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ABSTRACT

Using light aircraft and at intervals of approximately 14 days, vertical profiles of temperature, humidity,
CO2 concentration and 13C/12C and 18O/16O ratio, as well as concentrations of CH4, CO, H2 and
N2O, from about 80 to 3000 m above ground level have been determined for the atmosphere above
a flux measurement tower located near the village of Zotino in central Siberia (60◦45′N, 89◦23′E).
As well as being determined from flask measurements (typically at heights of 100, 500, 1000, 1500,
2000, 2500 and 3000 m) continuous CO2 concentration profiles at 1 Hz have also been obtained
using an infrared gas analyser. This measurement program is ongoing and has been in existence since
July 1998. Data to November 2000 are presented and show a seasonal cycle for CO2 concentration of
about 25 µmol mol−1 within the atmospheric boundary layer (ABL) and about 15 µmol mol−1 in the
free troposphere. Marked seasonal cycles in the isotopic compositions of CO2 are also observed, with
that of oxygen-18 in CO2 being unusual: always being depleted in the ABL with respect to the free
troposphere above. This is irrespective of whether the CO2 concentration is higher or lower in the free
troposphere. We interpret this as indicating a net negative discrimination being associated with the net
terrestrial carbon exchange, irrespective of whether photosynthesis or respiration dominates the net
carbon flux in this region. During winter flights, large fluctuations in CO2 concentration with height are
often observed both within and above the stable ABL. Usually (but not always) these variations in CO2
concentrations are associated with more or less stoichiometrically constant variations in CO and CH4
concentrations. We interpret this as reflecting the frequent transport of polluted air from Europe with
very little vertical mixing having occurred, despite the large horizontal distances traversed. This notion
is supported by back-trajectory analyses. Vertical profiles of CO2 concentration with supplementary
flask measurements allow more information on the structure and composition of an air mass to be
obtained than is the case for flask measurements or for ground-based measurements only. In particular,
our data question the notion that there is usually anything like “well mixed background air” in the
mid-to-high northern latitudes during the winter months.

1. Introduction

It is now generally accepted that land ecosystems
are absorbing a significant fraction of fossil fuel CO2

emissions and CO2 released from the terrestrial bio-
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sphere as a consequence of land-use change. However,
the precise mechanisms involved and the geographi-
cal location of the terrestrial carbon sink is still uncer-
tain (Lloyd, 1999). Although several lines of evidence
point to a significant tropical sink for anthropogenic
CO2 (Grace et al., 1995; Phillips et al., 1998), many at-
mospheric inversion studies have also pointed towards
a substantial northern hemisphere terrestrial sink (Tans
et al., 1990; Ciais et al., 1995; Rayner et al., 1999; Fan
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et al., 1999; Kaminski et al., 1999; Ciais et al., 2000).
Even so, there is still great uncertainty as to how this
supposed sink is distributed across the northern conti-
nents. Fan et al. (1999) claimed that the conterminous
USA constituted by far the most substantial compo-
nent, whereas the inversion study of Ciais et al. (2000)
found that Siberia constituted over 60% of their esti-
mated northern hemisphere sink. A similar result was
also found by Kaminski et al. (1999), who attributed
about 70% of the northern hemisphere terrestrial sink
in the early 1980s to the former USSR. In contrast to
this, Rayner et al. (1999) concluded a much smaller
northern sink overall than other atmospheric inversion
studies, with the Siberian landmass being more or less
carbon neutral.

It is not clear how much the selection of different
periods and different averaging contributes to the ap-
parent conflicts. In any case, the above estimates of
the terrestrial carbon sink for individual regions have
been quoted with significant uncertainties, a conse-
quence of the atmospheric inverse problems being
notoriously underdetermined (Enting, 1993). This is
particularly the case when it comes to deducing net
terrestrial fluxes. The current global CO2 measure-
ment network (Conway et al., 1994) is heavily bi-
ased towards oceanic sites. Although such a network
may provide an optimum approach for the determina-
tion of long-term trends in CO2 concentrations, it has
been suggested that increased measurements of CO2

concentrations over the land, and in particular regular
measurements of the altitudinal variation in CO2 con-
centrations, should serve to help to reduce uncertain-
ties in net terrestrial carbon fluxes (Tans et al., 1996).
This has recently been verified quantitatively by Gloor
et al. (2000).

Of the northern land masses, Eurasia is by far the
largest, and it is here that regular measurements of
the vertical structure of CO2 concentrations should be
of the greatest benefit in verifying the existence of a
significant northern hemisphere terrestrial sink and in
helping pin down its geographic distribution. How-
ever, to date there has only been one report of the
vertical structure of CO2, its isotopes and other trace
gases over Russia, that being the study of Nakazawa
et al. (1997). The importance of an improved long-term
CO2 data set over this large landmass in constrain-
ing the results of atmospheric transport inversions can
also be seen from the model intercomparison study,
TRANSCOM 1, summarised by Rayner and Law
(1995) and Law et al. (1996). With the same grid-
ded monthly mean terrestrial surface exchange input

(Fung et al., 1983), all ten atmospheric transport mod-
els used were in close agreement with regard to the
amplitude of the seasonal cycle at most oceanic moni-
toring sites. However, over central Siberia differences
between models were much more profound, with the
modelled amplitude ranging from only about 30 ppm
to as much as 127 ppm (Rayner and Law, 1995).

A further role of Siberia in the global carbon cycle
may be as a high northern terrestrial ecosystem in-
fluencing the δ18O composition of atmospheric CO2.
It has been suggested that the exchange of CO2 with
isotopically depleted chloroplast water in colder re-
gions such as Siberia gives rise to a negative 18O
discrimination during photosynthesis in this region
(Farquhar et al., 1993). This, in conjunction with a
depletion of atmospheric δ18O in CO2 by ecosystem
respiration in such regions, is thought to give rise to
the large observed latitudinal variation in the δ18O of
CO2 (Francey and Tans, 1987; Peylin et al., 1999).

In what follows, we describe the results from the
first two-and-a-bit years of aircraft flights sampling
the trace gas composition of the atmosphere to a height
of 3 km near the village of Zotino in central Siberia
(60◦44′N, 89◦09′E). As well as reporting on seasonal
variations in the vertical structure of the concentration
and isotopic composition of CO2, concentration data
for CO, CH4 and H2are also presented. A considera-
tion of CO and/or CH4concentrations in conjunction
with CO2 concentration measurements can provide
useful information about the origins of CO2 varia-
tions observed, particularly the presence of pollution
events (Conway et al., 1993; Harris et al., 2000). For
molecular hydrogen, the large northern hemisphere
land mass is considered to be the major sink (Novelli
et al., 1999), with the rate of H2 uptake by soils be-
ing biologically mediated and linked to the respiratory
capacity of micro-organisms within the soil (Godde
et al., 2000). Although the effects of major sources
of H2 to the troposphere such as methane oxidation
(Crutzen, 1991) and biomass burning (Crutzen and
Andreae, 1990) may also need to be taken into ac-
count, H2 does, however, have the potential to be used
as a tracer for the CO2 in the atmosphere associated
with soil respiratory activity.

2. Material and methods

Measurements were made near the joint Max Planck
Institute for Biogeochemistry (Jena) and Institute of
Forest (Krasnoyarsk) field facility, about 600 km north
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of the city of Krasnoyarsk. The surrounding area con-
sists of predominantly Pinus sylvestris forests inter-
spaced with bogs; near the village of Zotino in central
Siberia (60◦44′ N, 89◦09′ E). The P. sylvestris/bog mo-
saic dominates a large region of predominantly flat
Western Siberian lowland extending from the Ural
Mountains to the Yenisei River across a 10◦ latitu-
dinal band. Much of the study area, located 30–60 km
inland from the Yenisei River, has not been subject to
significant human disturbance in the past and certainly
not before 1942, although some areas close to villages
located on the west side of the Yenisei river have been
subject to extensive logging over the last 40 yr or so. A
general description of the pristine pine stands typical
of much of the area can be found in Wirth et al. (1999).
The area is remote. Apart from Krasnoyarsk (popula-
tion 900 000) and other cities along the Trans-Siberian
railroad which runs about 600 km to the south of the
measurement site, the nearest cities are Surgut (popu-
lation 260 000) which is located about 1000 km to the
west and Yakutsk (population 200 000) over 2000 km
to the east. About 1000 km to the north, located on the
east side of the Yenisei River, is an industrial area cen-
tered on a large nickel smelter near Norilsk. A general
description of the region can be found in Schulze et al.
(2002).

With an intended frequency of about every 14 days,
a local Antonov-AN2 bi-plane was employed for at-
mospheric measurements, usually flying out of the vil-
lage of Yeniseisk, about 300 km south of the measure-
ment site. The plane was instrumented with a simple
system for the analysis of the concentrations of var-
ious gases in the atmosphere as well as for the mea-
surement of ambient temperature and pressure. Two
air inlet lines of decabon tubing were placed towards
the tip of the port wings of the aircraft attached onto
the outermost strut connecting the upper and lower
wing sections. In this position it was considered that
the chances of contamination from the 1000 hp radial
plane engine exhaust (located behind the engine on the
starboard side) were minimal. Both lines were about
10 m in length.

2.1. Flask sampling and analyses

One line allowed air samples to be taken for sub-
sequent analyses at CSIRO Atmospheric Research’s
Global Atmospheric Sampling Laboratory (GASLAB;
Francey et al. 1996) and/or a newly commissioned
facility at the Max Planck Institute for Biogeochem-
istry in Jena, Germany. Whole air samples, pre-dried

by passage through anhydrous magnesium perchlorate
at ambient atmospheric pressure, were collected in
1.0 dm3 Pyrex glass cylindrical flasks with Teflon
(PFA) O-ring valves at each end (Glass Expansion P/L,
Melbourne, Australia).

Flasks were filled using a pump unit specifically
packaged for sampling from aircraft (Ramonet et al.,
2002). Sampling involved flushing a flask for >5 min
at 4 dm3 min−1 at ambient pressure, then, over 10–20 s,
pressurising the flask to 80 kPa above ambient (deter-
mined by a pressure relief valve), prior to closing the
flask taps. Normal high-precision gas sampling proce-
dures were implemented, including careful selection
and pre-treatment of all surfaces in contact with sam-
ple air and the permanent exclusion of water vapour
from flasks.

Flasks filled between July 1998 and June 2000 were
analysed by CSIRO Atmospheric Research (CAR) in
Aspendale, Australia. Flasks collected from July 2000
onwards were analysed in a newly commissioned fa-
cility at the Max Planck Institute for Biogeochemistry
(MPI-BGC) in Jena, Germany.

CAR analyses. Samples were analysed for mix-
ing ratios of CO2, CH4, H2, CO and N2O by gas
chromatography and the isotopic ratios 13C/12C and
18O/16O in CO2 by isotope ratio mass spectrometry.
Details of instrumentation, analytical techniques and
calibration are provided elsewhere (Francey et al.,
1996; Allison and Francey, 1999; Langenfelds et al.,
2001 and references therein). Briefly, CO2 and CH4

are measured using a Carle (S Series) instrument
with flame ionisation detector (FID), where CO2 is
methanised on a heated nickel catalyst before detec-
tion. H2 and CO are measured on a trace analytical
reduction gas analyser, where heated mercuric oxide
is reduced to mercury vapour allowing detection by
UV absorption. Isotopic analyses involve a Finnigan
MAT252 mass spectrometer with a modified MT Box-
C trapping accessory for the cryogenic extraction of
CO2. Isotopic data are reported using the VPDB-CO2

scale, CO2 in the WMO mole fraction scale (rela-
tive to dry air) and CH4 in the CSIRO94 CH4 scale,
which is derived from and remains almost identical to
the CH4 scale maintained at the National Ocean and
Atmospheric Administration’s Climate Monitoring
and Diagnostics Laboratory (NOAA/CMDL). CO is
also linked to the scale of NOAA/CMDL using a sin-
gle high-pressure cylinder standard that was calibrated
at NOAA/CMDL in 1992 and assigned a value of
196 ppb. However, intercomparisons between CSIRO
and NOAA/CMDL show significant inter-laboratory
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differences at lower mixing ratios (Masarie et al.,
2001). Integrity of relative CO mixing ratios in the
CSIRO data is supported by careful characterisation
of instrument response functions and long-term mon-
itoring of about 20 high-pressure cylinder standards
spanning a CO range of 20–400 ppb. H2 data are re-
ported in the CSIRO94 H2 scale that was established
at CSIRO by “bootstrapping” to a gravimetrically de-
rived CH4 scale. Measurements of N2O from Zotino
samples are not reported here but are used to correct
for isobaric interference with CO2 isotopic measure-
ments.

MPI-BGC analyses. Samples were first analysed for
mixing ratios of CO2, CH4 and N2O using gas chro-
matography, with 13C/12C and 18O/16O in CO2 sub-
sequently determined using an automated cryogenic
extraction/isotope ratio mass spectrometry unit. De-
tails of the instrumentation, experimental procedures
and the calibration are described in detail elsewhere
(Jordan and Brand, 2001; Werner et al., 2001) and are
summarised only briefly here.

For concentration analysis, sample gas was flushed
through two temperature-controlled sample loops of a
gas chromatograph (Hewlett Packard 6890), allowed
to equilibrate to ambient pressure and injected for sep-
aration onto two twin-column separation lines. CH4

was quantified via a flame ionisation detector (FID)
with CO2 analysed on the same line after conversion to
CH4 in a methaniser unit located between the main col-
umn and the detector. N2O was separated from other
air constituents in a parallel pre- and main column
line and detected on an ECD (electron capture detec-
tor). The trace gas concentration of unknown samples
was inferred from intermittent measurement of a pre-
cisely calibrated reference air. Long term precision
was controlled by routinely measuring a quality con-
trol standard air. For CO2, the analytical precision was
<0.1 ppm; CH4 was determined with <2 ppb and N2O
with <0.3 ppb uncertainty per sample.

For isotopic analysis, a customised CO2 extrac-
tion unit (BGC-AirTrap) was connected directly to
an isotope ratio mass spectrometer (MAT 252, Finni-
gan MAT, Bremen, Germany). Gas samples were con-
nected via 1/2” Cajon R© Ultratorr adapters to a 16-port
multiport valve (VICI/Valco, Switzerland). The trap-
ping line has a water trap (dry ice/ethanol) and a CO2

trap at −196 ◦C connected in series. CO2 gas was
measured directly from the volume of the correspond-
ing trap via a capillary to the changeover valve of the
mass spectrometer. About 600 mL of sample air was
consumed. A correction for the contribution of N2O

to the ion currents of CO2 was applied in form of a
mass balance calculation using the measured concen-
trations of CO2 and N2O in the sample and reference
air. For subjecting sample air and reference air to ex-
actly the same conditions during analysis (Werner and
Brand, 2001) three positions of the multiport valve
were reserved for permanently attached reference air,
leaving 13 positions available for samples. A complete
sequence involved two reference air measurements at
the start followed by the samples and a QA standard
attached to position 8. After all samples were anal-
ysed, two more reference air aliquots were then pro-
cessed. Concluding from the daily analyses of the QA
standard a precision performance of 0.012‰ for δ13C
and 0.019‰ for δ18O was achieved over a period of
9 month operation (Werner et al., 2001).

Transfer of analysis responsibility from CAR to
MPI-BGC. In order ensure the integrity of the time
series, both laboratories worked on identical scales
for mixing ratio and isotope ratio analysis. To achieve
this, a set of six reference air tanks was prepared
by CAR and calibrated repeatedly over a period of
2 months to provide preliminary verification of trace
gas stability. Concentration ranges in those cylinders
were selected to span the range of values likely to
be encountered in atmospheric field sampling activ-
ities. Reference air from one of these tanks (δ13C =
−8.078 ± 0.017‰ and δ18O − 0.847 ± 0.033‰ on
the VPDB-CO2 scale) was then utilised at MPI-BGC
to establish the respective scales by routinely process-
ing aliquots through respective sample lines between
flask sample measurements.

At the time of writing, intercomparison of analytical
results for flask samples between the two laboratories
had been made for 170 Siberian flasks over a broad
range of concentrations spanning a period of about
one year. For the mixing ratios, mean deviations be-
tween CAR and MPI-BGC were very small: 0.2 ppb
for CH4 (std. dev. 1.8 ppb), −0.04 ppm for CO2 (std.
dev. 0.24 ppm), and −0.06 ppb (std. dev. 0.3 ppb) for
N2O, virtually independent of the concentration. Com-
parison of flasks for isotope ratio analysis was ham-
pered by the fact that often a large amount of air had
already been consumed by the various tests at CAR
and MPI-BGC before isotopic analysis. A relatively
large amount (600 mL) of gas is required for measure-
ment in Jena. The limited number of analyses made
confirmed that flask comparisons are not as precise as
tank comparisons, mainly due to residual moisture and
other flask specific effects. The average of seven direct
flask comparisons was −0.001‰ for δ13C (std. dev.
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0.045‰) and −0.014‰ for δ18O (std. dev. 0.133‰)
Within the limits of flask pair agreement, results be-
tween MPI-BGC and CAR were identical so that, as
for the concentration measurements, the isotope record
presented here is independent of the laboratory where
the samples were analysed.

2.2. CO2, water vapour and temperature profiles

The second inlet line was for continuous analysis of
CO2 and concentrations using a LICOR 6251 infrared
gas analyser. Air flow through the analyser was at a rate
of 1.5 dm−3 min−1. The pressure of the IRGA cell was
continuously monitored using a Vaisala PTB 100A
pressure transmitter connected via a polyurethane tube
to the output port of the sample cell. The analogue
Vaisala output was passed back to the LICOR 6251
for pressure corrections according to the customised
software. The LICOR pressure corrected CO2 mole
fractions and the raw barometer output were logged
at 1 Hz frequency with a DELTA-T 3000 datalog-
ger/laptop computer combination. Previous compar-
isons of IRGA measurements with flask data have sug-
gested that the customised LICOR software does not
fully account for pressure and temperature effects on
the raw signal, with a typical overestimation at 3000 m
height being about 3 µmol mol−1 for CO2 (Lloyd
et al., 2001a). The IRGA was therefore recalibrated
regularly during each flight, typically at every 500 m
elevation increment using span gases of approximately
340 and 380 µmol mol−1.

Also connected to the data logger with a 1 Hz acqui-
sition time was instrumentation to measure humidity
and temperature (model HMP35D, Vaisala, Helsinki,
Finland), mounted on the port wing close to the gas
inlet tubes (directly in the airstream) and a second
barometer giving the cabin pressure.

2.3. Flight protocols

With the exception of the first two flights, for which
flasks were filled at only 2000, 2500 and 3000 m
height, similar protocols were employed for all flights,
with the first single flask being filled at about 80 m
above the tree tops and subsequent single flasks being
filled at 500, 1000 and 1500 m height. At 2000, 2500
and 3000 m height duplicate flasks were filled. Flush-
ing and filling each flask took between 6 and 7 min,
with the plane circling at constant altitude during this
time. Usually the IRGA calibration was also checked

using the span gases immediately upon attainment of
the desired height for the filling of flasks. Flights were
typically conducted around solar noon or later in the
afternoon.

Generally speaking, flights were only undertaken
under fair weather conditions, which for this region
are generally associated with westerly or northerly air-
flow. Back-trajectories at 2500 m for all flights here are
given in Levin et al. (2002).

2.4. Calculation of continuous profiles

Continuous-profile data were reprocessed off-line
to take into account the inability of the IRGA soft-
ware to account completely for changes in atmospheric
pressure on the raw output signal. This is presum-
ably due to effects such as band broadening with the
changes in pressure which occur in addition to changes
in the density of CO2 molecules in the sample cell. To
achieve this, calibration gas values were interpolated
between each recalibration measurement (usually ev-
ery 500 m; see above) using atmospheric pressure as
the independent variable. The “corrected” IRGA out-
put (in µmol mol−1) was then adjusted to reflect the
“drift” in the apparent values of the calibration gases.
When this was done, however, there was often still a
small difference (always <1 µmol mol−1 and usually
<0.5 µmol mol−1) between the CO2 mole fractions as
estimated by the IRGA and that obtained from flask
measurements. This offset, taken to be invariant with
height, has been compensated for in Figs. 1 and 2,
with the profile as determined from the IRGA mea-
surements overlain upon the flask data to provide the
maximum amount of information possible about the
vertical structure of the CO2 concentration in the lower
troposphere.

2.5. Trajectory analysis

The HYSPLIT4 model (Draxler and Hess, 1998)
was used to calculate back trajectories of air masses
sampled during measurement flights using the proce-
dure outlined in Gloor et al. (2001).

3. Results

For the period reported on here, 7 July 1998 to
3 November 2000, 47 flights had been undertaken on
a more or less bi-weekly schedule, the only signifi-
cant exception being the period 25 September 1998 to
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13 January 1999, when only one flight (12 November
1998) was possible due to problems with aeronauti-
cal and scientific instrumentation. In what follows, we
first present representative profiles for spring/summer
and autumn/winter, after which a consideration of
underlying relationships between the various trace
gases/isotopes and the nature of the overall seasonal
cycles is examined.

3.1. Spring/Summer profiles

Four profiles, representative of those typically ob-
served in the period from late spring to late summer
(mid-March to early September) are shown in Fig. 1.
As can be seen from the profile of virtual poten-
tial temperature with height (Fig. 1a) these four days
(29 April, 2000, 29 May 2000, 14 June 2000 and
30 June 2000) were all characterised by a convec-
tive boundary layer (CBL) between 2 and 2.5 km
depth. The CBL top is also discernible from the wa-
ter vapour profiles (Fig. 1b) where marked reductions
in vapour concentration occur, especially for 14 June
2000 (black line). Within the boundary layer, all four
profiles were characterised by relatively constant CO2

concentrations (Fig. 1c). In late spring (29 April 2000;
red line) the concentration within the boundary layer
was greater than the free troposphere above, whereas
for 29 May (green line) there was very little gradi-
ent observed. For the later two flights shown here,
CBL CO2 concentrations were then noticeably lower
than the free troposphere. Noteworthy is the variation
in CO2 concentration observed above the CBL on 14
June, which was also mirrored in the free troposphere
water vapour profile (Fig. 1b). With the exception of
the 3000 m value for 29 May, agreement between the
profile structure as deduced from the IRGA output and
the flask CO2 concentration was excellent.

Summer CO concentrations were highly variable
from flight to flight, and did not show any systematic
vertical structure or covariance with other trace gases
(Fig. 1d). For the 29 April and 29 May flights concen-
trations were more or less constant with height, but
for the other two flights substantial variations were
observed, especially above 2 km height.

Vertical profiles of δ13CO2 are shown in Fig. 1e.
Generally these mirrored those observed for CO2 con-
centrations, with values within the CBL being depleted
compared to the free troposphere above for the 29 April
flight, more or less constant for 29 May and enriched
with respect to the free troposphere for 14 and 30 June.
Variations in the δ18O of CO2 with height were less sys-

tematic, but irrespective of the shape of the CO2 con-
centration profile, tended to be more depleted within
the CBL than the free troposphere above (Fig. 1f ).

CH4 concentrations are shown in Fig. 1g. This
shows a large accumulation of CH4 in the CBL for
the flights of 29 April and 14 June, less accumulation
for 30 June and a more or less neutral profile for 29
May.

Figure 1h shows the vertical structure of molecular
hydrogen concentrations. For all four flights concen-
trations were reduced within the CBL as compared to
the free troposphere above.

3.2. Autumn/Winter profiles

Three profiles, indicative of the typical variability
observed during late autumn and winter/early spring,
are shown in Fig. 2 (28 November 1999, 26 January
2000 and 4 March 2000). Profiles of virtual potential
temperature (Fig. 2a) show the atmosphere to have
been stably stratified on 28 November (blue line) and
4 March (black line) but, somewhat surprisingly, a
constant virtual potential temperature with height to
about 600 m on 26 January (red line) indicating the
likely presence of a CBL. Compared to summer, water
vapour concentrations were very low, relatively vari-
able and not obviously correlated with any of the other
entities examined (Fig. 2b).

Observed CO2 concentrations varied substantially
between flights. For 28 November, the CO2 concentra-
tion at 100 m height was 383 µmol mol−1, above which
it declined sharply to a more or less uniform value of
369 from 300 m to 3000 m. A substantially different
pattern can be seen for 26 January, where maximum
concentrations as high as 385 µmol mol−1 were ob-
served around 1 km height, with a relatively sharp de-
cline to 2 km above that height and slightly lower CO2

concentrations below. The profile for 4 March showed
a slight decline in CO2 concentration with height to
about 1 km, after which large fluctuations of as much
as 4 µmol mol−1 over heights as little as 100 m were
observed. However, for this flight, as well as all oth-
ers, once the small offset between the IRGA profile
and flask values was taken into account, agreement at
flask measuring heights was excellent, giving us con-
fidence that the erratic shape of the 4 March profile is
not a measurement artefact.

For the 26 January flight, CO ratios showed a struc-
ture that was very similar to that observed for CO2,
also showing maximum values around 1.2 km height
(Fig. 2d). Likewise for 4 March, close examination
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of the CO flask measurements shows a similar pat-
tern to the observed for CO2. By contrast, the very
high CO2 concentrations observed at 100 m height
on 28 November were not accompanied by elevated
CO concentration. Nevertheless, above that height
a covariance between CO2 and CO, similar to the
other two flights seen in Fig. 2 was also observed
(Fig. 2d).

As for the summer flights in Fig. 1, δ13CO2 profiles
generally mirrored those observed for CO2 but the pat-
tern for δ18O in CO2 was less systematic, with values
continually increasing with height above the ground
for 26 January despite the irregular CO2 profile shape.
For both 22 November and 4 March the δ18O in CO2

profile was similar in form to δ13C, also mirroring the
CO2 profile (Fig. 2f).

As for CO, the vertical structure of CH4 showed a
similar pattern to that observed for CO2 on 26 January
and 4 March. However, in contrast to CO, the high CO2

concentration observed at 100 m on 28 November was
also accompanied by very a high CH4 concentration,
in this case 1952 ppb.

Profiles of molecular hydrogen are shown in
Fig. 2h. This shows little systematic pattern to be ob-
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Fig. 3. Flights during the late autumn to early spring period showing the relationship between the deviation in the CO mixing
ratio (expressed relative to the lowest observed value for each flight) and the corresponding deviation in (a) CO2 mole traction
and (b) CH4 mixing ratios.

served, either with height or in relation to the other
gases examined for both 26 January and 4 March. This
was not, however, the case for 28 November. Here a
very low H2 concentration of 406 ppb was observed at
100 m height, more than 100 ppb less than that mea-
sured at the next highest level of 500 m.

3.3. Relationship between CO2, CH4 and CO
concentrations in autumn and winter

From Fig. 2 it can be seen that for both the 26
January and 4 March flights there were strong similar-
ities in the patterns observed in the vertical structure
of CO2, CO and CH4. In Fig. 3 the nature and fre-
quency of such correlations are examined for all flights
undertaken between 1 November and 29 March, the
period for which biological activity would not be ex-
pected to be significant (Arneth et al., 2002; Shibistova
et al., 2000a; Lloyd et al., 2002). Figure 3a shows
the relationships between CO2 and CO concentrations
for these flights, with all values expressed relative
to the lowest concentration observed for each flight.
Although for some flights no clear relationship is
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Table 1. δ13C composition of “source” CO2 (±s.e.) in
clean and polluted air masses during winter as deter-
mined by a plot of δ13C versus 1/[CO2]a

Date “Source” δ13C (‰) r2 n

“Clean” flights
13 Jan 1999 −27.6 ± 0.3 1.00 4
15 Mar 1999 −27.3 ± 1.2 0.98 11
12 Nov 1999 −27.8 ± 0.8 1.00 9
28 Nov 1999 −29.0 ± 0.2 1.00 10

“Polluted” flights
8 Feb 1999 −32.0 ± 1.3 0.99 9
27 Feb 1999 −31.4 ± 0.7 1.00 11
26 Jan 2000 −29.8 ± 0.3 1.00 10
4 Mar 2000 −28.9 ± 0.7 1.00 6

ar2 = correlation coefficient, n = number of observations.
“Clean” versus “Polluted” air masses were determined on
the basis of the [CO2] versus [CO] relationship of Fig. 3a.

apparent, and this is especially the case for the three
November flights, for many of the flights the relation-
ship is strong and surprisingly consistent. For example
for the flights on 8 February 1999, 27 February 1999,
26 January 2000 and 4 March 2000 the slopes of the re-
lationship are (in µmol mol−1 CO2 ppb−1 CO), 0.117
± 0.007, 0.111 ± 0.012, 0.101 ± 0.005 and 0.128 ±
0.01 Strong relationships were also apparent for the
relationship between CH4 and CO for many flights:
for the same four flights considered above, the slopes
of the relationship are (in ppb CH4 ppb−1 CO), 0.98 ±
0.34, 1,00 ± 0.12, 0.86 ± 0.04 and 1.69 ± 0.50. As is
discussed below, where such strong relationships ex-
ist they are most likely indicative of the presence of
polluted air masses in the sampling profile. Similarly,
the lack of any relationship and the presence of a more
uniform profile than that observed for 26 January and
4 March is suggestive of a relatively clean and uni-
form air mass. On that basis we have also selected
four flights with little indications of pollution, viz. 13
Jan 1999, 15 March 1999, 12 November 1999 and 28
November 1999, and Table 1 compares the δ13CO2

of the “source” CO2 for the two flight categories us-
ing the simple mixing model of Keeling (1961). This
shows the δ13C of the CO2 associated with the “pol-
luted” flights to be somewhere around 3‰ depleted
compared to the “clean” flights.

3.4. Seasonal patterns

Boundary layer height. From a combined exami-
nation of the profiles of temperature, CO2 concentra-
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Fig. 4. Estimated afternoon boundary layer height as a func-
tion of time of year. Note that not all flights are shown here
because for some flights, the height of the boundary layer
could not be unequivocally determined.

tion and water vapour concentration it is often possi-
ble to detect the atmospheric boundary layer (ABL)
height, and Fig. 4 shows its seasonal variability with
data from all years included. Remembering that our
measurements are generally made under fine weather
conditions and around or after noon, ABL heights
at Zotino are typically between 200 and 600 m for
the period November through to February. However,
as early as mid-March ABL heights of as much as
1.5 km are already observed. During the summer
months the ABL can reach anywhere between 1 and
2.8 km, but the average height tends to decline grad-
ually after early August, with minimum values again
being reached around early November.

Using the ABL heights as shown in Fig. 4, one can
separate each profile into an ABL and free-troposphere
component. In what follows, we examine the differ-
ent patterns of the seasonal cycle for the various trace
gases examined for these two layers for the period
9 July 1998 to 3 November 2000.

CO2 concentrations. The seasonal pattern in CO2

concentrations observed in the ABL and free tropo-
sphere over the two year period examined is shown in
Fig. 5a. This shows large differences in the magnitude
of the seasonal cycle between the ABL and the free
troposphere; the amplitude of the smoothed seasonal
cycle, calculated as described by Thoning et al. (1989),
is about 24 µmol mol−1 within the ABL and about
14 µmol mol−1 for the free troposphere above. Con-
siderable variation in the CO2 concentrations within
the ABL is apparent, especially in the winter pe-
riod. During the summer months CO2 concentra-
tions are lower in the ABL than the free troposphere,
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have been fitted as described in Thoning et al. (1989), with each point weighted according to its standard error.

whereas during the winter months the opposite is the
case. The phasing of changes within the ABL pre-
cedes that in the free troposphere during both the
spring draw-down and the autumn increase in the CO2

concentrations.
δ13C in CO2. As would be anticipated from the pro-

files shown in Figs. 1 and 2, the seasonal pattern on
δ13CO2 mirrors that of the CO2 concentration, with
a gradual depletion occurring during the autumn and
winter months and enrichment occurring during spring
and summer (Fig. 5b). The δ13C in CO2 is more neg-
ative in the ABL during winter, and enriched with re-
spect to the free troposphere during spring and sum-
mer. As for the CO2 concentration, the phasing of
changes within the ABL precedes that for the free
troposphere.

δ18O in CO2. Both the free troposphere and the ABL
show a depletion in the δ18O in CO2 starting in mid-

summer and an enrichment starting in early winter;
a phasing that substantially lags the enrichment ob-
served for δ13CO2, or the corresponding changes in
CO2 concentration. The magnitude of the amplitude
of the seasonal cycle is greater within the ABL and,
unlike the δ13C in CO2, the δ18O in CO2 is nearly al-
ways depleted in the ABL with respect to the free tro-
posphere. In both years examined, δ18O values were
very similar between the free troposphere and the ABL
at the seasonal cycle maximum in late April/early May.
In both 1998 and especially 2000, extremely depleted
values were observed in July for both the free tropo-
sphere and the ABL.

CO concentrations. These tend to be nearly al-
ways greater within the ABL than the free tropo-
sphere during the winter months, with little difference
generally being observed during summer (Fig. 5d).
A marked seasonal cycle is apparent for both
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layers, with minimum concentrations of around 100
ppbv being observed in mid-summer, and maximum
values as high as 250 ppbv occurring in late winter.
Occasionally high CO is observed within the ABL
in summer (for example 17 July 1999), perhaps re-
lated to the presence of forest fires in the area at that
time.

CH4 concentrations. These data were highly vari-
able within the ABL (Fig. 5e). Nevertheless, a sea-
sonal pattern was still discernible, with maximum val-
ues tending to be observed during winter in the free
troposphere. Without exception, CH4 concentrations
were higher in the ABL than in the free troposphere
with differences of as much as 100 ppbv sometimes
being observed in summer and autumn.

H2 concentrations. A distinct seasonal cycle was
observed for both the free troposphere and the ABL,
with minimum values being observed in late autumn
and maximum concentrations occurring in early spring
(Fig. 5f). Hydrogen concentrations were always lower
within the ABL, especially so in summer and autumn.
The example of 28 November 1999 shown in Fig. 2 is
the most extreme case.

4. Discussion

As expected, a significant seasonal cycle was ob-
served for CO2 concentrations, both within the ABL
and in the free troposphere to the maximum height of 3
km examined. The amplitude of the seasonal cycle was
greater in the ABL as CO2 concentrations were lower
in summer (Fig. 1c), presumably a consequence of the
marked net uptake of CO2 by both forest and wetland
vegetation in the area (Lloyd et al., 2001; Arneth et al.,
2002; Lloyd et al., 2002; Styles et al., 2002). The rea-
sons for the higher CO2 concentrations within the ABL
during autumn, winter and early spring are less clear
and most likely more complex. Although there is clear
evidence for emission of CO2 from snow-covered for-
est soil during winter (Shibistova et al., 2002b) as well
as for a slow release of both CO2 and CH4 from wet-
lands (Panikov and Dedysh, 2000), rates are 0.1 to
0.01 of those occurring during summer and unlikely
to account for the large temporal variations in CO2,
CH4 and CO observed. Moreover, as the data in Fig. 3
show for many flights during winter, strong and con-
sistent correlations were observed among the concen-
trations of these three gases. Such correlations have
been observed during winter at high northern latitudes
for the arctic troposphere north of Europe (Conway

et al., 1993) and also from long-term ground-based
measurements during the winter dark period at Barrow,
Alaska (Harris et al., 2000). In both cases the inter-
pretation of these strong correlations has been that the
variations in observed CO2 concentrations are a conse-
quence of variations in the amount of CO2 attributable
to industrial sources. Indeed, Harris et al. (2000) con-
sider that most of the polluted air masses that arrive
at Barrow during winter have come from Siberia. In
that respect, it is interesting to note that the relation-
ships between CO and CH4 or CO2 observed here are
very close to those observed at Barrow for polluted air
masses. Harris et al. (2000) reported a 	CO2/	CO
ratio of 0.127 ppm CO2 ppb−1 CO, rather close to
the average value of 0.114 µmol mol−1 CO2 ppb−1

CO as determined for “polluted flights” in the study
here (Fig. 3). There are, however, some differences
between the current study and Harris et al. (2000) in
the 	CH4/	CO ratios observed; these being 1.69 for
polluted air masses at Barrow but only 1.13 here. An
additional verification that the atmosphere sampled by
at least some winter flights had been affected by pol-
luted air masses comes from the apparent source δ13C
of these flights (Table 1). The source δ13C as inferred
from a plot of δ13C versus 1/[CO2] for winter flights,
with strong correlations between CO2, CH4 and CO,
was substantially depleted with respect to those that
showed no such correlations. This is consistent with a
depleted fossil fuel δ13C source (Andres et al., 2000).

As recognized by both Conway et al. (1993) and
Harris et al. (2000), the primary origin of pol-
luted air masses detected in Alaska may actually be
Europe rather than Siberia itself. This is clearly im-
plied by our own back-trajectory analyses as well. For
example, the back trajectories for the probably pol-
luted flight of 26 January 2000 suggest that, especially
at around 1600 m height, the source air had travelled
from the northern part of central Europe, across the
highly industrialised areas of the Baltic states and/or
Poland, and then across an also heavily industrialised
area of south-eastern Russia and Ukraine before en-
tering Siberia (Fig. 6).

From Fig. 2c, we may also conclude that under
the stable atmospheric conditions that tend to pre-
vail throughout the high northern latitudes in winter
(Fig. 2a) that vertical mixing is strongly suppressed
and that large fluctuations in CO2 concentrations may
be observed over relatively small vertical distances.
This gives rise to a dilemma in terms of evaluating
“background” concentrations. A central criterion for
inclusion of data into this category is that the air is
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January 26, 2001, 08 GMT

 100 m
 600 m
 1200 m
 1600 m
 2000 m
 2600 m
 3000 m

Fig. 6. Calculated 7 day back trajectories for air at 100, 600, 1200, 1600, 2000, 2600 and 3000 m heights for 26 January
2000.

well mixed. In our view, the concept of well mixed
background air over Siberia for much of the winter
period is not appropriate and this is probably also the
case, although perhaps generally to a lesser degree,
for much of the northern hemisphere. Therefore, in
the simple curve fitting analysis to derive Fig. 5 we
have included all data, even though it is clear from
Fig. 3 that the extent to which the measured atmo-
spheric CO2 concentrations have been influenced by
industrial sources varies from flight to flight. This ap-
proach differs from that taken by the NOAA global
CO2 monitoring network, where air masses in win-
ter with unusually high CO2 concentrations are au-
tomatically excluded by means of a statistical filter
(Conway et al., 1994). There is a large potential impact
of winter-time CO2 concentration data selection on the
estimated overall average CO2 concentrations at the
higher northern latitudes (where industrial sources are
the most common), and therefore on the inferred north-
to-south latitudinal gradient. This may have signifi-
cant effects on the inferred magnitude of the northern-
hemisphere carbon sink (Tans et al., 1990).

Although the strong correlations observed between
CO2, CH4 and CO concentrations and the apparent
source δ13C for many winter flights provides strong cir-
cumstantial evidence for the frequent presence of fossil
fuel CO2 in the Siberian atmosphere during the winter
months, there were also several flights during late au-
tumn, winter and early spring for which no such correl-

ative evidence could be found (Fig. 3). A case in point
is the flight of 28 November (Fig. 2). Here a massive
accumulation of CO2 was observed within the shal-
low stable boundary layer, but with no corresponding
elevation in CO, suggestive of a primarily biological
source of CO2. Strong supporting evidence for this no-
tion comes from the greatly depleted molecular hydro-
gen concentrations associated with the elevated CO2

concentrations close to the ground (Fig. 2g). The ma-
jor sink for H2 is uptake by soils, which is biologically
mediated and linked to the respiratory capacity of soil
micro-organisms (Godde et al., 2000). Methane con-
centrations were also substantially elevated at 100 m.
From the 7 day back trajectory analysis of Fig. 7, we
can conclude that these high methane concentrations
are consistent with significant biological release of
this gas from the wetlands to the west of the sam-
pling area, even in late November. Obviously signifi-
cant respiratory CO2 release and hydrogen uptake can
still occur in the same region during this period as
well.

As would be expected on the basis of low or neg-
ative sensible heat fluxes during the winter months
(Garratt, 1992), ABL heights were generally quite low
between November and early March (Fig. 4). It has
been proposed that a covariance between ABL height
and the seasonality of terrestrial CO2 exchange may
be one factor giving rise to the so called “rectifier ef-
fect” (Denning et al., 1995). According to this theory,
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28 November, 1999, 07 GMT

 100 m
 600 m
 1200 m
 1600 m
 2000 m
 2600 m
 3000 m

Fig. 7. Calculated 7 day back trajectories for air at 100, 600, 1200, 1600, 2000, 2600 and 3000 m heights for 28 November
1999.

mean annual CO2 concentrations at the surface are
greater than would be the case if the vertical transport
of CO2 during times of terrestrial CO2 release (autumn
through early spring) occurred at the same intensity
as during summer where high ABL heights are high
(Fig. 4). Cumulus convection which can mix CO2 and
other entities from the surface to high altitude is also
more likely during the summer months.

Regularly obtained data of the vertical structure of
atmospheric CO2 concentrations taken over a year or
more as have been obtained here, especially when con-
sidered in conjunction with ground-based CO2 flux
measurements for the same region, and at the same
time (Arneth et al., 2002; Lloyd et al., 2002) have the
potential to help quantify the magnitude of this “rec-
tifier” effect. Unfortunately, due to the likely frequent
presence of polluted air masses with elevated CO2 con-
centrations during winter (discussed above) it is hard to
make any definitive statements as to the likely changes
in CO2 concentrations attributable to respiration only
during this time and therefore the magnitude of this
“rectifier” effect in central Siberia. Nevertheless, some
pertinent observations can be made. Firstly, even in
late January there is evidence for the occurrence of
convective boundary layers, although the turbulence
within such layers may not be sufficient to mix CO2

and other entities completely (Fig. 2). By mid-March,
well mixed daytime convective boundary layers (CBL)
are often observed to a height of about 1.5 km
(Fig. 4), mixing CO2 from the surface to the CBL

height, much as in the profile for 29 April 2000 as is
shown in Fig. 1. This CBL development and mixing of
any surface fluxes in winter and in autumn can occur
despite there being snow-covered ground throughout
virtually all of winter and spring; this is a consequence
of high radiation interception and subsequent high sen-
sible heat fluxes from non-photosynthesising conifer-
ous foliage when not covered by snow (Tchebakova
et al., 2002).

As would be expected on the basis of the substan-
tial discrimination against 13C during photosynthetic
assimilation by C3 plants (Lloyd and Farquhar, 1994),
a substantial enrichment of the δ13C in CO2 accompa-
nied the summertime draw-down of CO2 as observed
in both the ABL and the free troposphere. Likewise,
during the rapid increase in CO2 concentrations ob-
served in autumn, a substantial decrease in the δ13C
of CO2 occurred (Fig. 5d). Nevertheless, from the
analysis of the isotopic composition of “source” air
during winter, it is clear that substantial differences
occurred from flight to flight, with those flights consid-
ered to be affected by pollution events giving a source
δ13C substantially depleted compared to those where
the primary source of variation was considered to be
biological.

Unlike for δ13C, the δ18O in CO2 within the ABL
were always depleted compared to the free troposphere
above (Fig. 5c). A substantial enrichment in both
ABL and free tropospheric values commenced around
January (with little concomitant change in CO2
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concentrations) and depletion commenced in around
July, perhaps subsequent to the decrease in CO2 con-
centrations. The decline in early summer is most
likely associated with both photosynthesis and respi-
ration depleting the atmospheric δ18O in CO2 (Far-
quhar and Lloyd, 1993; Farquhar et al. 1993); this is a
consequence of CO2 in equilibrium with chloropas-
tic water being depleted with respect to the atmo-
sphere at these reasonably high northern latitudes.
From ground-based measurements of the relationship
between the δ18O of CO2 and CO2 concentration in
early May 1999, we have determined a δ18O of respired
CO2 at this time of about −25‰ (Lloyd et al., un-
published data). Vertical profiles, such as that shown
for 29 May in Fig. 1, clearly suggest that associated
with the daytime photosynthetic drawdown of CO2

within the ABL is a substantial depletion of the associ-
ated δ18O; i.e. negative photosynthetic discrimination
against oxygen-18 in CO2. Nevertheless, CBL budget-
ting results also show that positive discriminations can
also occur in the Zotino region during summer, at least
in the afternoon periods (Styles et al., 2002).

During winter and before snowmelt in spring, rates
of surface CO2 efflux are very low in this area for
both forest (Shibistova et al., 2002b) and bog (Arneth
et al., 2002) and are unlikely to impact significantly
on the atmospheric δ18O in CO2 observed. Most likely
then, the gradual increase in the δ18O of CO2 seen in
both the ABL and free troposphere from January to
April reflects mixing with air from lower latitudes that

July 16, 2000, 06 GMT
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Fig. 8. Calculated 7 day back trajectories for air at 100, 600, 1200, 1600, 2000, 2600 and 3000 m heights for 16 July 2000.

is less depleted in δ18O. The continued depletion of
the δ18O of CO2 in early autumn may be attributable
to appreciable rates of respiration during that period
(Shibistova et al., 2002a; 2002b) and with a continued
depleted isotopic signature (Peylin et al., 1999). Gen-
erally speaking, the phase differences between CO2

concentration and δ18O composition observed above
Zotino are similar to those observed for maritime high
latitude northern sites (Trolier et al., 1996) and seems
to be well explained by modelling studies (Peylin
et al., 1999).

There are several noticeable “outliers” for the δ18O
seasonal cycle observations shown in Fig. 5c, most
noticeably the extremely depleted values in both ABL
and the free troposphere on 16 July 2000. We do not,
however, believe that data such as this reflect measure-
ment error, but rather may reflect the extreme hetero-
geneity of oxygen-18 isotopic fractionations associ-
ated with terrestrial carbon exchange in this region.
For example, although the great majority of the air
masses arriving at Zotino originate from the western,
northerly or southern sectors (Levin et al., 2002) the
16 July 2000 air mass was unusual in that it originated
from the east. In particular, for heights greater than
2000 m our trajectory analyses suggests that this air
mass had passed over extensive areas of Larix forest
and tundra (Fig. 8), Due to extreme low winter temper-
atures, these are areas for which the δ18O of soil water
would be expected to be especially depleted and appre-
ciable negative photosynthetic discriminations against
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δ18O most likely (Farquhar et al., 1993). This is espe-
cially so given the likely reliance of permafrost forest
areas on at least some water from snow-melt for their
photosynthetic water supply during summer (Kelliher
et al., 1997; Schulze et al., 1999; Kelliher et al. 2001).
The exceptionally low CO2 concentrations in both the
free-troposphere and ABL for this flight (Fig. 5a) are
also consistent with the air mass sampled having trav-
elled extensively over photosynthetically active land
areas prior to its arrival at Zotino.

Although not the prime objective of this study, an-
cillary measurements of CO, CH4 and H2 have proved
valuable in the identification of CO2 sources; in partic-
ular CO as an indicator of polluted air masses and low
concentration of H2 as a tracer for CO2 released as a
consequence of soil respiration. The seasonal patterns
as shown in Figs. 5d–f also provide useful information
for incorporation into global datasets.

The seasonal pattern of CH4 was highly variable, es-
pecially in the ABL. This is probably a consequence
of the measurement site being located on the eastern
edge of the extensive West Siberian wetland which
extends from just east of the Ural Mountains to the
Yenisei River. Air masses coming from this region
would be expected to have much higher CH4 concen-
trations than those coming from elsewhere (Tojhima
et al., 1997); a consequence of not only high CH4 efflux
rates from this large wetland area, but also probably as
a consequence of venting and leakage associated with
the extensive harvesting of natural gas in this region
(Tojhima et al., 1996).

5. Conclusions

Forty-seven flights sampling the atmosphere to a
height of 3000 m have been undertaken near Zotino
in central Siberia between July 1998 and November
2000. The data show the amplitude of the seasonal cy-
cle in CO2 concentrations in the free troposphere to be
about 14 µmol mol−1 and with atmospheric bound-
ary layer to be about 24 µmol mol−1. Boundary-layer

heights vary from 200–600 m in winter to as much as
2800 m in summer.

The vertical structure of CO2 concentration is of-
ten complex in winter, and concurrent variations in
δ13CO2, and CO and CH4 mixing ratios suggest that
this may be due varying amounts of polluted air being
present. Trajectory analyses suggest the primary origin
of these polluted air masses somewhere in Europe.

The vertical structure of the oxygen isotopic compo-
sition of CO2 shows its δ18O to almost always be more
depleted in the ABL than in the free troposphere above,
irrespective of the shape of the CO2 concentration pro-
file. We interpret this as indicating a net negative dis-
crimination being associated with the net terrestrial
carbon exchange, irrespective of whether photosyn-
thesis or respiration dominates the net carbon flux in
this region.

Marked seasonal variations in CO and H2 are also
observed above central Siberia, but seasonal patterns
CH4 mixing ratios are less distinct, presumably due
the large-scale heterogeneity of wetlands in the source
region. Throughout the year, CH4 mixing ratios are
consistently higher within the ABL than the free tro-
posphere above, whereas the opposite is the case for
H2 mixing ratios, especially during late autumn. The
occasional covariations in H2 and CO2 concentrations
for unpolluted air masses during autumn suggest that
H2 may in some cases be useful as a tracer for atmo-
spheric CO2 with a recent origin from soil respiratory
activity.
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