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Abstract—Airborne sensing data are used to study the change in the air composition upon the transition from
the troposphere to the stratosphere. The distribution of seven gases and the size spectrum and chemical com-
position of acrosol particles are analyzed. It is shown that when crossing the tropopause, the concentrations
of H,0, CO, and CH, sharply decrease, while the concentrations of O3 and NO, and the aerosol particle
number density, to the contrary, increase. Above the tropopause, Si predominates in the elemental composi-

tion and SOﬁ_ prevails in the ionic composition. In the troposphere, terrigenous elements Al, Cu, and Fe pre-
dominate, while in the ionic composition the prevailing set of several ions varies from one region to another.
Noticeable differences in the size spectrum of particles are revealed as well.
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INTRODUCTION

The stratosphere and troposphere are the main
atmospheric layers that determine a significant part of
atmospheric processes on our planet. They are sepa-
rated by the tropopause, i.e., a stably stratified layer
which hinders the air exchange between the strato-
sphere and the troposphere [1]. As a result, the air
composition in the stratosphere and troposphere is
somewhat different [2—4]. However, the tropopause is
not impenetrable; therefore, there is an exchange of
atmospheric constituents between the both layers. The
very detailed overview of such processes is given in [5].
The exchange intensifies in the zone of large-scale
synoptic objects [6—8], especially in high-altitude
frontal zones, the so-called tropopause folds [9—11].
In regions not involved in dynamic distortions, the
exchange intensity is minimal.

Under the conditions of changing climate, the air
composition in the troposphere has noticeably
changed. As shown in [12], this affected the character-
istics of the troposphere and stratosphere. Since 1980
till 2018, the tropopause rose by an average of 150 m,
and the stratopause dropped by 400 m. It is predicted
the stratopause will descend by 1.3 km that by 2080.

Consequently, the exchange processes between the
troposphere and stratosphere should also change. For
example, the tropopause height well correlates with
the height of the ozonopause [13] which determines
the ozone transport from the stratosphere to the tro-
posphere [14]. Thus, the exchange of substances will
affect the air composition both in the troposphere and
in the stratosphere and, accordingly, their radiative
conditions.

As noted in [15], there is no technique for retro-
spective analysis similar to the use of paleoclimatic
data. Therefore, it is necessary to study the processes
of air exchange between the troposphere and the
stratosphere under the warming climate, especially if
we take into account that one of geoengineering meth-
ods for influencing climate-forming factors is con-
nected with the introduction of an additional amount
of aerosols into the stratosphere [16].

There are relatively few studies concerning the
redistribution of gaseous constituents and aerosol
between the troposphere and stratosphere. In [17, 18],
the attention is paid to the importance of the water
vapor transfer through the tropopause to the strato-
sphere. An increase in the water vapor can intensify

567



568 ANTOKHIN et al.

Table 1. Equipment mounted in the flying laboratory and its technical characteristics

Unit Device/sensor Measured parameter Range Error
CO,, ppm 0—1000 <0.2 ppm
G2301-m CH,4, ppm 0-20 <0.0015 ppm
H,O0, ppm 0—70000 <150 ppm
Gas-analysis system
TEI Model 49C O3, ppm 0—-200 0.001 ppm
TEI Model 48C CO, ppm 0—1000 +1%
TEI Model 42i NO/NO,, ug/m? 0—10/500 +1%
D,, um (31 channels) 0.25-32 _
#1. ’
GRIMM #1.109 N, em™ 0—2000 +39%
Aerosol system
Diffusion aerosol D,, nm (20 channels) 3-200 -
spectrometer N, cm™3 0—500000 +10%

ozone depletion by human-made ozone-depleting
substances and thus trigger an increase in ultraviolet
radiation on the Earth’s surface. Measurement and
simulation results [19, 21] show a decrease in the water
vapor concentration down to 2—4 ppm upon the tran-
sition from the troposphere to the stratosphere. Since
ozone is formed in large quantities in the stratosphere,
its concentration above the tropopause rapidly
increases with altitude and reaches a maximum at a
level of 20—25 km depending on the geographical lat-
itude [22—24]. In addition to water vapor and ozone,
the methane [21] and carbon monoxide [25, 26] con-
centrations were also measured, which decreased with
altitude above the tropopause.

To replenish the data on the change in the air com-
position upon the transition from the troposphere to
the stratosphere, in this work, we analyze the vertical
distribution of seven gases and aerosols at the tropo-
pause level and in the adjacent layers based on air-
borne sensing data.

EXPERIMENTAL

For the study, we used the data of airborne sensing
obtained with the Optik Tu-134 flying laboratory
described in [27]. Since the laboratory equipment has
been significantly updated, Table 1 shows the charac-
teristics of the devices used in the experiments.

In addition to the devices tabulated, aspiration
units were used for collecting samples onto filters in
order to determine the chemical composition of aero-
sol. To study the inorganic component, the aerosol
was sampled on AFA-ChA-20 filters. The elemental
composition was determined by atomic emission
spectral analysis [28, 29], while the ionic composition
was determined by the ion chromatography [30, 31].

Flights, in which the flying laboratory crossed the
tropopause, were included in the analysis. The tropo-
pause was determined from the temperature gradient

ATMOSPHERIC AND OCEANIC OPTICS

(up to 2°C/km) (this tropopause is called thermal [32]).
There were 14 such cases. Three of them, where all the
gaseous constituents and aerosol were measured, were
performed in September 2020, and eleven, with an
incomplete set of measured constituents, in October
2014. All the selected profiles were recorded over the
Arctic seas or coastal territories. This is not surprising,
since the tropopause in the northern latitudes is much
lower than in the midlatitudes [33].

The tropopause was crossed in horizontal flights
through high-altitude frontal zones (Figs. 1a and 1b),
as well as during vertical sensing at centers of deep
cyclones (Fig. 1c) or wide troughs (Fig. 1d). In the
first case, the slope of the tropopause took place [34].
In the second case, it was “pulled” down at the center
of a cyclone [35].

RESULTS AND DISCUSSION

The analysis has shown that all the measured con-
stituents can be divided into three groups according to
the character of variations in the concentration upon
the transition through the tropopause: (1) H,O, CO,
and CH, (Table 2), the concentrations of which
sharply decreased in the stratosphere in all the cases;
(2) O; and NO,, the concentrations of which, to the
contrary, increased when crossing the tropopause,
along with the aerosol particle number density (N);
(3) NO and CO,, concentrations of which could both
decrease and increase; sometimes they showed the
neutral behavior.

Figures 2—4 show how the concentrations of atmo-
spheric constituents vary when crossing the tropo-
pause.

It can be seen from Fig. 2a that the specific humid-
ity decreases with altitude up to the tropopause level
and then slightly increases. This character of the vari-
ation is quite natural keeping in mind the physical
properties of moisture content in the atmosphere [36],
No. 6
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Fig. 1. Baric topography maps for regions where the tropopause was crossed.

since the maximal concentration of water vapor in air
exponentially decreases with the temperature. As for
the absolute values, the specific humidity shown in
Fig. 2 it is much higher than that observed in [19—21].

used. The second explanation is that the measure-
ments have been carried out in the lowest part of the
stratosphere, where water vapor inflows from the tro-
posphere.

Two explanations are possible here. The first one is

that low values of the specific humidity are close to the
threshold and measurement error of the gas analyzer

A sharp drop in the concentration upon the transi-
tion from the troposphere to the stratosphere is also

Table 2. Character of change in the concentration of air constituents when crossing the tropopause

Character of change H,0 (OR N CO CH, CO, NO, NO
Growth — 14 11 — — 6 3 3
Drop 14 — 1 14 14 6 - —
Neutral — — 2 — — 2 — —
N is the particle number density; d > 0.25 um.
ATMOSPHERIC AND OCEANIC OPTICS Vol.34 No.6 2021
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Fig. 2. Vertical distribution of specific humidity, CO, and
CHy, in the tropopause layer.

observed for CO and CH, (Figs. 2b and 2c). Similar
facts and the values close to the data in Figs. 2a and 2b
were also recorded by other research groups [21, 37—39].
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A possible reason for the rapid decrease in CO and
CH, in the stratosphere is considered to be their oxi-
dation by ozone and hydroxyl, whose concentrations
here are much higher than in the troposphere [40, 41].
Figure 3 shows that the O; and NO, concentrations
and the aerosol particle number density increase upon
the transition into the stratosphere. If the increase in
the O; and NO, is quite clear (they are formed in the
stratosphere in photochemical cycles [42, 43]), then
the reason for the increase in the number of particles is
not clear yet. We will return to this issue a little later.

Let us dwell on the issue of the variable character of
the variation in the CO, concentration in the tropo-
pause layer (Table 2, Fig. 4).

One can see from Fig. 4a that the carbon dioxide
concentration started to increase in the troposphere
and continued to grow in the stratosphere. An oppo-
site pattern can be seen in Fig. 4b: the CO, concentra-
tion varies in the troposphere and decreases in the
stratosphere. However, the amplitudes of the varia-
tions are small (2—3 ppm). The data of Table 2 indi-
cate that variations in the both directions are equally
probable. The similar fact was also noticed in [38],
where the different character of variations in carbon
dioxide and oxide was explained by the territory,
where the airborne sensing was carried out, as follows.
A barrier arises between the polar dome and the mid-
latitudes. When sensing to the south of the dome, the
concentration should increase due to inflow of
enriched continental air masses. The profile inside the
dome should show a decrease, because of lower con-
tent of the atmospheric constituents there. Our
attempt to check this conclusion failed. It is possible
that the boundary of the polar dome was much farther
north during our experiments.

We succeeded in collecting aerosol samples in the
stratosphere in three cases. The results of comparison
of the elemental and ionic compositions for the strato-
sphere and troposphere are shown in Figs. 5 and 6,
respectively. Tropospheric samples were taken 1 km
below the tropopause.

It can be seen from Fig. 5 that the elemental com-
position of aerosol significantly differs in the tropo-
sphere and the stratosphere. In addition to the ele-
ments shown in Fig. 5, Ca, Mg, and Ti were deter-
mined in the composition of aerosol particles.
However, their content turned out to be at the level of
blank samples, which did not allow their reliable
quantitative estimation in the composition of aerosol.
The detailed analysis of Fig. 5 is hardly possible.
A characteristic feature can be distinguished: Si pre-
dominates in the composition of particles in the
stratosphere, while Fe or aluminum predominates in
the composition of tropospheric particles. The most
probable reason for this difference is the long strato-
spheric lifetime of volcanic eruption products with sil-
icates predominating in their composition [44], while
the lifetime of these particles in the troposphere is
Vol. 34
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much shorter. To be noted in the low stratospheric
concentration of Be, which is one of the indicators of
air mass origin [45]. This is possibly a consequence of
the period of measurements: the measurements were
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Fig. 4. The same as in Fig. 2, but for CO,: (a) Kara Sea,
October 15, 2014; (b) Arkhangelsk, September 4, 2020.

carried out in the fall, when the concentration of
beryllium in the atmosphere is minimal [46].

Significant differences between stratospheric and
tropospheric aerosols were also found in the ionic
composition (Fig. 6).

Figure 6 shows that sulfate aerosol based on the

SOi_ ion predominates in the stratosphere. lons of ter-
rigenous origin prevail in the troposphere. This is in a
good agreement with the earlier data [44]. Some of the
ions shown in Fig. 6 were also found in the strato-
sphere in the special experiments [47, 48].

These differences in the chemical composition of
aerosol certainly affect the particle size distribution.
The complete spectra of these distributions are shown
in Fig. 7 (on the log scale). Since the system for mea-
suring the particle size distribution consisted of two
devices with different operation rates, and the time of
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Fig. 5. Elemental composition of aerosol in the stratosphere and troposphere.

horizontal flights was only few minutes, it was difficult
to find the periods when the readings were carried out
synchronously. That is why there are a few data on the
complete size distribution of aerosol particles. Two
spectra were obtained for the regions near Arkhangelsk
and Anadyr. An altitude of about 9 km, i.e., under the
tropopause, was taken as control for the stratosphere.

Figure 7 shows that the maximal particle number
densities in both the troposphere and the stratosphere
fall on the Aitken mode (20—50 nm). The differences
in the particle size distributions in the stratosphere and

ATMOSPHERIC AND OCEANIC OPTICS

the troposphere are noticeable. It can be noted that the
both distribution spectra are slightly shifted to the
right, toward the range of larger particles, in the strato-
sphere. The stratosphere contains more coarse parti-
cles (d > 1 um).

In the both cases, the stratosphere contains parti-
cles of the nucleation mode (3—20 nm). This indicates
that, despite the low humidity and the very low con-
tent of ammonia, new particles form in the strato-
sphere. As can be judged from the predominance of

SOﬁ_ in the ionic composition (Fig. 6), particles are

Vol. 34 No. 6 2021
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Fig. 6. lonic composition of aerosol in the stratosphere and troposphere.

generated by the sulfuric acid mechanism. This likely
explains the increase in the particle number density
above the tropopause, as shown in Fig. 3.

These results obtained from the analysis of few
cases should be considered preliminary.

CONCLUSIONS

The air composition considerably changes upon
the transition from the troposphere to the strato-
sphere. The concentration of such gases as H,O, CO,
and CH, sharply decreases above the tropopause. The

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 34

No. 6

aerosol particle number density and the concentra-
tions of O; and NO,, to the contrary, increase above
this layer. The carbon dioxide concentration may
increase and decrease with equal probability. For NO,
no unambiguous trend was found due to its low con-
tent at these altitudes.

The chemical composition of aerosol also signifi-
cantly differs in the stratosphere and the troposphere.
Above the tropopause, Si predominates in the elemen-

tal composition and SOi_ prevails in the ionic compo-
sition. In the troposphere, terrigenous elements Al,
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Cu, and Fe predominate in the elemental composi-
tion, and a set of several ions, varying from one region
to another, predominates in the ionic composition.

There are also differences in the size spectrum of
aerosol particles. In the stratosphere, the size distribu-
tion curve is generally shifted to the right, reflecting
the longer age of the particles.
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