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ABSTRACT

A three year long record of regular vertical aircraft profiling for continuous atmospheric CO2 mixing
ratio measurements as well as for flask sampling to derive the climatology of other greenhouse gases
(CH4, SF6 and N2O), is presented. Measurements were undertaken in the lower troposphere between
100 and 3000 m over the eastern European taiga about 100 km south east of the city of Syktyvkar
(61◦24′N, 52◦18′E). From the continuous profiles mean CO2 mixing ratios were calculated for the
atmospheric boundary layer (ABL) and for the “free troposphere” up to 3000 m. The amplitudes of
the respective seasonal cycles are 22.1 ± 3.5 and 14.0 ± 2.1 ppm. ABL mixing ratios are generally
larger than free tropospheric values during the winter period, and smaller during the summer due to
the change of the continental biosphere from a source to a sink. The phasing of the seasonal cycles
is slightly different between the two height intervals (by about 30 days), with the ABL extremes
occurring earlier. Very abrupt concentration changes up to 8 ppm are observed in the free troposphere
associated with changes in air mass origin. Mean CO2 mixing ratios derived from flask samples at
3000 m compare well with the respective integrated values measured in the continuous profiles above
the ABL (�CO2 = 0.3 ± 1.6 ppm). CH4 mixing ratios also show a pronounced seasonality, and winter
time vertical gradients correlate well with those of CO2. Similarly, SF6 vertical gradients are correlated
with CO2 gradients possibly pointing to some anthropogenic origin of the boundary layer CO2 signal
during winter. N2O and SF6 also show a slight seasonality with almost the same phasing. The main
reasons for the seasonality of both gases are probably transport processes with a possible contribution
from stratosphere/troposphere exchange.

1. Introduction

The global atmospheric CO2 observational network
is largely biased towards maritime sites, and obser-
vations over the continents, in particular over the
extended land masses of Eurasia, are very sparse. How-
ever, the question of partitioning the northern hemi-
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spheric CO2 sink (Keeling et al., 1989; Tans et al.,
1990) between continents and ocean can only be better
assessed with a denser observational network, includ-
ing more continental sites (Tans et al., 1996), and ad-
ditional measurement of tracers for source apportion-
ment, regular aircraft profiling (i.e. Nakazawa et al.,
1997a), measurements of total column burdens and, in
the near future, vertical profiles derived from satellite
observations. The CO2 mixing ratio in the lower tro-
posphere over continental areas in mid-latitudes of the
northern hemisphere should be directly influenced by
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gas exchange with the vegetative surface below, but
also by ground level anthropogenic emissions. Con-
sequently, the CO2 mixing ratio shows strong sea-
sonal and also short-term variability, but the quanti-
tative understanding of the processes involved, and
their description by appropriate modeling (Chevillard
et al., 2002a,b), is still at a preliminary stage. At least
three processes are active over continental areas at the
same time: (1) the intensive and diurnally varying CO2

exchange with the biosphere at the ecosystem level,
which also varies on small spatial scales in different
landscapes, (2) atmospheric mixing processes which
are driven by the boundary layer dynamics as well as
by meso-scale circulation, large-scale advective trans-
port and convective and turbulent processes, and (3)
emissions from anthropogenic sources. The problem
consists of a disentanglement of these components to
finally derive (net) biological surface carbon fluxes
from atmospheric CO2 observations.

In this work we provide some examples of the inter-
relation between the variability of CO2 mixing ra-
tio with macro-synoptic conditions on the basis of
regular vertical aircraft measurements in the lower
troposphere up to 3000 m a.s.l. above the eastern
European taiga. For the interpretation of the measure-
ments, data were therefore classified in terms of the
prevailing synoptic situation and origin of air mass.
This is considered to provide a good indication of
the origin and degree of transformation of the trace
gas composition of the air mass, as strong surface in-
teractions are expected here as a consequence of the
extended land masses around the study area. The sea-
sonal climatology of CO2 within and above the ABL
(further on referred to as “background”) have been de-
termined and are compared to other greenhouse gases
such as CH4 and SF6.

2. Site description and techniques

2.1. Site description

Location. Regular flights were carried out about
100 km south east of the city of Syktyvkar, located in
the Republic of Komi, Russia. The location over which
all flights were undertaken (61◦23′ 50′ ′ N, 52◦17′

30′ ′ E) was above the Vychegodsko-Mezenskoj Plain,
about 200 km west of the base of the Ural Mountains
(geographically speaking, the easternmost extent of
Europe). Prevailing ground level heights in this region

are 150–200 m above sea level (a.s.l). The highest ele-
vations in the region are formed by a watershed plateau
with a maximum height of 265 m a.s.l.

Climate. The climate is moderately continental
with prevailing cyclone conditions and cloudy and
rainy weather, long winters and short summer periods.
A prominent feature of the climate are frequent intru-
sions of Arctic air masses from the Kara sea which are
accompanied by cold north-easterly winds (Michkova,
1983). From long-term weather data available for
Syktyvkar (1891–2001) minimum temperatures can
even fall below 0 ◦C in July. This in turn can cause
sharp decreases or even suspension of photosynthetic
activity of the vegetation. During winter, these cold
fronts can result in minimum temperatures as low as
−49 to −55 ◦C. Cyclonic activity is especially strong
during autumn and winter but weakens during spring
and summer.

Soils and vegetation. For an area of ca. 100 km ra-
dius around the flight measurement location (in the
following referred to as “immediate footprint”), pod-
solic soils dominate. These soils were formed over
quaternary sediments of glacial and limno-glacial ori-
gin. Soils are seasonally frozen and temperate to cold.
Natural fertility is low, with humus contents typically
in the order of only 1.5%. Besides podsolic soils,
swampy–podsolic soils are also typical for the area.
Peat bogs are formed in wet and poorly drained re-
gions (Kogubov and Toskaev, 1999). The vegetation
cover is dominated by medium size young pine for-
est (Pinus sylvestris L.) with intermediate small cut-
tings. Also, it is important to note that, for the imme-
diate footprint as well as for the whole Republic of
Komi, wetlands occupy a significant proportion of the
land cover (Kogubov and Toskaev, 1999). These are
especially prevalent in the region north of the study
site.

Ecological situation. The average population den-
sity of the Republic of Komi is two persons per km2

with a total population in the capital Syktyvkar of
160 000. The city is a mostly administrative centre with
CO2 emissions from burning of fossil fuels largely
from transportation as well as from domestic heating
(hard coal) during the winter period. These are prob-
ably the most significant anthropogenic contamina-
tion factors in the study area. The only large industrial
enterprise is a cellulose-paper factory, the largest in
Europe, 18 km north east of the city. Emissions from
this anthropogenic point source can potentially influ-
ence trace gas measurements during aircraft flights,
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located at a distance of about 120 km to the south
east.

2.2. Sampling techniques

Sampling. Regular aircraft flights were performed
every 2–4 weeks with local Antonov-AN2 bi-plane
aircraft from 100 to 3000 m above ground elevation.
Flights commenced in May 1998 and at the time of
writing are ongoing. Data presented here cover the
period May 1998 to May 2001. Flights were gener-
ally performed between 0700 and 1200 h local time.
Separate air intake lines (6 mm dekabon tubing, ca.
10 m long) for continuous CO2 measurements and for
flask sampling systems were installed in the wings
of the aircraft as far away as possible from engine
exhaust. Vertical profiles of continuous CO2 sound-
ings as well as temperature and relative humidity were
measured. The NDIR (non-dispersive infrared) system
for continuous CO2 measurement was designed by
the Max Planck Institute for Biogeochemistry, Jena
(Lloyd et al., 2002). We used a special “low-noise”
flow- and temperature-controlled LiCor-6152 infrared
gas analyser provided by the manufacturer, for which
the precision of measurements was estimated to bet-
ter than 0.1 ppm. With the regular in-flight calibra-
tions we estimate an overall accuracy of better than
0.5 ppm (see also flask/NDIR comparison in Fig. 2).
Two standard gases were regularly used during the
flight for re-calibration of the instrument. Carbon diox-
ide mixing ratios in these standard gases were cal-
ibrated at the Institut für Umweltphysik, University
of Heidelberg (UHEI-IUP); they are related to the
primary WMO CO2 mole fraction scale maintained
at NOAA/CCGG, Boulder, CO. Calculation of CO2

mixing ratios is described by Lloyd et al. (2002). In
addition to the continuous CO2 measurements, dupli-
cate whole-air flask samples were collected at 2000,
2500 and 3000 m a.s.l. and analysed at UHEI-IUP for
CO2 mixing ratio and stable isotope ratios in CO2, as
well as for CH4, N2O and SF6 mixing ratios (Levin
et al., 2002). Samples were collected into 1 L cylindri-
cal flasks made of Pyrex glass with PFA O-ring valves
(Glass Expansion, Australia) at both ends. Before ship-
ment to the sampling site, for “conditionning” flasks
were flushed with dry air and pressurised to 0.8 atm
above ambient pressure. In the aircraft for sampling,
flasks were flushed for more than 5 min at a flow rate
of ca. 4 L min−1, and pressurised to 1 atm above am-
bient pressure at final filling (pump: KNF-Neuberger,
Germany, N86KNDC with EPDM membrane). Dry-

ing of the air was performed via magnesium perchlo-
rate [for tests of the drying system, see Levin et al.
(2002)]. For the set up of the flask sampling system
see Ramonet et al. (2002).

Flask analysis and calibration. Flask analysis for
CO2 was performed by gas chromatography (GC)
with a nickel catalyst for conversion of CO2 to CH4,
and a flame ionization detector (FID). Methane was
analysed directly by GC-FID (Levin et al., 1999),
while N2O and SF6 mixing ratios were measured by
the GC electron capture detector technique (ECD)
(Maiss et al., 1994; Schmidt et al., 2001). CO2

mixing ratios are reported in the WMO CO2 mole
fraction scale maintained at NOAA/CCGG, Boulder,
CO, USA. Laboratory primary standards (CO2 in nat-
ural air) were obtained from NOAA/CCGG, and are
periodically re-calibrated (last re-calibration in 1998).
Methane mixing ratios are related to the NOAA/
CCGG scale. For N2O, no internationally agreed cal-
ibration scale is available. Flask data are, therefore,
preliminarily linked to the SIO93 scale maintained
at the Scripps Institution of Oceanography for the
ALE/GAGE and AGAGE programs (Weiss et al.,
1981; Prinn et al., 2000; Schmidt et al., 2001) with
an accuracy of better than ±1 ppb. Data for SF6 are
reported relative to a diluted gravimetric standard gas
provided by Messer Griesheim, Mannheim, Germany.
The dilution procedure is described by Maiss et al.
(1996). Its absolute accuracy is better than 1%. As
described by Levin et al. (2002), all CO2 and N2O
mixing ratios from flask samples have been corrected
for drift during storage. For CO2, an initial offset of
−0.06 ppm, and a subsequent drift of −0.0012 ppm
per day of storage was corrected for; for N2O, the drift
correction was 0.0035 ppb per day of storage. Flasks
from two flights (4 and 22 October 1999) which were
identified as contaminated during sampling through
highly elevated CO2 and CH4 mixing ratios have been
rejected from the data set; all other flask measurements
were retained. Flask pairs were analysed in the labora-
tory on different days to minimize possible systematic
biases. The mean standard deviation and its variability
of measurements on the duplicate flasks was 0.085 ±
0.083 ppm for CO2, 1.6 ± 1.4 ppb for CH4, 0.21 ±
0.16 ppb for N2O and 0.009 ± 0.008 ppt for SF6. These
pair reproducibilities are compatible with the precision
of individual measurements determined through dupli-
cate analyses of samples such as test flasks filled with
air of known mixing ratios and high-pressure tanks.
The absolute accuracy of the CO2 measurements in
terms of comparability to other measurements in the
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GAW/WMO network is better than 0.3 ppm in the case
of the flask data and better than 0.5 ppm in the case of
the continuous NDIR data.

3. Results and discussion

For the analysis of the temporal variability of at-
mospheric CO2 over the northern European taiga the
data from 43 aircraft flights were used. Note that from
June 1998 until March 1999, only flask data and me-
teorological parameters but no continuous NDIR CO2

measurements are available.

3.1. Seasonal variability of atmospheric CO2

As an integrated parameter to derive the CO2 con-
tent in the lower troposphere, the average CO2 mixing
ratios inside and above the boundary layer up to the
highest flight level at 3000 m above ground were cal-
culated from the continuous NDIR profiles (Figs. 1
and 2). The boundary layer height (HBL) was also de-
termined. Because of the absence of data on vertical
distribution of a wind, HBL was defined as the height
of a change in the gradient of potential temperature.
The lowest height at which the occurrence of a positive
gradient of the air temperature (inversion) was always
the boundary layer height (Byzova and Ivanov, 1989).

Harmonic fit curves were calculated through the
three different data sets (with measurements available
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Fig. 1. Temporal evolution of atmospheric CO2 calculated from the continuous NDIR profiles from data measured within
the ABL and above the ABL up to 3000 m. Also included are the results from flask samples collected during the same flights
at the 3000 m level. The continuous lines are harmonic fit curves calculated through the respective data records according to
Nakazawa et al. (1997b).

at the same flight dates) using the procedure described
by Nakazawa et al. (1997b). Regular seasonal changes
of the CO2 mixing ratio were observed, associated with
net photosynthetic activity during the vegetative pe-
riod and net soil and plant respiration fluxes to the at-
mosphere during autumn and winter. Above the ABL
up to 3000 m the lowest mixing ratio of 356 ppm was
observed during summer 1999, and maximum values
as high as 377 ppm were seen in winter. As derived
from the harmonic fit curves, the shape of the seasonal
cycle within the atmospheric boundary layer is simi-
lar to that of the free troposphere. The mean amplitude
is, however, larger by about 50% (the mean amplitude
from the harmonic fit curve is 22.1 ± 3.5 ppm com-
pared to 14.0 ± 2.1 ppm above the boundary layer).
The phasing of the seasonal cycle is also slightly dif-
ferent, with the ABL maximum (Julian day 32) pre-
ceding that of the “free troposphere” (Julian day 72) by
40 days and the ABL minimum (Julian day 216) pre-
ceding that of the “free troposphere” (Julian day 231)
by 15 days. For the three years of observations the
phasing of the seasonal cycles varies by up to 30 days.
This is caused by both the low frequency of flights
and the considerable variability of air mass history
(see Section 3.2).

The lower mean CO2 mixing ratio inside the bound-
ary layer compared to the free troposphere during day-
light hours in summer reflects the strong photosyn-
thetic activity of plants during this time of the year. In
autumn and early winter, the higher CO2 mixing ratio
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Fig. 2. Selected vertical profiles of CO2 mixing ratio (grey line), virtual-potential temperature (black line), and CO2 derived
from flask samples (triangle). The seasonal cycle of the height of the atmosphere boundary level (HBL) is also shown (dotted
line).

in the boundary layer is mainly due to net ecosystem
respiration of plants and soils. The reason for a per-
sistent CO2 concentration gradient during the winter
with higher levels in the boundary layer under condi-

tions of permanent snow cover and air temperatures as
low as −50 ◦C is not yet fully understood. However,
even under these conditions, soil respiration through
snow cover may be significant if soil temperatures are
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around 0 ◦C, due to the insulation effects of the snow
cover (Zimov et al., 1993; Shibistova et al., 2002). The
strong correlation between CO2 and CH4 gradients
(and also between CO2 and SF6 gradients) during win-
ter does, however, also point towards anthropogenic
sources for these three trace gases (see Section 3.3).

Also plotted in Fig. 1 are the CO2 mixing ratios de-
rived from flask samples at the 3000 m level, which for
all flights were collected above the atmospheric bound-
ary layer, i.e. in the free troposphere. The harmonic fit
curve through these flask data (seasonal amplitude of
12.4 ± 2.0 ppm, Julian day of maximum 68, Julian day
of minimum 232), within the uncertainty due to the
synoptic variability (see Section 3.2) and the sparse-
ness of data, is indistinguishable from the curve fitted
through the integrated NDIR data for the free tropo-
sphere, this being the mean mixing ratio between the
top of the boundary layer and 3000 m. For individual
flights the mean difference between the NDIR free tro-
posphere integrated value and the flask data at 3000 m
is 0.3 ± 1.6 ppm, with maximum deviations not ex-
ceeding ±3.5 ppm. This agreement is promising, as
it suggests that flask sampling alone, at least concern-
ing the seasonal CO2 cycle at the 3000 m height level,
may provide a rather representative climatology in the
absence of continuous data. Note, however, that the
CO2 variability around the mean seasonal cycle can
be large due to different origin of air masses sampled
during different flights (Section 3.2).

Figure 2 shows the vertical distribution of CO2 mix-
ing ratios measured with the NDIR system as well as
the virtual potential temperature in high vertical reso-
lution during selected flights. Also shown are the re-
sults from flask samples at 2000, 2500 and 3000 m.
Again the very good agreement of CO2 mixing ratios
between data derived from continuous NDIR profiles
and analyses on flask samples is illustrated. Except for
one case which was rejected from this analysis, differ-
ences between the two measurements did not exceed
±1 ppm. The mean difference between the continuous
in-site CO2 measurement at the respective height and
during the last minute of flask flushing and pressur-
izing and the flask measurement is 0.42 ± 0.33 ppm
for 2000 m, 0.53 ± 0.36 ppm for 2500 m and 0.14 ±
0.68 ppm for 3000 m. These differences are within the
estimated uncertainty of the NDIR measurement.

In Fig. 2 the seasonal dynamics of the height of the
boundary layer is also marked. This is further shown
in Fig. 3, where the mean seasonal cycle of the bound-
ary layer height above ground, derived from the data
of all flights of the three year long period from 20 May

Fig. 3. Mean seasonal cycle of the height of the boundary
layer derived from all aircraft flights between 20 May 1998
and 17 May 2001 at Syktyvkar. The solid line is a sixth-order
polynomial fit through the data.

1998 to 17 May 2001 is presented. As mentioned
above, the convective boundary layer height depends
on many factors, and therefore there is no smooth sea-
sonal course of the ABL. Generally the heights are in
the order of only a few hundred metres in autumn and
winter and of about 1000–1500 m during spring and
summer. However, low heights, comparable to those
observed in winter, are also sometimes found during
the summer season. These situations are generally re-
lated to cyclonic weather conditions when continuous
cloud cover suppresses radiative heating with associ-
ated suppressed vertical turbulence. As a rule, in such
cases the ABL height is at the base of the lowest cloud
layer. Note, however, that the ABL height also changes
during the course of the day, particularly in summer,
and flights were performed between 7 and 15 pm.

3.2. Synoptic conditions

For an estimation of influence of synoptic condi-
tions on distribution CO2 in the lower troposphere
we used three parameters: (1) type of weather condi-
tions; (2) thermal stratification of an atmosphere; and
(3) direction of motion of air mass.

In total, about 60% of the flights were carried out at
anticyclone weather situations, while about 40% were
during cyclone situations. About 45% of the cases
experienced westerly and north-westerly air masses,
while during about 55% of the flights air came from
other directions. During measurements we observed
about 30 various types of weather. However, in this
work we have divided all types of weather into two
classes: anticyclone (Az) and cyclone (Zn) as direc-
tion of vertical streams (Table 1).

Tellus 54B (2002), 5



GREENHOUSE GASES IN THE LOWER TROPOSPHERE 741

Table 1. The mean CO2 mixing ratios, as calculated from the NDIR profiles, within classification of the indi-
vidual flights in terms of meteorological situation together with the boundary layer heights derived from the
vertical profile of the virtual potential temperature. The mean CO2 mixing ratios within the ABL as well a in
the “free troposphere” (i.e. above the ABL up to 3000 m) are also given

Date and local Wind direction in Height of boundary layer CO2 ABL Stdd. Dev. CO2 free troposphere Stdd. Dev.
time of Flight free troposphere (m) above ground (ppm) (ppm) (ppm) (ppm)

Anticyclone, stable stratification
990729 13-28 W 314 353.60 0.36 356.13 1.67
991119 13-23 NE 500 376.94 0.16 367.86 0.82
991223 11-06 N 380 378.28 2.65 372.02 1.16
000922 08-30 N 330 367.69 1.76 363.61 0.66
001205 14-00 N 670 374.13 1.53 372.56 1.78
Anticyclone, unstable stratification
990611 12-23 N 500 367.93 0.26 368.93 1.43
990624 15-34 S 850 359.93 0.29 361.20 1.28
990827 13-38 NW 1800 356.07 0.54 360.10 0.39
990921 12-52 NE 845 357.87 0.28 361.30 0.40
000516 13-36 SW 600 372.82 0.36 374.37 0.16
000630 09-32 E 1800 360.14 0.83 368.00 1.08
000829 12-55 NW 2190 359.94 0.77 362.28 0.24
001013 17-22 NE 400 377.52 0.24 370.39 3.25
001115 11-40 NW 200 389.62 2.18 370.43 0.51
Cyclone, stable stratification
990420 12-52 N 300 375.49 0.34 373.92 0.88
990513 14-37 SW 400 376.33 0.14 374.45 0.92
990527 12-12 W 430 368.17 0.38 371.28 0.76
991022 12-30 N 600 365.93 0.25 366.46 0.79
000127 10-11 S 550 377.09 0.28 370.85 1.27
000314 11-28 S 490 383.66 0.33 376.98 2.47
010118 10-10 N 310 382.18 0.25 376.09 2.20
010404 14-43 NW 2000 376.94 0.37 375.86 0.60
Cyclone, unstable stratification
990428 12-16 N 370 371.53 0.21 372.04 0.80
990714 10-26 NW 1500 357.74 0.61 361.61 0.76
990819 11-33 SW 500 355.83 0.44 358.88 1.97
000427 13-32 W 1175 371.45 0.38 373.26 0.57
000616 13-24 SW 200 364.92 0.87 368.10 0.65
001031 13-30 NE 700 373.34 0.59 368.90 0.34
010420 12-13 W 1382 375.98 0.25 376.27 0.41
010517 13-38 W 2000 373.19 0.28 374.63 0.49

Inside a boundary layer some sublayers may to be
placed; therefore we have calculated an average tem-
perature gradient in the boundary layer: if it is more
than 0.98 ◦C per 100 m there is unstable stratification;
if less, stable; if equal, neutral stratification (Brutsaert,
1985).

For classification of the flights into the different syn-
optic situations and to determine the mean wind direc-
tion of the air masses, the pressure fields at the surface
and at the 500 mbar level were used. The results are
summarised in Table 1.

We have shown vivid examples of the influence of
the chosen parameters on CO2 distribution in Fig. 4.

Significant differences in absolute CO2 mixing ra-
tios are observed in the vertical profiles in air masses
of different origin even sampled less than two weeks
apart (Table 1). Mean CO2 differences over the en-
tire profile were observed to be as large as 8 ppm, as
shown in the examples of 11 June and 24 June 1999
(Figs. 4a–c). As is illustrated in Figs. 4d–f, and ob-
served on a number of other occasions, in cyclonic
situations (16 June 2000) the height of the boundary
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Fig. 4. Vertical profile of the CO2 mixing ratio (a, d, g), virtual-potential temperature (b, e, h) and humidity (c, f, i) for
various air mass origins and meteorological situations. Upper panel: a, b and c compare the situations of 11 and 24 June
1999, two anticyclone (Az) situations with unstable stratification but different wind directions. The mean CO2 mixing ratios
differ by 8 ppm between the two profiles. Middle panel: d, e and f cyclone (Zn) and anticyclone (Az) conditions of 16 and
30 June 2000 also during unstable stratification. The boundary layer height on 16 June was 200 m, while it was at 1800 m on
30 June. Lower panel: g, h, and i unstable and stable temperature stratifications of 8 August and 9 September 2000. Height
of boundary layer 2190 of 8 August 2000 and 330 m of 9 September 2000.

layer tends to be lower (at about 200 m) than when an
anticyclonic situation prevails (30 June 2000; ABL at
1800 m). This example confirms our knowledge about
powerful rising streams in an anticyclone. In case of

stable thermal stratification vertical mixing of air is
complicated. Hence, the height of a boundary layer
should be less than in the case of an unstable atmo-
sphere (Figs. 4g–i).
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It should also be remembered that one of the most
important properties of the boundary layer is its role as
a “buffer zone”. By this we mean that heat, moisture
but also pollution from surface emissions are usually
initially captured within the ABL. Transport of these
substances (in our case CO2) to other layers within the
lower troposphere is, however, frequently observed.
One transport mechanism is the daily cycle of the ver-
tical movement of the boundary layer height. In the
afternoon with increasing convective mixing the con-
tents of the boundary layer are pumped upwards to the
free troposphere and remnants stay there during night,
or are transported further up through slow synoptic as-
cending movements. Another mechanism of boundary
layer ventilation is associated with a “break-up” of the
boundary layer as a result of large-scale thermal in-
stability associated with the occurrence of ascending
processes penetrating into all layers of the troposphere.
Therefore, a stepwise change of the vertical CO2 con-
centration profile will not necessarily coincide with the
height of the actual boundary layer (Matveev, 1984).
This is visible in an example of winter–spring struc-
tures when the height of the boundary layer is esti-
mated to 500 m, but with uniform CO2 concentration
to a level of more than 1000 m (c.f. Fig. 2, profile of
20 April 1999). Similarly, low heights of the boundary
layer are frequently observed in the summer, with con-
current high CO2 concentrations at heights between
1900 and 2800 m (Fig. 2, profile of 11 June 1999).
Nevertheless, we can still conclude that the height of
the boundary layer is generally higher in the summer

Fig. 5. Five day back trajectories calculated for the 2500 m levels for the flights of 11 and 24 June 1999. The large star is
plotted at the sampling site, the small stars show the positions of the trajectories on respective days at midnight.

than it is in the winter due to vertical mixing by con-
vective turbulence (Fig. 3).

In the interpretation of seasonal and spatial changes
of CO2, horizontal advection also has to be taken into
account. To explain the variability of CO2 concentra-
tions observed, we therefore used the data on wind
direction to help classify the profiles (Table 1). In
Fig. 4a–c the vertical profiles of CO2, virtual potential
temperature and humidity are shown for two anticy-
clone situations and unstable conditions in the middle
of the vegetation period (June 1999). Inspecting back
trajectories of the respective days in June 1999 [for a
description of the calculation of back trajectories see
Levin et al. (2002)] from this example it can be seen
that in conditions of strong northerly flow (see tra-
jectory of 11 June 1999 for 2500 m in Fig. 5a), CO2

concentration is higher by about 8 ppm throughout
the whole profile than during air mass flow from ini-
tially southern direction and a residence time of about
3 days over mid latitude land surface (see trajectory
of 24 June 1999 in Fig. 5b). Such changes are almost
in the same order as the amplitude of the seasonal
cycle (i.e. in the boundary layer of 22.1 ± 3.5 ppm,
and in the free troposphere of about 14.0 ± 2.1 ppm).
Likely, the large difference of concentrations between
northerly and south-westerly air masses are the result
of strong uptake of CO2 by the continental biosphere
in early summer. During early June, CO2 mixing ratios
in the Arctic are still almost at their spring maximum.
Similar large variations from flight-to-flight in early
summer were also observed above Zotino in central
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Siberia by Lloyd et al. (2002). As for the situation dis-
cussed here, in Zotino they were related to the rapid
transition of the arctic vegetation to an actively photo-
synthesising state around this time of the year and to
large differences in air mass origin.

3.3. Comparison of CO2 with other
greenhouse gases

Due to the more complex measurement techniques
required, concentration analysis of other greenhouse
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Fig. 6. Temporal evolution of greenhouse gases mixing ratios derived from flask samples collected at 2000, 2500 and 3000 m.
The solid lines through the data are harmonic fit curves calculated through the 3000 m data which for all flights represent
measurements above the actual boundary layer in the “free troposphere”. In most cases (except for N2O) the error bars (pair
reproducibility) are smaller than the symbols and not shown here.

gases, CH4, N2O and SF6, were made only on flask
samples, and Fig. 6 shows the concentration measure-
ments of CO2, CH4, SF6 and N2O derived from the
flask samples collected at 2000, 2500 and 3000 m.
To assist in interpretation of the data, harmonic fit
curves calculated through the 3000 m data according
to Nakazawa et al. (1997b) are also shown. All four
components show distinct seasonal cycles, most regu-
lar at 3000 m height. It is also clear that the lower level
concentrations show much more variability. In the case
of CO2, this variability has already been attributed to
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the seasonal biogenic CO2 exchange and possible in-
fluence from anthropogenic emissions. In the case of
CH4, a particularly larger scatter of the lower level
flask data is observed, especially during winter. In
the study area, CH4 has strong natural sources from
wetland emissions, but these might be expected to
be mainly restricted to the summer and autumn peri-
ods (Panikov and Dedysh, 2000). Besides these natu-
ral emissions, anthropogenic sources from natural gas
production and distribution but also from agriculture
and domestic wastes deposits may play a role all year
round. Inspection of the respective vertical differences
between 2000, 2500 and 3000 m for both gases, CO2

and CH4 yields a very good correlation for the win-
ter profiles (Fig. 7a). As expected, during the summer,
when local methane emissions are strong but CO2 has
a net sink at ground level, the correlation between the
CO2 and CH4 gradients disappears. The slopes of the
regression lines of about 11 ppb CH4 per ppm CO2

during winter derived here from vertical trace gas gra-
dients are very similar to those which can be inferred
from the CO versus CO2 and CO versus CH4 rela-
tionships presented by Lloyd et al. (2002) for winter
flights in central Siberia (Zotino). This slope also falls
between the observations at Alert of 14 ppb CH4 per
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Fig. 7. Correlation between greenhouse gases mixing ratios derived from flask measurements for the winter half-year
differences between 3000 m and 2000 and 2500 m for (a) CH4 and CO2 with slopes in ppb CH4 per ppm CO2 for: 2000 m,
11.6 ± 1.0, R2–0.88; 2500 m, 10.1 ± 1.0, R2–0.85; (b) SF6 and CO2 with slopes in ppt SF6 per ppm CO2 for: 2000 m,
0.014 ± 0.007, R2–0.36; 2500 m, 0.022 ± 0.007; R2–0.36; (c) CH4 and SF6 with slopes in ppb CH4 per ppt SF6 for:
2000 m, 296 ± 94, R2–0.35; 2500 m, 207 ± 59, R2–0.41. In all three cases the slopes for the 2000 and 2500 m samples are
indistinguishable.

ppm CO2 (Worthy et al., 1994) and measurements in
western Europe at the Schauinsland station, where a
mean ratio of 7.8 ppb CH4 per ppm CO2 was found
for the winter season (Schmidt et al., 1996). To some
degree the difference between the ratios in the present
studies and those of Worthy et al. (1994) and Schmidt
et al. (1996) may be attributable to slightly different
methodologies of calculation. Both the latter studies
analysed their data in terms of temporal changes of ab-
solute CO2 and CH4 values, whereas the current study
and that of Lloyd et al. (2002) have examined the re-
lationship in terms of within flight deviations from
either the minimum observed values for each flight
(Lloyd et al., 2002) or relative to the observed concen-
trations at 3000 m (Fig. 7). An alternative explanation
for this difference between western Europe, northern
taiga, and the Arctic may be a decreasing contribu-
tion of soil respiration and fossil fuel CO2 to the CO2

offset.
Besides CH4 and CO2, also the SF6 mixing ratio

at the 2000 and 2500 m levels shows considerable
scatter during winter, this being most pronounced dur-
ing 1999 (Fig. 6). SF6 is a chemically very stable and
purely anthropogenic greenhouse gas, with about 80%
of the global SF6 release presumably from leakage in

Tellus 54B (2002), 5



746 K. SIDOROV ET AL.

electrical insulation and switching, and about 20%
from degassing and purifying of molten reactive met-
als (Maiss and Brenninkmeijer, 1998). Destruction of
SF6 occurs only in the high stratosphere and in the
mesosphere. Since the 1970s, atmospheric SF6 has
been increasing globally at a rate of more than 6%
per year (Maiss et al., 1996; Geller et al., 1997). Our
measurements from the last three years (1998–2001)
show a mean increase rate of 5% per year. Similar
to CH4 during winter, SF6 differences between 2000,
2500 and 3000 m heights show a correlation (R2 =
0.36) with the respective CO2 differences. This result
suggests that, as for SF6, the positive CO2 gradients
in winter are, to a significant extent, due to different
amounts of CO2 from anthropogenic sources being
present at the different heights. In concurrent stud-
ies by Lloyd et al. (2002) and Ramonet et al. (2002),
the atmospheric CO mixing ratio has been used as a
tracer for anthropogenic contamination of air samples.
At the time of this study, unfortunately, CO measure-
ments were not possible at UHEI-IUP. The results of
Fig. 7b, however, indicate that SF6 measurements may
also be used as such an indicator for air masses of an-
thropogenic origin. One should, however, keep in mind
that the source distribution of SF6 and anthropogenic
CO2 may be different at least on the regional scale.

Figure 6 also shows the N2O mixing ratios measured
in the flask samples from Syktyvkar. We observe here
a mean increase rate in the free troposphere (3000 m)
of 1.2 ppb per year. The principal source of N2O is
considered to be tropical soils, but also natural soils in
the temperate zone can be significant sources of N2O
to the atmosphere (Ehhalt et al., 2001). The largest an-
thropogenic emissions are associated with fertilised
agricultural soils, but also industrial emissions, i.e.
from fertiliser production, cannot be neglected. Simi-
lar to SF6, N2O has no sinks in the troposphere. N2O is
destroyed by photolysis at wavelengths between 180
and 230 nm in the stratosphere. Our data from vertical
aircraft sampling show no vertical gradient in the tro-
posphere between 2000 and 3000 m. Also the scatter
of the data is similar at all three heights and mainly
attributed to measurement uncertainty. Although fu-
ture observations at lower elevations have to confirm
this assumption, from the missing vertical gradient be-
tween 2000 m and 3000 m we conclude that in the
immediate footprint (ca. 100 km around the sampling
site) but probably also in the larger catchment area (ca.
500–1000 km distance) of the aircraft flights there are
most probably only very minor N2O sources not sig-
nificantly affecting the aircraft measurements.

Our N2O observations show a quite regular seasonal
cycle with maximum concentrations during winter and
spring and a minimum in autumn. The phasing of the
seasonal cycle of N2O is very similar to that of SF6.
The purely anthropogenic SF6 sources are not known
to vary with season. For N2O, natural and anthro-
pogenic emissions from soils are generally at a max-
imum during spring and summer (Flessa et al., 1995;
Schmidt et al., 2001) which should give rise to maxi-
mum concentrations in the free troposphere in summer
and autumn. By contrast, concentrations of both gases,
N2O and SF6, tend to be more or less constant or even
slightly decreasing during summer. Therefore, rather
than being due to seasonally varying sources, the ob-
served seasonality of both gases is more likely due to
atmospheric mixing processes, with a possible contri-
bution of seasonal stratosphere/troposphere exchange
which peaks in spring and early summer (Appen-
zeller et al., 1996). Air intrusion from the stratosphere
in spring might well induce a seasonality with the
observed phasing, as the concentrations of both gases
strongly decrease with height even in the lower strato-
sphere (Harnisch et al., 1998; Strunk et al., 2000).

4. Conclusions

The findings of our study clearly show that observed
trace gas mixing ratios in the free troposphere over the
continent, where large sources and sinks are active,
exhibit a quite large variability. They have thus to be
interpreted in the context of both atmospheric vertical
mixing driven by the boundary layer dynamics and
large and mesoscale circulation patterns. It could be
shown that by means of vertical profiling of the virtual
potential temperature, as well as by back trajectory
analyses, these transport effects on the observed mix-
ing ratios can effectively be separated. In the context of
long-term monitoring to derive the trace gas climatol-
ogy in the free troposphere, our comparison between
the integrated high-resolution in-situ CO2 mixing ra-
tio above the ABL and spot flask sampling at selected
height levels suggests that flask sampling well above
the ABL yields reasonable values for the free tropo-
sphere. However, in order to derive a representative
trace gas climatology, one has to keep in mind that
the frequency of flights must be high enough to com-
pensate for the large variability of concentration sig-
nals due to changes in air mass origin during indi-
vidual flights. Moreover, for a reliable interpretation
of CO2 signals, besides meteorological information, a
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multi-tracer approach as presented here by additional
flask analysis of CH4, SF6 and N2O provides valu-
able information concerning source apportionment. In
particular, it could be shown that, at least when con-
sidering large spatial scales such as in this study of
aircraft measurements, SF6 may also serve as a tracer
to identify anthropogenically influenced air masses,
and therewith partly replace the classical trace gas CO
where these data are missing.
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