2 ions (mass 32,15

33 and 34) in the mass spectrometer. Due to a small mass-dependent fractionation
during the conversion, the individual δ17O and δ18O values have a reproducibility of
only 1 and 2‰, respectively, but as these variations are correlated, ∆17O can be de-
termined with a standard deviation better than 0.2‰.

3. Data presentation and analysis20

The CO concentration and isotope records for the two high northern latitude stations
Spitsbergen (Norway, 78.5◦ N, 11.5◦ W, 475 msl) and Alert (Canada, 81.3◦ N, 62.3◦ W,
210 msl) are shown in Fig. 1. Sampling at the Zeppelinfjellet mountain in Ny Ålesund,
Spitsbergen, started during the spring 1995 and 1996 ARCTOC campaigns (Barrie
and Platt, 1997), at that time specifically in search for 13CO variations during tropo-25

spheric ozone depletion events (Röckmann and Brenninkmeijer, 1997; Röckmann et
al., 1999a) caused by production of extremely depleted CO via the reaction CH4 + Cl
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(see Sect. 3.2). From July 1996 to June 1999, weekly samples were taken on a regular
basis by the Norwegian Polar Institute at the Zeppelinfjellet station. In Alert, sampling
started in July 1996 and samples were taken approximately weekly until January 1998.

3.1. Seasonal variation

3.1.1. CO mixing ratio5

CO mixing ratios at Spitsbergen and Alert are very similar and exhibit a pronounced
seasonal cycle with high values in late winter (≈ 180 ppb) and a minimum in summer
(≈80 ppb). This strong seasonal cycle is the result of the relatively short lifetime of
CO of the order of weeks to months. On the one hand this is short enough to produce
a strong peak to peak amplitude, on the other hand it is long enough to be only little10

influenced by short time fluctuations at these remote stations, which results in a rather
smooth seasonality. The similarity between the Spitsbergen and Alert record shows
that the remote high northern latitudes are well-mixed with respect to CO; several Arc-
tic stations show similar CO mixing ratios throughout the year (Novelli et al., 1994b,
1998). Figure 1a also shows the CO time series from Spitsbergen and Alert from the15

NOAA/CMDL air-sampling network. The data from the two groups show a good agree-
ment. However, the data at the very beginning of our continuous record for Spitsbergen
(summer 1996) do not quite capture the seasonal minimum as seen in the record for
Alert.

The CO seasonal cycle is to a large degree driven by its main sink, i.e. reaction20

with OH. When OH levels are low throughout the fall and winter period, CO builds up
in the high northern latitude boundary layer, and mixing ratios of about 180 ppb are
reached in early spring (Fig. 1a). This CO must originate from the industrial regions at
mid-northern latitudes, because there are no in situ CO sources at the high latitudes
in winter. Due to reduced convection in the absence of surface heating, mixing with25

the free troposphere is limited, which results in vertically decreasing CO mixing ratios,
as has been established by Conway et al. (1993). Recently, Yurganov et al. (1998)
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published correlated surface and total column CO mixing ratio measurements revealing
that surface values are about 50 ppb higher than average total column values during
Arctic winter and spring.

When OH formation starts again after polar sunrise, the main CO sink regains mo-
mentum and CO mixing ratios rapidly decline towards the late summer minimum near5

80 ppb (Fig. 1a). However, it has already been argued (Röckmann and Brenninkmeijer,
1997) that the in situ destruction of CO at OH levels below 105 molec.cm−3 in March
and April at 80◦ N (Spivakovsky et al., 2000) is insufficient to cause this rapid CO
destruction. Even in a closed box without any sources, OH levels between 2 and
3 × 105 molec.cm−3 would be required to produce the observed CO decrease. This10

confirms that in spring not only chemical destruction causes the fast observed CO de-
crease. As CO is lower and decreases earlier at lower latitudes, mixing with and import
of these air masses leads to a dilution of the high northern latitude CO inventory. Thus,
CO that was temporarily stored at the high northern latitudes over winter is transported
in spring to lower latitudes again where it is eventually removed. Also mixing with the15

free troposphere leads to a reduction of the wintertime vertical CO gradient over the
Arctic, and by the end of May this gradient has disappeared and the troposphere is
vertically well mixed again as regards CO levels (Yurganov et al., 1998).

During spring and summer, not only the dominant CO sink process gains importance,
but also CO emissions from natural sources both direct (e.g. biomass burning) and indi-20

rect, via oxidation of hydrocarbons and CH4, increase. The seasonality of these natural
CO sources also affects the level of the CO seasonal minimum, which is determined
by the competition between the CO + OH sink process and the combined contributions
from all sources.

3.1.2. 14CO25

As with the CO record, the 14CO time series from Alert and Spitsbergen agree fairly
well (Fig. 1b). 14CO values peak at about 25 molec./cm3 in late winter and bottom out
in summer at values around 9 molec./cm3. The seasonal variations of 14CO and CO
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generally follow a very similar pattern, as OH is their primary sink. However, the simi-
larity of the two seasonal cycles cannot be assumed a priori, because both molecules
have a very different source distribution, and it is useful to recall the principle factors
that influence 14CO abundance before examining the data in detail.

14CO is primarily produced from cosmic radiation in the lower stratosphere and upper5

troposphere. This 14CO production has no seasonal component, but it is modulated by
the 11-year solar cycle, because the solar wind reduces the ability of galactic cosmic
ray particles to penetrate the Earth’s magnetic field. Consequently the production of
14CO is high during a solar minimum and low during a solar maximum. This inverse
modulation of 14CO production by variable solar activity amounts to ±15% (Jöckel,10

2000). On short time scales, however, primary 14CO production can be regarded as
constant and seasonal variations in cosmogenic 14CO at ground level can only result
from variations in transport or OH levels. An additional 14CO source in the troposphere
is biogenic CO, which chiefly stems from oxidation of biogenic CH4 and VOCs, and from
biomass burning. This 14C has been circulated through the atmosphere, soils and the15

terrestrial and marine biosphere as part of the global carbon cycle, and can therefore
be regarded as “recycled” 14C. When assigning a modern 14C content of 120 pMC to
these biogenic sources, 10 ppb of recycled CO corresponds to 0.38 molec./cm3 14CO
(Brenninkmeijer, 1993). Note that CO has a higher specific activity than all other atmo-
spheric carbonaceous trace compounds; the 14C level ranges from 400 to 1000 pMC.20

Therefore, an addition of biogenic, i.e. recycled CO to the atmospheric CO content pri-
marily increases CO mixing ratios, whereas the effect on 14CO is much less. Finally, CO
from fossil fuel combustion processes contains no 14CO, and thus contamination of a
given CO reservoir with CO from that source can significantly change CO levels without
direct effect on the 14CO concentration, as has been shown repeatedly (Brenninkmeijer,25

1993; Gros et al., 2001).
To examine relative differences between CO and 14CO in the records, we have nor-

malized the 14CO and CO values by dividing each measured value by the lowest mea-
sured 14CO and CO value, respectively, in the record. These normalized data are
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shown in Fig. 2. Apart from the generally good correlation, clear deviations are dis-
cernible. In particular the extraordinarily high CO values in the second half of 1998
(see Sect. 3.3.1) show up below the linear fit line. To eliminate the influence of the
strong 1998 CO anomaly as well as several high 14CO values that occurred in 1997,
a separate fit has been applied to the 1996 data only, which show relatively little vari-5

ability. The linear fit through all data has a slope of 1.14 ± 0.05, the slope of the 1996
fit is 1.25 ± 0.10, i.e. the relative annual variation of 14CO is significantly larger (15 to
25%) than that of CO itself. Both molecules share the same sink, therefore the differ-
ence must be due to differences in the sources. In summer, the important biogenic
CO sources (CH4 and VOC oxidation) have a much smaller effect on 14CO than on CO.10

This addition of biogenic CO occurs during the annual minimum of CO and 14CO, and
consequently it diminishes the range of annual variation of CO relative to that of 14CO,
which can result in the observed slope > 1. Thus, the relationship between 14CO and
CO contains interesting information about these difficult to quantify sources, but 3D
modeling is needed to investigate this issue in detail.15

3.1.3. δ13C

Due to the kinetic isotope effect in the reaction CO + OH, the OH sink induces a varia-
tion in δ13C: OH preferentially removes 12CO over 13CO, and the remaining CO becomes
enriched in 13C. The kinetic fractionation is strongly pressure dependent and has an
average strength of 4 to 5‰ in the lower troposphere (Röckmann et al., 1998b; Smit et20

al., 1982; Stevens et al., 1980). Consequently in spring, when CO levels decrease after
the seasonal maximum, δ13C rapidly rises from values of around −27‰ up to −23‰
within three months (Fig. 1c). In contrast to all other signals, however, the springtime
trend does not persist throughout the summer but reverses already in early June. This
reversal of the trend for δ13C must be a due to a source effect. Clearly, this source must25

be strongly depleted in 13C relative to ambient CO so that it can effectively counteract
the kinetic fractionation, and it must gain relative importance in summer.

Table 1 shows that CO formed in the oxidation of CH4 via CH4 + OH → . . . → CO +
222
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products has a source value of about−52‰, a very low value compared the other major
CO sources with δ13C signatures near −27‰, the typical 13C value of biomass. With
atmospheric CH4 levels being nearly constant at about 1700 ppb, the source strength
of CO from CH4 oxidation depends on OH levels, i.e. at high northern latitudes it is
negligible in winter and peaks in summer. As explained above, the same applies to the5

sink of CO. Thus, although much more CO is formed from CH4 oxidation in summer
than in winter, in summer this amount is also quickly removed again. Assuming an
atmosphere in which CH4 oxidation is the only CO source, the CO cycle can be simply
described in a box model by

CH4

kCH4+OH−→ CO
kCO+OH−→ CO2 (R1)10

and the CO mixing ratio is then given as

[CO]
[CH4]

=
kCH4+OH

kCO+OH
(1)

Regarding [CH4] as constant, the equilibrium CO mixing ratio is determined by the
ratio of the rate constants and is not a function of OH levels. The rate constant
kCO+OH = 1.5× 10−13 × (1 + 0.6patm) (DeMore et al., 1997) is dependent on pressure,15

but shows almost no temperature dependence at atmospheric pressure (Fulle et al.,
1996). Therefore, kCO+OH cannot cause notable seasonal variations in [CO]. However,
kCH4+OH, is strongly temperature dependent (kCH4+OH = 2.45× 10−12× exp(−1775/T),
DeMore et al., 1997). Thus the seasonal atmospheric temperature variations do result
in lower equilibrium CO mixing ratios in winter than in summer. As CO contributions20

from different sources can be treated as independent, Eq. (1) still applies to the CH4

derived CO fraction in the natural atmosphere. Thus, the absolute amount of CO from in
situ CH4 oxidation in the troposphere depends on temperature, as indicated in Table 2,
and is higher in summer than in winter at high latitudes.

The degree to which this CH4 derived CO affects the isotopic composition of the25

ambient CO inventory, however, is determined by the relative, not the absolute contri-
bution of CH4 derived CO. Given the strong CO seasonality at high northern latitudes,
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the relative contribution of CH4 derived CO increases considerably from about 8% win-
ter (14.3 ppb in a total of ≈ 180 ppb CO at the low winter temperatures, Table 2) to
about 29% in summer (23.4 ppb in a total of ≈ 80 ppb CO at moderate summer temper-
atures, Table 2). CH4-derived CO is about 25‰ depleted in δ13C relative to the ambient
CO, and the additional 21% of this CO will deplete the atmospheric CO pool by ≈ 5‰.5

This depletion counteracts the kinetic isotope effect in the reaction CO + OH, which
itself should lead to an enrichment of ≈5‰ for CO decreasing from winter maximum
to summer minimum values (ratio of mixing ratios approximately 1/e). Thus, in early
summer the increasing fraction of strongly depleted CO from CH4 oxidation eventually
outweighs the δ13C increase due to the kinetic isotope effect in the reaction CO + OH,10

and considerably drives down ambient δ13C values. Apparently the extent of the de-
pletion due to the CH4 oxidation source is slightly larger than the enrichment due to the
kinetic isotope effect, as in late summer the overall effect is a moderate depletion of
δ13C relative to the late winter values.

In fall and winter, the OH based sink loses importance. Hence, changes in the CO15

isotopic composition are increasingly less influenced by the kinetic fractionation, but
rather reflect the input from the sources. During that time, CO sources shift more
and more from natural sources towards combustion sources, as witnessed by the δ18O
variations (see below). For δ13C, ambient values in fall are close to the expected source
signature from combustion sources of −27‰, except for the very clean year 1997 (see20

Sect. 3.3.2). Consequently, the δ13C value is relatively constant for the rest of the year
until spring, when CO levels decrease again.

3.1.4. δ18O

Even more than δ13C, δ18O is strongly affected by the kinetic isotope fractionation in
CO + OH. This reaction involves an inverse isotope effect of about −10‰ for 18O,25

i.e. here C18O is removed 10‰ faster by OH than C16O (Röckmann et al., 1998b;
Stevens et al., 1980). Accordingly, after the seasonal maximum near 11‰ in early
spring, δ18O declines quickly concomitant with the strong CO decline (Fig. 1d). In
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contrast to δ13C, this trend persists until the end of July. Here the increasing CH4-
based source has virtually no effect, because the δ18O value of CH4 derived CO is
close to the ambient summer level. Note, however, that the δ18O values of the CH4

and NMHC oxidation sources are not well known yet. Our first attempt to determine
this source signature (Brenninkmeijer and Röckmann, 1997) is based on an estimate5

using southern hemisphere isotope data, from which it is clear that δ18O(CO) from CH4

oxidation must be low (around 0‰, cf. Table 1), and a 3-D inverse modeling study
(Bergamaschi et al., 2000a) yielded even lower values.

The δ18O seasonal minimum is reached in July/August at values around −3‰. In
fall and winter, two processes contribute to the increasing δ18O trend. First, the kinetic10

fractionation in CO destruction loses importance as OH levels decrease. Second, CO
sources shift from isotopically light natural sources towards isotopically heavy combus-
tion sources. δ18O is plotted vs. the inverse CO mixing ratios in Figure 3. In a simple
two-component system where a background reservoir with δ-value δbg and mixing ratio
χbg is contaminated by a single source with δ-value δs and mixing ratio χs, the observed15

delta value is the weighted mean of the two δ-values

(χbg + χs) ∗ δobs = χbg ∗ δbg + χs ∗ δs . (2)

Thus, when δobs is plotted versus (χbg+χs)−1 the value of the y-axis intercept (infinite
contamination, i.e. (χbg + χs) → ∞) corresponds to the isotopic signature of the con-
taminating source δs. Note that kinetic fractionation in the sinks has been neglected in20

this calculation, although it is clear that also the contaminating CO will be fractionated
in its reaction with OH. As the kinetic fractionation is negative for 18O, the intercept will
actually be a lower limit for the actual source signature. The linear fit to the fall and
winter data from 1996 and 1997 has an intercept at 18.4 ± 0.7‰, only slightly lower
than the source signature for high temperature combustion processes (Table 1). Thus25

the admixture is with fairly unmodified CO from combustion origin. The anomalous be-
havior in 1998 will be discussed in Sect. 3.3.1. In the atmosphere, the strong winter
δ18O increase parallels the increase in CO mixing ratios. The fundamental difference
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T. Röckmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

© EGS 2002

to the δ13C variations is that in the case of δ18O, the isotopic fractionation caused by
the dominant source signature (fossil fuel combustion) and the kinetic isotope effect in
CO destruction are in phase, whereas for δ13C they counteract each other.

3.1.5. ∆17O

It has been discovered recently (Hodder et al., 1994; Huff and Thiemens, 1996, 1998;5

Röckmann et al., 1998a, b) that atmospheric CO possesses a significant 17O excess
above what is expected based on its 18O content. This anomalous fractionation pattern
is often referred to as mass-independent fractionation because it deviates from the
general mass dependent relationship approximated by δ18O = 0.52 × δ17O, which is
expected from the established theories for common isotope fractionation. In the case10

of several atmospheric trace gases, among them CO, a deviation from this relationship
has been observed, and the 17O excess is quantified in terms of ∆17O ≡ δ18O −0.52×
δ17O. Figure 1e shows the extent of the 17O excess of atmospheric CO at high northern
latitudes. The strong seasonal signal is clearly anticorrelated to the CO mixing ratio,
and ∆17O values vary between 2‰ during the winter minimum and 8‰ during the15

summer maximum.
It has been shown that the mass independent fractionation in atmospheric CO origi-

nates from two processes. One is the production of CO from ozonolysis of unsaturated
hydrocarbons (e.g. isoprene) in the atmosphere. The oxygen in the CO product is de-
rived from the ozone precursor, and possesses the strong 17O excess (Röckmann et20

al., 1998a) that is also found in O3 (Krankowsky et al., 1995). The dominating effect
is however that the fractionation in the CO sink reaction with OH is mass independent
(Röckmann et al., 1998b). As mentioned above, the rate constant for reaction with
OH is 10‰ faster for C18O than C16O. For a strictly mass dependent fractionation, the
rate constant for C17O should then be about 5‰ faster, but in fact it is only about 1‰25

faster, i.e. very close to C16O. Thus, in the reaction with OH the remaining CO accumu-
lates excess 17O with a pseudo-fractionation constant for ∆17O of 4–5‰ (Röckmann
et al., 1998b), which is of the right magnitude to explain the atmospheric observations
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(Fig. 1e). Also the shape of the ∆17O seasonal cycle supports the thesis that the
mass independent fractionation in the OH sink is the dominant factor causing the mass
independent anomaly. When CO levels decrease in spring, the remaining CO gets pro-
gressively enriched in 17O and reaches a seasonal maximum when CO mixing ratios
are lowest in summer. The total decrease of CO from the winter maximum at 180 ppb5

to the summer minimum at 80 ppb corresponds to a reduction of CO to about 40%,
i.e. leaving a fraction of close to 1/e. The concurrent observed isotopic enrichment of
about 5‰ is of the right magnitude.

In fall and winter, the reaction with OH loses importance and the atmospheric CO
reservoir is topped up with CO primarily from combustion sources, which is mass de-10

pendently fractionated. This causes the observed decrease in ∆17O values. Indeed
the correlation of ∆17O versus inverse CO mixing ratio reveals that during fall and win-
ter the data follow a dilution line that passes through zero, indicative of a dilution by CO
with ∆17O = 0‰ (Röckmann et al., 1998a). This is in agreement with our finding that
the δ18O value of the winter CO source is close to 23‰, i.e. CO reaching the observa-15

tory in winter is isotopically fairly unmodified, and must originate to a large degree from
fossil fuel combustion at mid to high latitudes.

3.2. Short term variability

As mentioned above, short term variability is generally small for the two remote sam-
pling locations, but occasionally the data exhibit some short-term deviation from the20

general seasonal cycle. Five day 3D-back-trajectories have been calculated by the
Atmospheric Environment Service, Canada, for the 1997 data. Using these, one can
relate some CO and isotopic excursions to air mass origin, and two clear examples will
be presented here. The Alert air sample from 20 March 1997 exhibits an extraordinar-
ily low CO mixing ratio. For this data point back trajectory analysis indicates advection25

of clean northern Atlantic air from lower latitudes (Fig. 4a). Due to the latitudinal CO
gradient in winter and spring, advection of air masses from low latitudes should indeed
lead to the observed low CO mixing ratio. Furthermore, a concomitant slightly low δ18O
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value, also typical for lower latitudes, is observed.
A significant short-term CO increase in the Spitsbergen record occurred on 26 Febru-

ary 1997. The five day back trajectory shows that this air parcel was advected over
major industrialized areas of western Russia (near the Caspian sea) 5 days prior to
its arrival at Spitsbergen (Fig. 4b). This makes anthropogenic contamination a plausi-5

ble cause of the high CO mixing ratio, and also the δ18O value shows a simultaneous
small elevation in δ18O, indicating contamination from combustion processes. There
are several other instances of simultaneous CO and δ18O elevations, for which the ori-
gin of the excursion is not as readily identifiable. The Alert samples from 17 January,
24 January and 13 February 1997, for example, show small 18O elevations. Here, the10

air parcels passed 5 days before over or near the sparsely populated north eastern
part of continental Russia. A similar trajectory was also derived for other samples that
show no obvious contamination (e.g. on 13 February, 22 February or 5 March 1997
for Spitsbergen). Thus, the CO mixing ratio and isotopic composition can be a much
more reliable indicator for anthropogenic contamination than the trajectory calculations.15

Clearly, strong CO contaminations can persist for more than five days in an air mass,
and furthermore anthropogenic 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 signature that is usually most
susceptible to contamination, δ18O, is relatively low in Spitsbergen and Alert for most20

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 the 18O composition is often a clear indicator for air mass origin. The absence
of strong short time δ18O fluctuations just confirm once more that the high northern
latitude stations are remote from major anthropogenic sources. In most cases, the25

observed signatures are not sensitive to the air mass origin. Thus, the data obtained
in this study are representative for the entire high northern latitude region.

The short time variability in the 14CO record at Spitsbergen and Alert is particularly
strong in winter and early spring. Here, back trajectory analysis is not very conclusive.
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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 northern latitude 14CO background level is already the highest observed near the
surface, and even higher values can only originate from higher altitudes.

Generally, δ13C values rarely exhibit large scatter because CH4 oxidation, the source5

with the most prominent δ13C source signature, shows a very smooth seasonal evo-
lution due to the long CH4 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 produce strong δ13C signals, as witnessed during the 1998 CO anomaly (see
Sect. 3.3.1). Furthermore, the δ13C latitudinal gradient is not very strong in the northern10

hemisphere, and consequently large scale advection also has little impact on δ13C.
Nevertheless, there is one interesting class of short term δ13C variations that occurs

during polar spring at the Arctic locations. The particular effect has been discussed
in detail in Röckmann et al. (1999a), and here it is summarized only. We detected
characteristic small 13C depletions at Spitsbergen during tropospheric ozone depletion15

episodes in Arctic spring. During these episodes, surface ozone levels quickly decline
from normal levels of about 40 ppb to values below the detection limit for several hours
to days (Barrie and Platt, 1997). Concomitant to these O3 depletions, the δ13C values
of CO decrease by several tenths of a permil, and return back to background levels
when ozone recovers (see Fig. 2 in Röckmann et al., 1999a). These excursions in20

δ13C are the result of small quantities of CO being formed according to the reaction
CH4 + Cl→ . . .→ CO + products during ozone depletion events, which are associated
with elevated halogen radical levels (mostly Br, but also Cl). In addition to CH4 being
already depleted in 13C relative to CO, the large isotope effect of 70‰ in the reaction
CH4 + Cl (Saueressig et al., 1995) leads to formation of CO with a δ13C value that is25

almost 100‰ below that of ambient CO. Thus, even a small addition of about 1 ppb
CO from this source can significantly alter the 13C content of the ambient CO content.
This effect has not only been shown qualitatively, but the degree of the 13C depletion
has been used to estimate the integrated amount of Cl that the air mass must have
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encountered. The results imply that Cl levels must have been 3 − 7 × 104 molec./cm3

over the typical duration of the halogen elevations of about three days (Röckmann et
al., 1999a). Thus, the δ13C excursions are a sensitive measure for Cl levels that cannot
be measured directly, and the results are in agreement with indirect estimates based
on hydrocarbon destruction patterns (Ramacher et al., 1999).5

3.3. Interannual variation

3.3.1. Summer-fall 1998

Superimposed on the typical seasonal cycle, interannual variability is evident in the
CO data, especially for the summer minimum, as shown in detail in Fig. 5. The most
prominent interannual feature is the elevated and surprisingly narrow CO minimum10

in 1998. From the beginning of July, CO levels do not fall further, and the common
minimum values in August are never reached during that summer. Rather, CO already
starts increasing rapidly in August 1998, one to two months earlier than in the other
years, and then shows an elevation of 20 to 50 ppb for several months. Recalling that
the atmosphere at high northern latitudes is well mixed in summer, such a persistent15

CO excess cannot be a local phenomenon but rather reflects a large-scale CO anomaly
in the entire high northern latitude region. Five-day back trajectories calculated for
the samples during this period do not show a common air mass origin, which further
indicates that the observed CO elevation was a large-scale phenomenon. On the other
hand, no similar elevations have been detected at our mid-latitude sampling station20

Mount Sonnblick in the Austrian Alps (Gros et al., 2001); thus the effect appears to be
confined to the high northern latitudes.

Interestingly, the strong CO elevation in summer 1998 even leads to a double shoul-
der during the 1998/1999 seasonal maximum. This feature is indicative of an additional
strong CO source that is out of phase with the CO seasonal cycle, and it is clearly dis-25

cernible both in our data and the NOAA/CMDL data. After the quick rise in August,
mixing ratios actually decrease again in November, when CO usually increases due to
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low OH levels. The decrease must be due to dynamics, i.e. dilution of the CO excess
by mixing with air from lower latitudes. The double shoulder in the observations con-
fines the duration of the additional CO source to a period between July and November
1998, slightly delayed to the typical biomass burning season between May and Octo-
ber. During the spring 1999 maximum, values have recovered almost entirely and are5

only slightly above the maximum in 1998.
Among the major CO sources, large scale biomass burning is the only one that can

be expected to produce such vast quantities of CO for extended periods of time. Indeed,
1998 was an extreme fire year throughout the high northern latitude boreal forest re-
gion and the extent of biomass burning even reached catastrophic dimensions in some10

parts. With a total of 4.7 million hectares burnt in Canada, 1998 is among the five worst
years regarding forest fires, whereas only 625 000 and 1.9 million hectares were burnt
by wildfires in 1997 and 1996, respectively, the two other burning seasons covered by
our study (Johnston, 1999). For Russia, only 2.65 million hectares of burnt forest have
been officially reported in 1998, but recent satellite imagery has exposed that the actual15

area burnt in Russia in 1998 may have been as high as 10 million hectares (Kasishke
et al., 1999). In the three major regions (Khabarovsk, Amur, Sakhalin Island), 4% of
the entire land area burned. Furthermore, the satellite observations revealed that most
of these fires were crown fires, which have recently been shown to emit particularly
high amounts of CO (Cofer III et al., 1998). In 1998, boreal forest fire emissions were20

detected even in the stratosphere: A substantial increase in aerosols stemming from
boreal forest fires was detected in the stratosphere during the biomass burning season
between May and October at latitudes between 55◦ N and 70◦ N (Fromm et al., 2000). It
has been shown that CO from biomass burning can significantly influence atmospheric
CO mixing ratios in Russia on large scales (Bergamaschi et al., 1998; Crutzen et al.,25

1996; Röckmann et al., 1999b), that CO from Canadian forest fires can affect concen-
trations even in the southern United States (Wotawa and Trainer, 2000) and in the free
troposphere above northwestern Europe (Forster et al., 2001; Waibel et al., 1999), and
that forest fires can increase the entire CO column over Russia (Yurganov et al., 1997).
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Thus, fire activity in the boreal forests of North America and Asia has far-reaching ef-
fects on tropospheric CO levels in the whole high northern latitude region, and a recent
evaluation of the NOAA/CMDL data shows a clear correlation of summer CO minima
and biomass burning (Wotawa et al., 2001). Both the NOAA/CMDL data and our data
show that these high CO levels can persist for several months in the entire northern5

part of the globe.
The 18O isotope data clearly confirm that the 1998 CO elevation observed in Spitsber-

gen was due to a particularly strong CO biomass burning contamination. At first sight,
relatively little interannual variability is observed in the δ18O data (Fig. 1d). The strong
CO anomaly of 1998 is accompanied by only a minor increase in δ18O. However, the10

correlation of δ18O vs. 1/[CO] for 1998 yields a source signature of 10.8± 0.9‰ (Fig. 3)
much lower than in the other years. As discussed above, the intercept is actually a
lower limit on the source signature, as the kinetic isotope fractionation in the OH based
sink has been disregarded in Eq. (2), but the value clearly points to biomass burning.
The intercept near 11‰ compares well with results from Siberia derived for both strong15

(Bergamaschi et al., 1998) and lesser contamination (Röckmann et al., 1999b) with CO
from biomass burning. Recent laboratory experiments (Kato et al., 1999) have shown
that the δ18O value of CO emitted during biomass burning depends on the fire condi-
tions, and is lower during the smoldering phase when CO emissions are highest, than
the burning phase. Our data can also be compared to results from a recent inverse20

modeling exercise (Bergamaschi et al., 2000a) where source signatures for biomass
burning were generally found to be around 10‰. However, this study predicted even
lower values for biomass burning north of 30◦ N, in some scenarios even around 0‰,
which is not supported by our data.

Note that in Fig. 3 a few of the δ18O data points from the 1996/1997 seasons fall25

on the line that is defined by the 1998 data. Figure 5 shows that during August and
September 1996, CO summer values are higher than the 1997 data. Actually, it is
exactly these data which fall on the “biomass burning-influenced” linear regression line
of the 1998 data in Fig. 3. Although the effect is much smaller than in 1998, this
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indicates that also the slightly elevated CO values in 1996 were caused by biomass
burning in the northern boreal forest. Thus, biomass burning has a critical influence on
summer minimum CO values at high northern latitudes, as has been shown by (Wotawa
et al., 2001). δ18O is a good indicator to detect year-to-year variability of CO emissions
from boreal forest burning at high latitudes.5

From the two complete seasonal cycles now available we can for the first time exam-
ine the interannual variability of ∆17O. As explained above, the seasonal cycles of CO
and ∆17O are anticorrelated, because the major sink of CO (reaction with OH) is the
major source for ∆17O. This behaviour is now even evident in the interannual pattern.
The 1998 summer ∆17O maximum is both much lower and more narrow than in 1997,10

the opposite behavior than observed for the CO mixing ratio (Fig. 1). Furthermore, as
soon as the strong anomalous increase of CO starts in 1998, the ∆17O values show a
concurrent strong decrease, and the entire winter 1998/1999 minimum is slightly lower
than in 1997/1998. This again confirms that the large CO elevation observed in the
second half of 1998 is caused by mass dependently fractionated CO, in agreement15

with the above explanation that this CO originates from biomass burning.

3.3.2. Summer 1997

The second most significant interannual phenomenon is the exceptionally low and wide
summer CO minimum in 1997, reaching values of merely 75 ppb. This feature also per-
sisted for several months, indicating that these levels were characteristic for the entire20

high northern latitudes in summer 1997. The most likely cause of the low summer
minimum is that 1997 was indeed an exceptionally clean year regarding CO source
emissions, which is supported by official statistics showing that biomass burning was
low throughout the Russian and North American boreal forest in 1997 (Johnston, 1999;
Kasishke et al., 1999; Wotawa et al., 2001). The 1997 CO anomaly has a large effect25

on the δ13C signature during summer 1997, when δ13C values reach almost −29‰. As
shown above, the δ13C minimum is primarily determined by the relative fraction of CH4

derived CO in the total CO reservoir. Due to the exceptional source signature (Table 1),
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small deviations in this fraction can lead to significant isotopic shifts. The absolute
amount of CH4 derived CO, however, should not exhibit large interannual variation as it
only depends on temperature (see above). In 1997, concomitant to δ13C also CO mix-
ing ratios were low (Fig. 5), Thus, the absolute amount of CO from sources other than
CH4 oxidation must have been lower in 1997 than in the other years, and the relative5

fraction of CH4 derived CO was consequently higher, causing the observed low δ13C
minimum. More quantitatively, the seasonal CO minimum was about 85 ppb in 1996
and 75 ppb in 1997. Keeping the absolute amount of the CH4 derived CO constant
at 23.4 ppb (Table 2), the relative contribution from this strongly depleted source was
about 27.5% in 1996 and 31.2% in 1997, a change of ≈4%. As the source signature10

of the CH4 derived CO is about 25‰ lower than ambient values, this is of the right
magnitude to explain the δ13C depletion of 1–1.5‰ during the 1997 minimum.

For δ18O, the additional isotopic depletion that occurs for δ13C in summer 1997 is
hardly recognizable. This does not come as a surprise, because the δ18O value of
CH4 derived CO is close to ambient summer levels. For δ18O the main effect is not15

the different relative amount of CO from CH4 oxidation, but the fact that CO has been
broken down to slightly lower levels in 1997. However, the difference barely discernible
above the experimental error. As regards 14CO, the summer minimum in 1997 is low, as
observed for the CO data. Although the signal is too small to be evaluated quantitatively,
this qualitatively supports the above interpretation that the excess CO observed in other20

years was produced from biogenic sources.
The 1997 summer ∆17O maximum was very high with values reaching up to 8‰

when CO mixing ratios were extraordinary low. This is in line with the finding that the
OH based sink is largely responsible for the seasonality in ∆17O, i.e. in 1997 the CO
reservoir was reduced by OH to lower values than in 1998, and thus the remaining CO25

obtained a higher 17O anomaly.
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4. Conclusions

The time series of CO mixing ratio and isotopic composition from Spitsbergen and
Alert are virtually indistinguishable, showing that the high northern latitudes are a well-
mixed reservoir as regards CO. This is confirmed by the relatively smooth seasonality
of all signatures with only few occurrences of significant short time variability. Mixing5

of air between the mid and high northern latitudes plays an important role for the high
northern latitude CO seasonal cycle. In winter, large amounts of CO from combustion
processes are transported north from the industrial regions. In spring, the observed
rapid decline of CO cannot be due to in situ chemical destruction alone, but is also
affected by transport down to lower latitudes again and/or vertical exchange with the10

free troposphere.
A particularly strong, persistent CO elevation of 20 to 50 ppb occurred from July to

November 1998. The δ18O isotope signature clearly identifies biomass burning as
source of the massive source. This independent isotope evidence is in agreement with
the reports about unusually strong forest fire activity throughout the boreal forest region15

in 1998, and it underscores the crucial role of biomass burning for the CO summer
minimum at high latitudes (Wotawa et al., 2001). The additional CO from the forest
burning leads to strongly elevated CO mixing ratios in the entire high northern latitude
region for several months.

Summer 1997, on the other had, was extremely clean as regards CO mixing ratios,20

which also shows up in the isotope signatures. Again, the δ18O data indicate that
the difference in the CO seasonal minimum between 1996 and 1997 was also due to
biomass burning. Thus, biomass burning has a critical effect on summer minimum CO
values at high northern latitudes, and it can be detected using the δ18O signature. The
data presented here show that monitoring of the isotopic composition of CO at Alert and25

Spitsbergen provides independent information on the causes of interannual variability
of CO in the northern hemisphere.
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Table 1. The four major sources of atmospheric CO and their isotopic source signatures (see
Brenninkmeijer et al., 1999 for references)

δ13C (‰) 14CO (pMC)1 δ18O (‰) ∆17O (‰)

Fossil fuel combustion −27.5 0 23.5 0
Biomass burning −22.9 ∼115 17.2 0
CH4 oxidation −51.12 ∼125 0 0?
NMHC oxidation −32.2 ∼110 0 0?3

1 percent Modern Carbon (Stuiver and Polach, 1977)
2 updated value taking into account the new determination of the fractionation in CH4 oxidation
by OH (Saueressig et al., 2001)
3 pathway via ozonolysis of unsaturated hydrocarbons: 25–50‰, see (Röckmann et al., 1998a)
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Table 2. kCH4+OH and the equilibrium CO mixing ratio from oxidation of CH4 calculated from
Eq. (1) assuming 80% CO yield and disregarding transport. The temperatures selected are
typical summer and winter values for Spitsbergen (S. Debatin, pers. comm.)

T(K) kCH4+OH (10−15 cm3molec.−1 s−1) [CO]eq (ppb)

278 (summer) 4.1 23.4

258 (winter) 2.5 14.3
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Figure 1 
 

Fig. 1. The complete CO concentration and isotope record for the two high northern latitude
stations Spitsbergen (Norway, 79◦ N) and Alert (Canada, 81◦ N). The data have been smoothed
using a low pass Fourier Transform convolution filter excluding variability on a time scale of less
than two weeks (Jöckel, 2000). In the top panel the green line is a similar fit applied to data from
Spitsbergen determined by the NOAA/CMDL carbon cycle group (P. Novelli, pers. comm.).
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Fig. 2. Normalized 14CO values vs. normalized CO. The original data have been normalized
by dividing through the 14CO and CO minimum values. Linear fits are applied to the 1996 data
(red line) and to all data (black line).
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Fig. 3. The correlation plot of fall and winter δ18O data versus inverse CO mixing ratio showing
a clear difference between the “normal” years 1996 and 1997, and 1998 with the CO anomaly.
The low y-axis intercept has been found to be indicative of CO from biomass burning in boreal
forest regions in several recent studies.
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Figure 4b 

Fig. 4a. A 5-day back trajectory for the air sampled 20 March 1997 in Alert. Clean air is
advected from lower latitudes over the North Atlantic.
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Figure 4b 

Fig. 4b. A 5-day back trajectory for the air sampled 26 February 1997 in Spitsbergen. Air is
transported over the industrial part of Russia within few days, and the high CO and δ18O values
imply anthropogenic contamination.
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Fig. 5. Seasonal cycles of the CO mixing ratio for each individual year of the study. The
anomaly in 1998 is prominent.
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