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Abstract—The ongoing global warming leads to the need in continuous monitoring of greenhouse gas con-
centrations and the magnitude of their fluxes. Gas exchange between terrestrial ecosystems and the atmo-
sphere is mainly measured using eddy covariance, gradient, and chamber methods. This work compares
greenhouse gas fluxes measured using the eddy covariance technique onboard an aircraft laboratory and with
the gas analysis system and meteorological sensors at ZOTTO observatory. Instrument suites of the aircraft
laboratory and the observatory are described. The comparison results showed that CO, and CH, fluxes mea-
sured by two different methods at the same altitudes coincide in sign, are close to each other in the value for
carbon dioxide, and differ by up to 2 times for methane. The results are of interest to specialists who study
greenhouse gas fluxes using the eddy covariance method.
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INTRODUCTION

The ongoing global warming requires monitoring
of the growth of greenhouse gas concentrations as the
main cause of changes in the radiative heat flux into
the Earth’s atmosphere. The increase in the atmo-
spheric content of these gases is a consequence of the
imbalance between their emission and removal from
the atmosphere. In order to assess this imbalance, it is
necessary to monitor greenhouse gas fluxes. To deter-
mine the carbon emission or absorption (sink) by veg-
etation under natural conditions, measurements are
carried out in remote (background) regions, where the
anthropogenic effect is minimal, usually with the use
of eddy covariance, gradient, or chamber methods [1].

It is generally accepted that the eddy covariance
method is the most accurate; it is considered as refer-
ence when comparing measurement data [2]. Studies
using this method can explain temporal and daily vari-
ations in local fluxes, which expands our understand-
ing of the mechanism of carbon absorption in the
environment [3]. However, the coverage of a territory
by data from one such measuring complex is small.
The realistic assessment of the atmospheric carbon
balance is required, which would link local (ecosys-
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tem) fluxes and their integral magnitudes over the
Earth’s surface on a regional (continental) scale.

The idea of using aircraft to measure gas exchange
between the Earth’s surface and the atmosphere was
suggested more than 40 years ago [4, 5]. Observations
with up-to-date instruments mounted on board an
aircraft can provide results no less accurate than those
from high masts (towers), and the main difference is in
data interpretation [6]. Aircraft provide a near
“instantaneous” pattern of the turbulence field over
area territory, and their data are not subject to time
trends and non-stationary effects like tower measure-
ments. The main advantage of airborne measurements
of turbulent fluxes with the use of the eddy covariance
method is greater spatial representativeness than that
of stationary ground-based measurements and higher
temporal resolution and accuracy than those of model
calculations [4].

The onboard eddy covariance method for measur-
ing turbulent fluxes of greenhouse gases has been
implemented in monitoring mode only in the USA. A
network of 33 aircraft sounding stations equipped with
small machines of different types has been created
here [7]. Periodic measurements are carried out in the
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Fig. 1. Arrangement of scientific equipment onboard OPTIC Yakovlev-40 aircraft laboratory: air intake, temperature and humid-
ity sensor, and GLONASS/GPS receivers (/); rack of KOMPANAV-5.2 I0OA integrated inertial system, DAS speed sensor, PPD-
1 total pressure receiver, and DVbP-13 barometric altitude sensor (2); rack for onboard equipment power supply unit (3); rack for
Picarro G2301-m CO,/CH4/H,O0 gas analyzer uninterruptible power supply (Delta RT-2K) (4); central onboard computer (35);

flight attendant seats (6).

Great Britain, France, and Germany [5, 6, 8]. As far
as can be judged from publications, no similar studies
have been conducted in Russia. To fill this gap, we
have assembled a set of equipment onboard Yakovlev-
40 aircraft to measure greenhouse gas fluxes using the
eddy covariance method [9].

When using a new method and introduction a set of
equipment for its implementation, the question of
measurement reliability and accuracy always arises.
This problem is solved during sounding by means of
intercalibration with other laboratory aircraft or by
comparing with data received at high-altitude facilities
[10—12].

Since there are no instruments which perform
measurements with the use of the eddy covariance
method in the Russian Federation, we compare our
results with data from the equipment located at
ZOTTO observatory in the region of Zotino village of
Turukhansky district of Krasnoyarsk region.

The aim of the work is to compare greenhouse gas
fluxes measured by the eddy covariance method from
Yakovlev-40 aircraft and with a gas analysis system
and meteorological sensors of ZOTTO observatory.

ATMOSPHERIC AND OCEANIC OPTICS

MATERIALS AND METHODS

Scientific Equipment of the Aircraft Laboratory
and ZOTTO Observatory

To measure greenhouse gas fluxes by the eddy
covariance method, a set of necessary equipment was
assembled and mounted onboard a Yakovlev-40 air-
craft (Fig. 1).

Concentrations of CO, and CH, were measured
with a G2301-m gas analyzer (Picarro Inc., USA). Its
operation is based the cavity ring-down spectroscopy
(CRDS). This device was specially developed by the
manufacturer for aircraft research. The gas analyzer
ensures measurements of CO, concentrations in the
range 0—1000 ppm with uncertainty < +0.04 ppm,
and of CH,4, in the range 0—20 ppm with uncertainty <
+0.0006 ppm (the uncertainties were estimated in cal-
ibration with WMO standard gas mixtures).

To measure the vertical wind speed, a strapdown
inertial navigation system (SINS) “KompaNav-5.2
IOA” was used, which was designed for determining
the location coordinates, motion parameters, and ori-
entation angles of an aircraft. The system is based on
Russian fiber-optic gyroscopes and accelerometers
based on microelectromechanical systems. As an
additional source of navigation information, the SINS
includes a GPS/GLONASS satellite navigation sys-
No. 2
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Table 1. SINS specification
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Parameter Value
Main parameters
Angular velocity, deg/s 300
Linear acceleration t10g
Speed, m/s up to 300
Pitch, deg 190
Roll, deg +180
Yaw, deg 0—-360
Altitude, m 20000
Accuracy parameters
Horizontal coordinates, m 6
Limits of permissible instrumental error No more than +2.5 m
Ground speed, m/s 0.1
Vertical speed, m/s 0.15
Orientation angles (roll and pitch), deg 0.07
Azimuth, deg. 0.2
Altitude, m 4
Air speed, m/s 1.5
Table 2. Technical characteristics of ZOTTO observatory instruments
Instrument Model Measured parameter Range Uncertainty, % [10]
SO,, ppm 0—1000 <+0.04
Gas analyzer i i ;
co2/CH4/yH2o Enwrlgisc?;: 131?3?1[(;2[)8)’ CH,, ppm 0-10 <+0.0003
H,0, ppm 0—7000 <£10
Ultrasonic Solent-R3; Wind speed, m/s | 0—45 (resolution 0.01) *1
anemometer- GILL Instruments,
thermometer United Kingdom Wind direction, deg | 0—359 (resolution 1) +1
Temperature KPK 1/6-ME-H38, Germany Temperature, °C —40—+80 10.2
and humidity
Sensors MELA Sensortechnik, Germany | Relative humidity, % 0—100 +2

tem receiver Ublox NEO-8M, which determines the
vertical component of the aircraft speed relative to the
air in the range from —50 to +50 m/s with uncertainty
+0.15 m/s. Specification the SINS integrated with
GPS/GLONASS receiver (KompaNav-5.2 I0A
model) are given in Table 1.

Air pressure and temperature were measured using
previously manufactured meteorological system [13].
A Honeywell HIH-3602-C temperature sensor mea-
sures in the range from —40 to +85°C with uncertainty
+0.5 °C; a Young Model 61302 pressure sensor mea-
sures in the range 150—1150 hPa with uncertainty <
+1.5%.

The measuring complex of ZOTTO observatory is
described in detail in [14]. It is equipped with a high
mast (301 m), where sampling devices and pipelines

ATMOSPHERIC AND OCEANIC OPTICS
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supplying air to the gas analyzers are mounted at alti-
tudes of 4, 52, 93, 159, 227, and 301 m. Greenhouse
gas concentrations were measured with a gas analyzer,
the characteristics of which are given in Table 2.

Experimental Geometry

Greenhouse gas fluxes were measured at ZOTTO
observatory between 10:00 and 12:00 local time on
November 1, 2023. The flight diagram is shown in
Fig. 2.

The aircraft flew at altitudes of 100, 200, 300, 400,
500, 1000, and 1500 m above the ground level along a
square centered at the point of the tall mast. The loca-
tion of the square was chosen based on actual data
from the Yeniseisk weather station received before

2 2025
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Fig. 2. Scheme of atmospheric sounding in the region of ZOTTO observatory; the mast is marked with the asterisk.

departure so as two sides coincided with the wind
direction or were opposite to it, and the other two sides
were perpendicular to it. The flight lasted 10 min at
each altitude level and covered two sides of the square
(hereinafter referred to as sections 1, 2, 3, and 4). It
should be noted that such an ideal pattern is not always
observed in a real experiment. This is confirmed by the
data presented below.

Synoptic Conditions During the Experiment

Figure 3 shows the surface weather map for 13:00
local time on November 1, 2023, which characterizes
the synoptic conditions during the period of atmo-
spheric sounding. The measurement area was evi-
dently located on the southwestern periphery of a large
anticyclone centered near Khatanga village. This
weather provided clear conditions, which allowed
flights below 600 m.

According to [15], anticyclonic weather is accom-
panied by descending vertical air currents, which pro-
duce temperature inversions preventing air exchange
between layers. Small pressure gradients indicate low
wind speeds and possible variations in wind direction.

ATMOSPHERIC AND OCEANIC OPTICS

RESULTS AND DISCUSSION

Vertical Distribution of Air Temperature
and Greenhouse Gas Concentrations

Since the measuring methods at the mast and the
laboratory aircraft differ in terms of recording rates,
altitude resolution, etc., the analysis below is carried
out with combined data. Aircraft profiles are con-
structed with a vertical resolution of 20 m, and mast
profiles are constructed at the above-mentioned lev-
els.

Figure 4 shows a multi-layer inversion in the exper-
imental region near 250, 500, 900, and 1500 m above
the earth’s surface from 10:00 to 12:00 local time. It is
possible to distinguish an additional ground inversion
in Fig. 4a. This corresponds to the already mentioned
anticyclonic conditions and does not help to the study
of the vertical distribution of greenhouse gas fluxes.
However, it is quite problematic to select situations
with ideal conditions in the airports of departure and
intermediate refueling and sounding region, given dis-
tances between them of more than 1000 km. In addi-
tion, this stratification of the atmosphere should lead
to special vertical profiles of the concentrations of the
gases under study.

Due to the fact that the experiment was carried out
under conditions where the physiological activity of
the vegetation cover was minimal and the gas emission
prevailed over the photosynthetic carbon assimilation
by terrestrial ecosystems in the region under study, the
2025
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Fig. 3. Surface weather map for 06 UTC (13:00 local time) on November 1, 2023; the mast is marked with the asterisk.

vertical distribution of CO, indicates the presence of a
source near the underlying surface (Fig. 4b). The
dynamics of CO, concentration is insignificant in the
surface air layer. Figure 4b shows the small peaks of the
curves of CO, concentrations to generally coincide
with the inversions seen on the temperature profile
(Fig. 4a).

The vertically variations in the methane concentra-
tion are completely different (Fig. 4c). Its behavior is
near neutral from the surface layer to an altitude of 700
m, with small variations reflecting the presence of
temperature inversions. The main peak is recorded at
an altitude of 850—900 m. This CH, distribution is
possible under a combination of two factors: air advec-
tion from areas with its high concentrations and the
presence of a local source.

It should be noted here that the measurements of
ZOTTO high-altitude mast cover a significant
domain, which, due to the western transfer, is shifted
to Western Siberia [14], which causes a significant
effect of the surrounding wetlands, including the com-
plexes of the Great Vasyugan Swamp, on the mast
measurements of methane concentration. This is also
confirmed by the data in Fig. 4c, which shows a sharp
increase in methane concentration after 11:00 local

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 38
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time, when the internal mixing layer disappears
[16, 17].

Greenhouse Gas Fluxes

According to [18, 19], a gas flux measured by the
eddy covariance method from an aircraft is calculated
by the formula

F = (€= O =w),

where C' and C are the fluctuations and average mass
concentrations of a gas under study in a region; w' and
w are the fluctuations and average vertical air velocity
in the region; N is the number of samples included in
the processing.

The number N is estimated from the following con-
siderations. The flux F should correctly reflect the
heterogeneity of the underlying surface, which is the
source or sink of a gas under study. Study [20] has
shown a distance of 3 km to be sufficient for this. The
second circumstance is the frequency of counts for
recording C' and w'. For ground-based measurements,
it should be at least 10 Hz [2, 3]. The analysis of meth-
odological issues in [21, 22] has shown frequency of
1 Hz to be sufficient for aircraft measurements of gas

2025
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Fig. 4. Vertical distribution of (a) air temperature, (b) CO, and (c) CH4 concentrations in the region of ZOTTO observatory.

1.5
1.4
1.3
1.2

L1

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

m

<

Altitude,

(a)

"i_—«

= Segment /
== Segment 2
= Segment 3
=== Segment 4

(b)

n—i__,

0.1
1

-03 —-02 —-0.1 0

CO,, mg m2s-

01 02 03 04 05 06
CH,, pm—2s7!

0

Fig. 5. Fluxes of (a) CO, and (b) CH4 measured at different altitudes in the region of ZOTTO observatory with the onboard
equipment of Yakovlev-40 aircraft laboratory.

concentrations and vertical wind speed. Therefore, at

in the

region of ZOTTO observatory. The found

an aircraft speed of 100 m/s, the averaging period greenhouse gas fluxes are shown in Fig. 5.

should be equal to 300 s or 5 min. Based on this, the
length of our sections was determined during sounding

ATMOSPHERIC AND OCEANIC OPTICS

One can see the CO, and CH, fluxes to vary from —0.3
to +0.3 mgm~2s~! and from —0.2 to +0.55 ug m—2s7!,

Vol. 38 No.2 2025
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Fig. 6. Distribution of wind speed (solid curve) and direction (dashed line) at an altitude of 100 m: (a) segment /; (b) segment 2.

respectively, throughout the experimental period.
These values are close to those recorded in other
regions [23—25]. They are predictably significantly
lower than over industrial regions, such as London
[26, 27]. The difference between CO, and CH, fluxes
at the same altitude, but in different regions is also
noteworthy. Works [21, 22] suggest measuring the
fluxes under wind stable in both direction and speed.

Let us analyze Fig. 6, which shows the distribution
of wind speed and direction at an altitude of 100 m in
sections / and 2. The wind speed and direction stron-
ger varied in section /. The ranges of variations in the
wind direction was wider than 100°, and of the wind
speed, 8 m/s, whereas there were 40° and the same 8
my/s in section 2. The influence of synoptic conditions
and coastal orography of Yenisei river, located 30 km
from the mast, is obvious. However, it is impossible to
predict a similar meteorological situation for the
experiment region yet.

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 38

No. 2

During the experiment at ZOTTO observatory,
measurements by the eddy covariance method were
not carried out. However, CO, and CH, concentra-
tions and meteorological parameters at the above-
mentioned altitudes were recorded. Based on these
data, greenhouse gas fluxes were estimated by the gra-
dient method. It is based on the Monin—Obukhov
similarity theory and is described in detail in [28].

Flux magnitudes were calculated for each layer
between the two measurement levels. The results were
reduced to the middle of a layer. The comparison
between the gradient and eddy covariance methods
[29—33] showed their similar results and coincidence
within 18—25%.

Figure 7a shows CO, fluxes measured by different
methods at intersecting levels (100 and 200 m) to coin-
cide in sign and be close in magnitude. The estimates
for methane show the coincidence in sign and near
two-fold difference in magnitude (Fig. 7b). This dif-

2025
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ference can be explained if we take into account the
stratification of the atmosphere on the day of the
experiment, the features of the vertical distribution of
CO, and CH,, and wind regime instability.

It should be noted that the differences between air-
craft measurements and estimates from mast monitor-
ing data can be considered natural and they have been
previously noted, for example, in [34, 35]. They are
due to not only fundamental difference in the meth-
ods, but also to the fact that the aircraft collects infor-
mation from a larger territory. Each method has
proper spatial and temporal scales of averaging.

CONCLUSIONS

An experiment on atmospheric sounding in the
region of the high mast of ZOTTO observatory was
conducted. The comparison between greenhouse gas
fluxes measured from an aircraft and calculated based
on observatory monitoring data shows their coinci-
dence in sign and a sufficient degree of proximity of
magnitude for CO, fluxes at the same altitudes. As for
methane fluxes, they coincide in sign, but differ in
magnitude by up to two times. A final conclusion
requires the comparison to be made for other weather
conditions. Therefore, we plan to perform a similar
experiment in summer.
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