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[1] In situ measurements of the vertical distribution of carbon dioxide (CO2) carried out
with a light aircraft over a tower site (Berezorechka; 56°08′45″N, 84°19′49″E) in the taiga
region of West Siberia from October 2001 to March 2012 document the detailed seasonal
and vertical variation of CO2 concentrations during daytime. The variation appears to be
controlled mainly by the CO2 flux from taiga ecosystems and the height of the planetary
boundary layer (PBL). We calculated average CO2 concentrations in the PBL and the lower
free troposphere (LFT), both of which show clear seasonal cycles and an increasing
long-term trend. Seasonal amplitude in the PBL had a larger value (29 ppm) than that in the
LFT (14 ppm), demonstrating strong CO2 source-sink forcing by the taiga ecosystems.
Mean CO2 concentrations during 13:00–17:00 local standard time observed at the four
levels of the tower (5, 20, 40, and 80m) showed lower CO2 concentrations than that
observed in the PBL by aircraft during June–August (growing season). This negative bias
decreased with increasing inlet height such that the minimum difference appeared at the
80-m inlet (�2.4± 0.8 ppm). No such bias was observed during other months (dormant season).
The daytime CO2 flux, based on multiple vertical profiles obtained on a single day, ranged
from �36.4 to 3.8μmolm�2 s�1 during July–September. There was a clear difference in the
fluxes between the morning and afternoon, suggesting that these data should be considered
examples of fluxes during several daytime hours from the West Siberian taiga.
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1. Introduction

[2] Carbon dioxide (CO2) is a major greenhouse gas, and
its atmospheric concentration has been systematically moni-
tored for years at many ground-based sites all over the world.
The terrestrial biosphere is an important carbon reservoir that
controls much of the observed variability of atmospheric
CO2, including its seasonal cycles and interannual variations
[Arneth et al., 2010]. Northern high-latitude ecosystems are
thought to be a significant sink of anthropogenic CO2 emis-
sions, but the magnitude and distribution of this carbon sink
are still uncertain [e.g., McGuire et al., 2009; Hayes et al.,
2011]. Northern high-latitude regions are particularly sensitive

to climate variations and are expected to be greatly influenced
by future global warming [e.g., Zhuang et al., 2006;
Intergovernmental Panel on Climate Change (IPCC), 2007;
McGuire et al., 2009]. Siberia, in northern Eurasia, contains
large quantities of plant biomass and soil organic carbon, mak-
ing it one of the largest carbon reservoirs in the world [e.g.,
Houghton et al., 2007; Tarnocai et al., 2009; Kurganova
et al., 2010; Schepaschenko et al., 2011]. Accurate estimates
of carbon fluxes in Siberia are therefore essential both for
understanding global and regional carbon cycles and for
predicting future changes in the Siberian carbon cycle.
[3] Inverse modeling using atmospheric transport models

and atmospheric CO2 observations can be effective for
estimating regional and global carbon fluxes from limited
atmospheric observations, and this approach has been suc-
cessful in deriving reasonable carbon fluxes for most land
and ocean areas [e.g., Chevallier et al., 2010; Bruhwiler
et al., 2011]. However, few inverse modeling studies have
focused on Siberia [Quegan et al., 2011] because the avail-
able observations there are sparse relative to its large area.
Chevallier et al. [2010] argued that extending the observa-
tional network into eastern Europe and Siberia is important
to reduce uncertainty in fluxes estimated by inversion
methods over these regions.
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1Center for Global Environmental Research, National Institute for
Environmental Studies, Tsukuba, Japan.

2Global Environmental Forum, Tokyo, Japan.
3V.E. Zuev Institute of Atmospheric Optics, Russian Academy of Sciences,

Tomsk, Russia.

Corresponding author: M. Sasakawa, CGER, NIES, 16-2 Onogawa,
Tsukuba 305-8506, Japan. (sasakawa.motoki@nies.go.jp)

©2013. American Geophysical Union. All Rights Reserved.
2169-897X/13/10.1002/jgrd.50755

1

JOURNAL OF GEOPHYSICAL RESEARCH: ATMOSPHERES, VOL. 118, 1–10, doi:10.1002/jgrd.50755, 2013



[4] Periodic measurements were carried out by means of a
research aircraft at altitudes of up to 4000m over Zotino
(60°48′N, 89°21′E) in central Siberia at 12- to 21-day
intervals [Levin et al., 2002; Lloyd et al., 2002] from 1998
to 2005 by the Max Planck Institute for Biogeochemistry.
Continuous CO2 measurements began at the Zotino Tall
Tower Observatory (ZOTTO) in April 2009, and Winderlich

et al. [2010] reported large seasonal amplitudes of CO2, larger
than those observed at continental tall towers under oceanic
influence or at tower sites in mountainous areas. Others
have carried out campaign measurements in Siberia. For
example,Nakazawa et al. [1997] measured tropospheric con-
centrations of CO2 and trace gases in aircraft campaigns for
several years, though only during summer; YAK-AEROSIB

Figure 1. Diurnal variation in CO2 vertical profiles observed by aircraft (upper panels) on (a) 15 July
2003, (b) 4 August 2003, (c) 9 August 2004, and (d) 10 August 2004. Horizontal bars indicate the top of
the PBL on each flight. The arrow on the last flight in Figure 1b means that PBL height was higher than
the observed maximum height. Temporal variations in CO2 concentration observed at four different heights
on the BRZ tower are shown as colored circles (lower panels). Open circles indicate mean CO2 concentra-
tion in the PBL observed by the aircraft, and the error bars are ±1 SD (see section 3.1).
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(Airborne Extensive Regional Observations in Siberia)
aircraft campaigns in 2006 and 2007 precisely measured
the variability of CO2, carbon monoxide, and ozone [Paris
et al., 2008, 2010]; and the ongoing TROICA project (Trans-
Siberian Observations Into the Chemistry of the Atmosphere)
has measured CO2 and other species such as carbon com-
pounds, ozone, nitrogen oxides, and aerosols about once
per year along the route of the Trans-Siberian Railroad
from Moscow to Khabarovsk since 1995 [e.g., Turnbull
et al., 2009].
[5] Despite these efforts, the available CO2 observations

remain too sparse to fully constrain carbon fluxes in Siberia
with inverse modeling. To overcome this problem and to cap-
ture seasonal cycles, vertical profiles, and long-term trends,
the Center for Global Environmental Research (CGER)
of the National Institute for Environmental Studies (NIES)
of Japan, with the cooperation of the Russian Academy of
Science (RAS), began periodic flask sampling for green-
house gas measurements from aircraft over three sites in
Siberia in 1993. In addition, in 2001, CGER/NIES and
RAS began establishing the Siberian tower network JR-
STATION (Japan-Russia Siberian Tall Tower Inland
Observation Network), which at present consists of nine
towers, to observe regional and short-term variations of green-
house gases (CO2 and CH4) and to produce data for inverse
modeling to obtain regional carbon estimates [Watai et al.,
2010; Sasakawa et al., 2010, 2012]. At the JR-STATION site,
Berezorechka (BRZ), inWest Siberia, a light aircraft measures
vertical profiles of CO2 from the planetary boundary layer
(PBL) to the lower free troposphere (LFT).
[6] In this paper, we evaluate the temporal variation of

CO2 concentration in the PBL and the LFT using measure-
ments carried out on and above the tower at BRZ from
2001 to 2011. The parallel tower and airborne measurements
also offer insight into how data acquired from a tower or by
flask sampling at ground level can represent the mean CO2

concentration in the PBL.

2. Methods

2.1. Tower Observations

[7] We focused on the JR-STATION site with the longest
record, beginning in 2002, Berezorechka tower (56°08′45″
N, 84°19′49″E), which is located in a homogeneous land-
scape of predominantly taiga (supporting information). We
installed a freight container equipped with a gas analyzer
and a data logger at the base of the tower. Atmospheric air
was sampled from the tower at levels 5, 20, 40, and 80m
above the ground. Sampled air was dried and then introduced
into a nondispersive infrared analyzer (NDIR) (LI-820,
LI-COR USA; LI-7000 was used before September 2008).
The air-sampling flow path was rotated every 12min (every
6min before May 2006); that is, the 80m inlet was sampled
on the hour at hh:00, the 40m inlet at hh:12, the 20m inlet
at hh:24, the 5m inlet at hh:36, and a reference gas at hh:48.
For each 12min sampling period, air was pumped continu-
ously through the sample line from the inlets, a glass water
trap, a semipermeable membrane dryer (PD-625-24SS,
Permapure, USA), a stainless-steel tube containing chemi-
cal desiccant (magnesium perchlorate), and the NDIR cell.
The data produced by the sensors during the last 2 min
(1min before May 2006) were averaged and taken as the

representative data for the applicable 1 h period. Thus, all
data from the four inlets are shown at the nominal time
hh:30 (hh:00 and hh:30 before May 2006). Three standard
gases were prepared from pure CO2 diluted with purified
air, and their concentrations were determined against the
NIES 09 CO2 scale [Machida et al., 2011]. Twice a day,
the three standard gases were analyzed over the course of
an hour, and the signal baseline drifts of the standard gases
in 11 h were estimated from the temporal variation of the ref-
erence gas signals [Watai et al., 2010]. Measurement preci-
sion was ±0.3 ppm for CO2 [Watai et al., 2010; Sasakawa
et al., 2010, 2012].
[8] The daily minimum CO2 concentration at the tower

was generally observed in the afternoon when active vertical
mixing occurred in the PBL (Figure 1). Therefore, we calcu-
lated daytime means by averaging the data observed during
13:00–17:00 local standard time (LST) to represent means
for the wider region [Watai et al., 2010]. The daytime mean
was calculated only when more than four data were obtained
during 13:00–17:00 LST. Furthermore, for the daytime mean
calculation, we used only data with a variability (maximum
minus minimum) of less than 10 ppm. We adopted this
criterion to exclude temporary variations and the influence
of sporadic local events that occurred despite there being
almost no local anthropogenic emissions.

2.2. Aircraft Observations

[9] A small CO2 measurement device based on an NDIR
(LI-800, LI-COR, USA) equipped with flow and pressure reg-
ulation system was developed and installed in a single-engine
biplane utility aircraft (Antonov An-2) with a 1000 hp radial
engine. The measurement device was similar to the continuous
CO2 measuring equipment used by commercial airliners
[Machida et al., 2008]. A sample inlet was set between the
two port wings to avoid contamination from the engine
exhaust located behind the engine on the starboard side.
Atmospheric air was delivered via a Decabon tube into the
NDIR after drying with magnesium perchlorate. Two standard
gases determined against the NIES 09 CO2 scale [Machida
et al., 2011] were introduced into the NDIR every 5min.
The system used signal averaging to obtain a precision
(1 σ in 2 s) of ±0.3 ppm. Air temperature and relative humidity
were measured with a sensor (HMP45A, Vaisala, Finland)
fixed next to the inlet. The aircraft ascended up to 2 km
(winter) or 3 km (summer) above the ground and then
descended to approximately 0.1 km altitude in less than
30min, yielding a vertical profile of CO2 concentration.
These aircraft measurements were usually conducted in the
afternoon on days of good weather, with a frequency of one
to four times per month from October 2001 to December
2008 and once per several months after that. We also
conducted multiflight measurements (several flights in one
day) to capture diurnal variations in the vertical CO2 profile
(20 days). The data are available from http://db.cger.nies.go.
jp/ged/data/Siberia/aircraft/CO2/in-situ/.
2.2.1. Mean Concentration Within the PBL and LFT
[10] To compare the temporal CO2 variation between the

PBL and the LFT, we determined the height of the PBL at
the time of each flight from the level of the maximum vertical
gradient of potential temperature, indicative of a transition
from a convectively less stable region below to a more stable
region above. The level of the minimum vertical gradient of
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specific humidity was also used to determine the PBL height.
These methods for estimating PBL height are based on the
methods reviewed by Seidel et al. [2010]. When both meteo-
rological data were obtained, the PBL height that better
agreed with the transition in CO2 concentration was adopted.
The top of a surface-based inversion was often adopted as the
PBL height during winter. While the potential temperature
and specific humidity methods both allow for the possibility
of an unstable or neutral PBL, a surface-based inversion is a
clear indicator of a stable boundary layer whose top can
define the PBL height. The data streams for potential temper-
ature and specific humidity (2 s sampling time) were fitted
with spline curves that were used for the gradient calculation.
When we could not determine the top of the PBL with the
above methods, we set the top at an altitude higher than the
maximum observation level. The number of days in each
season that PBL height was determined by each method is
shown in Table 1.
[11] We derived average aircraft data for every 50m incre-

ment of altitude, using the observed CO2 data within 50m of
that altitude with a temporal resolution of 2 s, to avoid
unequal weighting of the different atmospheric layers. For
example, average data for the 1000m level were produced
from the data obtained between 950 and 1050m. If no data
were obtained in a given 100m increment, as in the case of
two standard gas measurements, the average for that altitude
was determined from the average data from adjacent levels.
Some flight observations ended during two standard mea-
surements, which caused no data to be recorded near the
ground surface. In that case, the average was taken from the
nearest level above. For example, when there were no data
between 100 and 200m altitude, we repeated the value from
the 200m level at the 150m level.
[12] We then obtained CO2 averages for the PBL from the

series of 50m bin data below the PBL height. We also calcu-
lated CO2 averages in the LFT from the bins above the PBL
height. We excluded the 50m bin that included the top of the
PBL from both calculations to exclude the transition layer
where CO2 concentration changed sharply. The CO2 concen-
tration in the LFT was relatively stable, but it sometimes
varied considerably just above the transition layer. In those
cases, if a stable layer with small CO2 variation was docu-
mented above the transition layer, the average for the LFT
was calculated from the stable layer.
2.2.2. Estimates of the Large-Scale CO2 Flux
[13] When vegetation is actively growing and boundary

layer conditions are convective, plant assimilation uptake
and the CO2 exchange between the PBL and the LFT drive
the diurnal CO2 evolution in the PBL. As shown by Culf
et al. [1997] and Pino et al. [2012], a simple box model can

account for the evolution of the CO2 concentration
(Figure 2). At each time step (the flight interval was used in
these calculations), the mass of CO2 in the PBL is increased
by the addition of the masses of CO2 introduced into the PBL
from below (surface flux) and from above (owing to the
known increase in height of the PBL). The new concentration
in the PBL is then this total mass of CO2 spread over the new
measured height of the PBL.
[14] Differences in molar density at different times can

be equated to the average surface flux over a time period
as follows:

Fh i ¼ 1

T
∑ hnþ1

i¼1 ρnþ1 ið ÞCnþ1 ið Þ � ρn ið ÞCn ið Þ� �
Δz; (1)

where T is the integration period from time tn to tn+1, and ρ is
the molar air density (molm�3). This method is modified
from the version used byWofsy et al. [1988] to infer regional
CO2 fluxes over the Amazon basin. Although Wofsy et al.
[1988] integrated the column abundance of CO2 from the
ground surface to an arbitrary height (horizontal dotted line
in Figures 2a and 2c), we calculated it up to the PBL height
hn+1 at time tn+1 (shaded area in Figures 2a and 2c). This
change reduces the potential error derived from the CO2

variation in the LFT. Although the variation in the CO2

concentration in the LFT was relatively small in most cases,
we did not use data in which the CO2 concentration in the
LFT decreased by more than the measurement precision
(0.3 ppm) between consecutive flights. The average CO2

difference between consecutive flights in the LFT was
+1.2 ± 1.2 ppm (mean ± SD) (n= 11). Thus, the calculated
rate of CO2 uptake should be a conservative estimate.
[15] The continuous molar CO2 density data (ρC) were

averaged over every 50m increment of altitude by the
method described in section 2.2.1. The 50m bin data were
used for the flux calculation with Δ z being 50m. We chose

Table 1. Number of Days in Each Season That PBL Height Was
Determined by Each Method

Method Used for Determining PBL Height

Season
Potential

Temperature
Specific
Humidity

Surface-Based
Inversion

Higher
Altitudea

DJF 29 4 13 0
MAM 28 14 2 13
JJA 28 21 0 27
SON 34 9 6 4

aAn altitude higher than the maximum observation level.

(a) (b) (c)

Figure 2. The structure of the mixed layer model (modified
from Culf et al. [1997]): (a) at time tn (flight n at the day); (b)
the components making up the composition of the PBL at time
tn+1 (flight n+1 at the day); (c) the structure at time tn+1. CLFT

and C(i) are the CO2 concentration in the LFT and in the
layer i, respectively; i represents the layer from zi-1 to zi, and
Δ z= zi� zi�1; h is the PBL height; and F is the average flux
of CO2 into the PBL at the surface between tn and tn+1.
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consecutive flights in the normal daytime situation of a grow-
ing PBL, rather than a shrinking PBL, to minimize any error
due to exchanges of CO2 with air above the top of the PBL.
For tn and tn+1, we adopted the times at each minimum
height. We also calculated the flux with hn+1 ± 50m to check
the sensitivity of the flux to the determined PBL height.
[16] Yi et al. [2000] showed that the contribution of hori-

zontal advection to the net ecosystem-atmosphere exchange
of CO2 (NEE) could be considerable in a heterogeneous
landscape. However, Yi et al. [2000] also mentioned that
NEE can be obtained by the method of Wofsy et al. [1988]
if CO2 sources and sinks are homogeneous and the terrain
is flat. The BRZ tower is located in a homogeneous, predom-
inantly taiga landscape (supporting information); hence, CO2

sources and sinks should be homogeneous. We therefore
assumed that the contribution of horizontal advection was
negligible. Furthermore, to minimize the effect of horizontal
advection, we compared footprints calculated with the
Stochastic Time Inverted Lagrangian Transport (STILT)
model between tn and tn+1 (see section 2.3) and excluded
the result if the footprints differed.

2.3. STILT Atmospheric Transport Model

[17] We used the STILT model to simulate the transport
of air parcels backward in time from the receptor point
(BRZ tower). STILT calculates back trajectories using meteo-
rological wind fields while releasing ensembles of model

particles that represent the air parcel. Analyzed wind fields
are interpolated to the location of each particle, and the parti-
cles themselves are subject to stochastic perturbations that
are parameterized to represent the effects of turbulent trans-
port. The density of particles is used to calculate the footprint
[Lin et al., 2003; Lin et al., 2004]. The footprint, in units of
ppm/(μmolm�2 s�1), provides the linkage between concentra-
tions and surface fluxes and represents the sensitivity of the
atmospheric concentration (ppm) at the starting location to up-
stream fluxes (μmolm�2 s�1). This means that in the back-
ward-time run, emissions upstream of the receptor at a
location with higher particle density have a greater contribu-
tion to changes in the mixing ratio at the receptor. STILT
was driven with reanalysis data from the National Centers
for Environmental Prediction and the National Center for
Atmospheric Research, which have a temporal resolution of
6 h and a spatial resolution of 2.5° × 2.5°. The model, which
was run backward in time for 3 days, provided surface influ-
ence functions with a grid of 1° × 1° resolution.

3. Results and Discussion

3.1. Diurnal Flight Observations During Summer

[18] Figure 1 compares diurnal variation in vertical CO2

profiles observed in the multiflight measurements (upper
panels) and continuous data observed at the BRZ tower
(lower panels) during summer. The top of the PBL, shown

Figure 3. (top) Temporal variations in CO2 vertical profiles observed by flights during 2001–2012 and
(bottom) variations in the PBL height calculated from observed meteorological data from each flight.
Blue dots indicate the top of a surface-based inversion, which was defined as the PBL height. Red dots in-
dicate that the PBL height was higher than the observed height (see section 2.2.1).
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in the upper panels of Figure 1, rose rapidly in the morning
and remained high until the evening. This daytime growth
in the PBL was observed during most flights. Our data
captured the diurnal variation in PBL height with its maxi-
mum during the afternoon, although the timing and maxi-
mum height varied from day to day. Anomalously high
CO2 concentrations were sometimes observed at low alti-
tudes in the early morning when the boundary layer was
stable; these represented CO2 accumulation from nocturnal
respiration by the taiga ecosystems. These anomalies
disappeared, and a clear difference in CO2 concentration
between the PBL and the LFT was consistently observed af-
ter the PBL developed because photosynthesis started after
sunrise, and then the lower-CO2 air from the taiga was ele-
vated to the top of the PBL. The vertical CO2 distribution
above the stable boundary layer in the early morning depends
on the concentration in the residual layer from the day before;
thus, it showed unique profiles independent of the PBL
height. The CO2 concentration in the PBL always decreased
from morning to afternoon, which may reflect continuous
CO2 absorption by the taiga vegetation. On the other hand,
CO2 concentration above the PBL (in the free troposphere)
did not show regular trends within the day and may have
been influenced by long-range transport.
[19] To compare the variations in CO2 concentration

observed by aircraft within the PBL and those observed
from the BRZ tower, Figure 1 displays the CO2 average
in the PBL (see section 2.2.1) together with the tower data.
Diurnal variation in average CO2 concentrations in the PBL
in aircraft data agreed well with tower data after the devel-
opment of the PBL, that is, except during early morning
(lower panels of Figure 1). Although the data from the
BRZ tower basically exhibited similar variations, the data
from lower inlets showed lower concentrations, which
suggests strong CO2 absorption due to photosynthesis at
the surface during the daytime. When CO2 emission due
to respiration exceeded CO2 absorption due to photosynthe-
sis, the concentration gradient reversed as shown in the
early morning and evening.

3.2. Routine Flight Observations

[20] Vertical profiles of CO2 concentration observed by
275 routine flights from October 2001 to March 2012 are
shown in Figure 3. On the 20 days of multiflight measure-
ments, the profile with the greatest PBL height was chosen.

Concentrations of CO2 clearly decreased near the ground
during summer, consistent with photosynthesis by the taiga
vegetation during the growing season. In contrast, CO2

concentrations were higher at lower altitudes during the
dormant season.
[21] The daytime PBL is pronounced in inland continental

locations such as Siberia, varying in thickness from
200–600m in winter to as much as 2800m in summer
[Lloyd et al., 2002]. We documented clear seasonal variations
in PBL height although it sometimes exceeded the height of
observations, particularly during summer (Figure 3). The
PBL height reached over 3 km during summer as a result of
strong convection from solar heating of the ground. During
winter, temperatures sometimes decreased below �30°C,
and surface-based inversions were common. This condition
suppressed the development of the PBL, which then accumu-
lated CO2 from respiration by the taiga ecosystems.
[22] We fitted curves to the average CO2 concentrations in

the PBL and LFT using the digital filtering technique of
Thoning et al. [1989]. Both fitted curves exhibited a long-
term increasing trend with a clear seasonal cycle (Figure 4).
The average seasonal cycle for the PBL (Figure 5) was char-
acterized by a minimum in late July and a maximum in
November–December, yielding a seasonal amplitude of
29 ppm. This amplitude was about twice the one observed
in the LFT (14 ppm), and the seasonal minimum in the PBL
occurred about half a month earlier than the minimum in
the LFT, demonstrating the strong CO2 source-sink forcing
by the taiga ecosystem. Similarly, Lloyd et al. [2002] docu-
mented a large difference between the PBL and the LFT in
the magnitude of the seasonal amplitude (25 and 15 ppm,
respectively) over Zotino in central Siberia, calculating
seasonal amplitudes from CO2 flask data in 1998–2000 with
the same filtering technique we used. They also found that
the spring decrease and the autumn increase in the CO2

concentrations occurred earlier in the PBL than in the free
troposphere. Their flask sampling was done at about 80m
above the treetops and at 500, 1000, 1500, 2000, 2500, and
3000m height. Their data are too sparse to investigate repre-
sentative CO2 variations in the PBL, because CO2 concentra-
tions in the PBL varied widely, particularly at lower altitudes.

Figure 4. Temporal variation in mean CO2 concentrations
in the PBL (blue circles) and LFT (black circles) from aircraft
observations. Fitted curves (solid lines) and trend lines
(dashed lines) are also shown.

Figure 5. Seasonal cycle in mean CO2 concentrations in
the PBL (solid line) and LFT (dashed line) from aircraft
observations.
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The 29 ppm seasonal amplitude from our observations thus
likely represents a more realistic value in the PBL.
[23] The trend curve for CO2 was consistently higher in the

PBL than in the LFT (Figure 4), which is mainly thought to
be due to a rectifier effect [Denning et al., 1999]. The differ-
ence in yearly means (2002–2011) was 2.0 ± 0.5 ppm. The
main physical mechanism of the rectifier effect is the covari-
ation of the biospheric flux and the vertical mixing in the
PBL, that is, the simultaneous variation of vertical mixing
in the PBL and biospheric flux in which summer photosyn-
thetic uptake and vertical mixing in a deep PBL contrast with
winter ecosystem respiratory release and vertical mixing in a
shallow PBL. Particularly at BRZ, both the high biospheric
flux of the Siberian taiga ecosystems and pronounced sea-
sonal variation in PBL height (Figure 3) might have induced
a distinct rectifier effect.

3.3. Comparison of Flight and Tower Observations

[24] To ascertain how well the measured concentrations
from the tower represented the CO2 variation in the PBL, we
compared the mean CO2 concentration in the PBL obtained
by aircraft with the daytime mean CO2 concentration obtained
from the tower on the same day. The tower means were often
lower than the PBL means during June–August, which sug-
gests that tower measurements more directly reflect influences
from the ground surface; in this case, the difference was due to
a lowering of CO2 by photosynthesis during the growing sea-
son (Figure 6). The bias gradually decreased with increasing
height, and the bias in data from the 80m inlet showed the
smallest value of�2.4 ± 0.8 ppm (Table 2). On the other hand,
the difference in mean concentration between the tower and
aircraft data during months other than June–August exhibited
no bias regardless of inlet height. This fact indicates that the
averaged data from 13:00–17:00 LST are representative of
CO2 variations in the PBL during the dormant season. The
data obtained when surface-based inversions occurred were
not used for calculating averages because the stable boundary
layer would lead to accumulation of CO2 from respiration by

the taiga ecosystems at lower altitudes. These results suggest
that at inland observation sites, it is necessary to evaluate
biases in tower-based measurement data, particularly during
the growing season.

3.4. Carbon Dioxide Flux from Taiga Ecosystems
at BRZ

[25] Estimates of the CO2 flux (section 2.2.2) in July,
August, and September are shown in Table 3. Almost all of
the calculated daytime fluxes were negative, which indicates
that CO2 was being assimilated by the taiga vegetation dur-
ing the daytime in summer. Other available CO2 flux obser-
vations from the Siberian taiga are sparse. Styles et al.
[2002] calculated the daytime CO2 flux during three periods
at Zotino in central Siberia from measurements made on five
flights during 23–24 July 1998 and found that it ranged from
�13.5 to �2.8μmolm�2 s�1. They also showed that CO2

fluxes measured by the eddy covariance technique were in
the same range (�7.0 and �4.1μmolm�2 s�1) as the flight
data obtained during the same time period. The range of
our estimated CO2 fluxes in July was wider (from �36.4 to
3.8μmolm�2 s�1) than the range reported by Styles et al.
[2002]. The highest values were obtained in the evening,
which suggests that CO2 uptake in the evening in West
Siberia can be unexpectedly strong compared with the previ-
ous estimates. The implication therefore is that photosynthe-
sis was active into the evening in July, when the strength of
solar radiation is near its annual maximum and sunrise and
sunset are at around 4:00 LST and 21:00 LST, respectively.
The observations of Styles et al. [2002] were made during
consecutive flights separated by long intervals (from 5 to
7 h). During these intervals, the atmospheric footprint might
have changed, and such changes would introduce large un-
certainty into their estimates because they did not conduct a
footprint analysis. Furthermore, one of their flights took
place at 21:00 (i.e., around sunset), when the photosynthetic
rate may have been very low. These differences might ac-
count for the considerable difference in the range of values
estimated by Styles et al. [2002] and the range of our
estimated values.
[26] It is difficult to discuss variations in the estimated

fluxes between months (years) owing to the scarcity of data.
However, the estimated values for afternoons in July and
August tended to be much lower than morning values.
Consequently, regarding any of the estimated fluxes as repre-
sentative of the entire day’s flux involves large uncertainty.

Figure 6. Seasonal variation of difference in concentration
between the daytime mean observed at the 40m inlet of the
BRZ tower and the PBL mean from aircraft observations
on the same day. Horizontal solid (dotted) line indicates the
mean value during June–August (other months). Data
obtained during surface-based inversions are shown in closed
symbols and were not used for the average calculation.

Table 2. Difference in Mean CO2 Concentration (ppm) Between
Tower Daytime Data and Aircraft PBL Data Obtained on the
Same Daya

Inlet Height (m)

Period 5 20 40 80

June–August �4.1 ± 0.6 �3.5 ± 0.6 �3.0 ± 0.6 �2.4 ± 0.8
(n= 22) (n= 20) (n= 23) (n= 17)

Other months 0.3 ± 0.4 0.5 ± 0.4 0.6 ± 0.4 (�1.3 ± 0.6)b

(n= 63) (n= 69) (n= 66) (n= 27)

aDifferences are tower measurements minus aircraft measurements.
Ranges are standard error, and n indicates the number of data. Data obtained
during surface-based inversions were not used for the average calculation.

bLarge error is due to the small number of data.
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Therefore, our data should be considered only as examples
of observation-based CO2 fluxes during a limited daytime
period from the West Siberian taiga.

4. Conclusions

[27] Ten years of data from frequent in situ measurements
of CO2 vertical profiles, collected by aircraft over the BRZ
tower in the taiga of West Siberia, were used to analyze

variations in the vertical profile of CO2 concentrations. The
CO2 variation depended on the structure of the PBL, being
lower during summer and higher during winter in the PBL.
Average CO2 concentrations in the PBL and the LFT showed
clear seasonal cycles and a long-term increasing trend for
the observation period; however, seasonal amplitude in the
PBL (29 ppm) was greater than that in the LFT (14 ppm).
Furthermore, the level of the trend line in the PBL was
greater by 2.0 ppm than that in the LFT, which we attributed

Table 3. Carbon Dioxide Fluxes Obtained from Consecutive Vertical CO2 Profiles and Their Flight Information as Well as
Footprint Codes

Flux
(μmol m�2 s�1)

Flight
Date

Flight
Number

LST
(GMT+6)

Observed
Height (m)

PBL
Height (m)

Footprint
Codea Mean ± SE +50 mb �50 mb

18 July 2002 3 9:26 Max 2000 1724 2002Jul18_1000_1500
9:40 Min 229

4 11:23 Max 2000 1815 2002Jul18_1200_1500
11:37 Min 161 3.8 ± 0.5 4.3 3.3

7 17:19 Max 1983 1598 2002Jul18_1700_1500
17:34 Min 150

8 18:44 Max 1999 1837 2002Jul18_1900_1500
19:03 Min 150 �32.6 ± 0.6 �33.4 �31.7

19 July 2002 2 7:20 Max 1933 348 2002Jul19_0800_300
7:39 Min 151

3 9:20 Max 2000 1060 2002Jul19_1000_300
9:37 Min 150 �4.5 ± 0.4 �3.5 �5.5

12 September 2002 2 8:58 Max 2000 244 2002Sep12_0900_200
9:16 Min 150

3 11:01 Max 2000 1397 2002Sep12_1100_200
11:15 Min 150 �5.5 ± 0.6 �5.3 �5.6

4 12:59 Max 2000 1381 2002Sep12_1300_1000
13:18 Min 150

5 15:17 Max 2000 1491 2002Sep12_1600_1000
15:36 Min 178 �4.1 ± 0.3 �4.0 �4.1

15 July 2003 5 16:33 Max 2998 1903 2003Jul15_1700_500
16:57 Min 150

6 18:31 Max 2967 2394 2003Jul15_1900_500
18:53 Min 233 �36.4 ± 0.5 �36.3 �36.1

3 August 2003 1 8:59 Max 2915 403 2003Aug03_0900_300
9:25 Min 101

2 11:28 Max 3000 1120 2003Aug03_1200_300
11:52 Min 114 �19.0 ± 0.4 �18.1 �19.3

9 August 2004 4 12:22 Max 2877 1438 2004Aug09_1300_1000
12:45 Min 130

5 15:51 Max 3000 1573 2004Aug09_1600_1000
16:16 Min 100 �22.9 ± 0.2 �23.5 �22.2

10 August 2004 3 10:37 Max 3010 1389 2004Aug10_1100_1000
11:03 Min 151

4 12:29 Max 2901 1453 2004Aug10_1300_1000
12:57 Min 150 �12.0 ± 0.4 �11.2 �12.8

5 15:32 Max 2978 1415 2004Aug10_1600_1000
15:58 Min 113

6 16:19 Max 3000 1774 2004Aug10_1700_1000
16:44 Min 102 �22.6 ± 1.1 �22.2 �23.6

12 August 2004 2 9:25 Max 2886 213 2004Aug12_1000_100
9:50 Min 110

3 10:10 Max 2927 1444 2004Aug12_1100_100
10:36 Min 108 �9.2 ± 1.1 �9.0 �7.7

aSupporting information. Footprint code: YYYYMMMDD_HHMM_height.
bCalculations below 50m higher (+50m) and lower (�50 m) from the PBL height.
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to the combination of high activity in the Siberian taiga eco-
systems and pronounced seasonal variation in the PBL
height, interacting to produce a rectifier effect.
[28] This study gave us useful insight into the character-

istics of tower data in modeling CO2 variation in the
PBL. Comparing continuous CO2 data observed at BRZ
and average CO2 levels in the PBL from aircraft observa-
tions, we found that averaging tower data in the afternoon
hours (13:00–17:00 LST) could produce representative
values for the PBL in daytime, even at the lowest inlet
height (5m). We found that a negative bias of �4.1 to
�2.7 ppm could occur during June–August (the peak
growing season), with the smallest value at the highest
inlet (80m).
[29] We used the diurnal variations of vertical CO2 profiles

measured multiple times on the same day to obtain daytime
CO2 flux during summer. The estimated fluxes ranged from
�36.4 to 3.8μmolm�2 s�1 during July–September. Since
the fluxes in the afternoons in July and August tended to be
much lower than those in the mornings, these data should
be considered to represent examples of observation-based
CO2 fluxes during some daytime hours from the West
Siberian taiga.
[30] Estimates of monthly fluxes of CO2 on a subcontinen-

tal scale over Siberia made using the inverse modeling
approach with vertical CO2 data from aircraft observations
and continuous CO2 data from JR-STATION have been pub-
lished recently [Saeki et al., 2013].
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