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Abstract. The results of a statistical analysis and comparison of the seasonal-mean
altitude profiles of ozone content in the stratosphere and lower mesosphere above
Moscow, obtained from ground-based microwave radiometric measurements, and the
corresponding temperature profiles from satellite data are presented. The analysis
included ensembles of data for the autumn, winter, and spring seasons of the 1996-
2006 and 2007-2017 decades, which coincided with the 23rd and 24th cycles of solar
activity. Based on these data, the seasonal-mean altitude profiles of parameters and
their variances, the joint ozone-temperature correlation and covariance functions, the
inter-altitude correlation and covariance functions, the temporal structural,
autocorrelation and autocovariance functions, as well as the frequency spectra of
covariances were obtained. When comparing these statistical parameters over two
decades, statistically significant correlations and trends were found. In particular,

during the winter season of the 2007-2017 decade, when solar activity was reduced,
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there was a significant decrease in seasonal-mean temperature profiles over a wide
range of heights around the maximum of the ozone layer, up to -8.4 K at an altitude of
37 km. The result is particularly interesting because this decrease in the average winter
temperature in the decade with reduced solar activity correlates with the most
significant (up to 28 % at 38-39 km) decrease in the average winter variations in the
ozone profile above 29 km, as well as with the decrease in its average decadal-mean
variations, which we found earlier. For the first time in studies of the ozonosphere,
seasonal-mean inter-altitude joint ozone-temperature correlation and covariance
functions were applied and obtained for the decades 1996-2006 and 2007-2017.
In particular, the areas of the greatest correlation of ozone with temperature, which are
observed for temperatures at altitudes below 35 km, and the areas of the greatest
anticorrelation, which are above this altitude, were identified.
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Introduction

The paper is an extended publication of the statistical analysis of the seasonal
average statistical parameters of 0zone content and temperature in the stratosphere and
lower mesosphere above Moscow, which was partially presented in [1], and continues
our research [2,3] related to the statistical analysis of ensembles of altitude profiles of
ozone content formed from ground-based microwave radiometric measurements at the
P.N. Lebedev Physical Institute of the Russian Academy of Sciences (LPI) from 1996
to 2017. In order to study ozone-temperature relationships, ensembles of corresponding
altitude temperature profiles from available databases are included in the analysis in
this article.

Currently, most of the information about the global distribution of ozone and

temperature in the stratosphere and mesosphere is obtained from satellite
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measurements [4]. However, the large scale of horizontal averaging, as well as
variations in observation time and satellite trajectory, limit the accuracy of
measurements, and the relatively short period of satellite programs limits the
possibilities for long-term observations. In this regard, ground-based remote sensing
of ozone becomes important, conducted in the same location and using the same
method. This allows obtaining long-term series of homogeneous data with significantly
better horizontal resolution. Such long-term series of high-altitude ozone content
profiles were obtained as a result of radiometric measurements of the spectrum of
microwave thermal radiation of the atmosphere at the frequencies of the rotational line
of ozone centered at 142.175 GHz at the LPI in Moscow (55.70° N, 37.57° E) since
January 1996 to May 2017) [2] and at the University of Bern (46.95°N, 7.44°E) from
January 1997 to January 2015) [5].

The data obtained at LPI are of particular interest not only because of their
duration, but also because they begin almost coinciding with the beginning of the ozone
layer recovery [4], and the measurement period almost exactly coincides with the 23rd
and 24th cycles of solar activity. The geographical location of Moscow in the zone of
strong variations in stratospheric ozone associated with planetary waves and the
transport of various air masses, including the arrival of ozone-poor air in the polar
stratospheric vortex during the cold months, allows us to study both these processes
and related trends in stratospheric ozone.

In previous papers [2,3], a statistical analysis of the ozone layer observation data
in 1996-2017 was presented. This analysis is interesting because the 23rd and 24th
solar cycles differed significantly in their activity. The dataset was divided into two
11-year ensembles: 1996-2006 and 2007-2017. To increase the statistical significance
of the results, the monthly-mean profiles of the relative ozone content for each analyzed
month (September to May) were averaged over 11 years of each decade. To estimate
the overall changes between decades, the decadal-mean parameters were determined
by averaging the average monthly profiles over all months of the analysis.

The most unexpected and inexplicable result of the statistical analysis was the

detection of a sharp decrease in the variability (standard deviations) in the ozone profile
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above 30 km in 2007-2017 compared to 1996-2006 [2,3]. As the main factors that could
lead to such a significant decrease, we considered the different nature of the large-scale
stratosphere dynamics of the Northern Hemisphere in the periods (decades) under
consideration, as well as a strong drop in solar activity in the 24th cycle of 2007-2017.
compared with the 23rd cycle of 1996-2006, shown in Fig.1 [2,3].
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Fig.1. The 23rd and 24th cycles of solar activity: 1 — the average monthly number of
sunspots; 2 — smoothed curve.

As can be seen in Fig. 1, solar activity in the 24th cycle was almost twice less
than in the 23rd.

As is known, the content and dynamics of ozone distribution depend on the
balance of rates of its photochemical formation, depending on solar radiation, losses in
destructive processes involving compounds of hydrogen (H, OH, HO,), nitrogen (N,
NO, NO;) and chlorine (Cl, CIO), as well as on large-scale ozone transport by air
[4,6,7]. Dynamic processes also affect the temperature distribution, and an increase in
temperature accelerates ozone depletion reactions [7]. According to modeling [8],
the response of ozone in the upper stratosphere to temperature changes will increase as
the chlorine content decreases. These processes lead to a negative correlation between
0zone concentration and temperature in the upper stratosphere.

There are also experimental studies on the role of temperature and solar activity

in the formation of high-altitude ozone distribution in various geographical areas. The
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paper [5] presents the results of multiparametric regression analysis on fluctuations in
average monthly ozone profiles during approximately 1.5 solar cycles, taking into
account annual, semiannual and quasi-biannual fluctuations, ElI Nino Southern
Oscillation and solar cycle (based on normalized time series of solar radio flux at
wavelength 10.7 cm). A strong peak amplitude of approximately 5 % was observed for
the component associated with solar cycle in the lower stratosphere.

Based on satellite measurements of ozone levels in the middle layers of the
atmosphere, several scientific groups have investigated correlations between ozone,
temperature, and solar activity. In [9], it was found that the seasonal-mean variations
in ozone and temperature measured by the SABER instrument on board the TIMED
satellite in the period from 2002 to 2005 in the latitude range 48N to 48S and at altitudes
20 to 100 km positively correlated approximately below 30 km and above 80 km, and
were negatively correlated approximately between 30 and 80 km. Later, this group
presented data on 10-year trends in ozone and temperature and their correlation over a
longer period from 2002 to 2012 [10], as well as on the responses of ozone and
temperature to fluctuations in solar activity from 2002 to 2014 [11]. They found that
in the middle stratosphere and upper mesosphere, the ozone response to the solar cycle
was relatively strong [12].

The analysis performed in [13] for the period 1979-2020 revealed a correlation
between temperature in the lower stratosphere and total ozone content in the
atmospheric column. This article noted that variations in the ozone content in the upper
troposphere and lower stratosphere can influence the temperature in the middle and
upper stratosphere through ascending long-wavelength radiation. Additionally, [8]
found a correlation between ozone content and temperature in lower layers of the
tropical stratosphere.

In [14], the frequency dependence of the correlation level between ozone and
temperature over time periods from 2 days to 5 years was studied using data obtained
from the Microwave Limb Sounder (MLS) instrument aboard the Aura satellite in
2004-2021, and for these periods the corresponding altitude areas of correlation and

anticorrelation between ozone and temperature were determined.
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The above results of the discovered correlations between ozone and temperature
and the correlations of ozone content with solar activity, stimulated us to continue our
research by incorporating temperature into the analysis of statistical parameters in
order to investigate the joint ozone-temperature correlation and covariance functions,
and to compare the statistical parameters of ozone and temperature obtained over two
decades based on the same ensembles of ozone profiles obtained at LPI and ensembles
of the corresponding temperature profiles from the available databases.

Considering that the main specifics related to the differences in the two decades
relate to the winter months, unlike our paper [2], which shows the monthly-mean and
decadal-mean statistical parameters of ozone, in this paper we present a comparison of
the seasonal-mean (averaged over the monthly-mean profiles of each of the seasons)
parameters for 1996-2006 and 2007-2017 to identify the specifics and differences of
the winter season from the transitional autumn and spring seasons with greater
statistical significance, as well as to identify inter-decade trends.

The first results of these studies were published in the proceedings of the
conference [1], where, for the decades 1996-2006 and 2007-2017, the altitude
distributions of the seasonal-mean joint ozone-temperature correlation coefficients
were presented, as well as a comparison of the seasonal-mean profiles of ozone,
temperature and their root-mean-square variations. In this paper, we present expanded
and detailed research results and supplement them with a review of more informative
distributions of joint ozone-temperature inter-altitude correlation and covariance
functions, as well as a comparison of distributions and inter-decade changes in other
statistical parameters of ozone and temperature: seasonal-mean structural
autocorrelation and autocovariance functions, their frequency spectra, as well as inter-

altitude correlation and covariance functions.
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1. Measurement methods and data ensembles

The analysis includes data for the autumn, winter and spring months of 1996-
2017 (2096 vertical profiles of the relative content (volume ratio of the mixture) of
ozone and the corresponding temperature profiles). Ozone profiles were derieved from
brightness temperature spectra of atmospheric thermal radiation at frequencies of the
rotational spectral line of ozone 10010—10; ¢ With a central frequency of 142.175 GHz
(wavelength 2.1 mm) [15]. The observations were carried out in Moscow at the LPI
(55.70° N, 37.57° E, 180 m above sea level). The microwave spectrometer, observation
methods, and examples of spectra are discussed in detail in [2, 15, 16].

All the ozone content profiles used in the statistical analysis of this study were
obtained from microwave spectra measured during the daytime. The duration of
observations was 1-3 hours, the average number of observation days was 15-20 per
month (as a rule, all working days, except for days with bad weather) [15,16].

The volume ratio profiles of the ozone mixture were obtained from the measured
brightness temperature spectra by solving the corresponding nonlinear integral
equation of the 1st kind using an iterative algorithm that was developed in [17] based
on the Tikhonov method [18] and described in detail in [2, 19]. This algorithm has been
successfully applied in long-term studies of the ozonosphere at the LPI [2,3,19-24].

A detailed analysis of the errors in the retrieval of the ozone profiles performed
in these articles, based on numerical simulation using ensembles of profiles, showed
that the standard errors of the obtained profiles are very stable and practically
independent of variations in ozone profiles and their seasonal statistical ensembles. The
errors amount to 0.1-0.2 ppm in a wide range of heights from 15 to 80 km, which is 2-
5 % of the average value of the ozone mixture volume ratio in the altitude range of 20-
50 km [2]. Considering possible inaccuracies in the temperature and pressure profiles
in the kernel of the integral equation being solved, as well as calibration errors and
distortions associated with the apparatus function of the spectrometer channels, the
actual retrieval error could increase by 1-2 %.

As aresult, at altitudes of 20-50 km, the overall error in the retrieval of the ozone
profiles did not exceed 5-7 %. Below and above this height range, the errors increased

7
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gradually to 20-30 %. Depending on the specific ozone content profile, measurements
are informative in the range from 15-20 to 60-80 km. In this study, we selected an
altitude range from 15 to 70 km for statistical analysis. Since 2005, numerous
comparisons of the ozone profiles of the LPI have been carried out with those by the
MLS Aura instrument [25] over Moscow, which, within the measurement errors of
both instruments, showed a coincidence of the ozone profiles for both calm and
disturbed states of the stratosphere [23,26].

To retrieve ozone profiles from microwave spectra [27], vertical temperature and
pressure profiles were used from the British Atmospheric Data Centre (BADC)
database. Meteorological radiosonde data from the Central Aerological Observatory
(CAO, Dolgoprudny, Moscow Region) was also sometimes used [28].

In 1996-2009, BADC temperature profiles were available in the altitude range
from 0 to 52-66 km; after November 10, 2009, they were available from 0 to 73-80 km.
To retrieve the ozone profiles in the mesosphere, the temperature points from BADC
were supplemented with a temperature of 191 K at an altitude of 100 km from the
CIRA-86 model [29], and then spline interpolation of the temperature profiles was
performed. Thus, in the first decade of 1996-2006, there were errors in temperature
profiles at altitudes of 60-70 km that could reach 5-10 K or even more due to
interpolation errors. During most of the second decade (2007-2017), the BADC
temperature profiles at these altitudes were free of these errors. The errors of
radiosonde temperature measurements in the altitude range of 0-30 km are less than 1
K [28, 30]. The data presented in [25], based on a comparison between the results from
the Aura satellite and other databases, provide estimates of an error of 1 K in the
altitude range in the altitude range of 10-80 km and 2.3 K in the range of 80-92 km. In
this work, for statistical analysis, we used the same BADC temperature profiles that
were previously used to retrieve ozone profiles.

The ensembles of ozone data include 1,169 profiles from the decade 1996-2006
and 927 profiles from the decade 2007-2017. These data have several advantages.
Firstly, they were collected in the same location using the same instrument at

approximately the same time of day. Secondly, the measurement period covered almost



XYPHA PAOUOINEKTPOHUKW, elSSN 1684-1719, Ne10, 2025

the entire 23rd and 24th solar activity cycles, which allowed us to analyze long-term
changes and their potential correlation with the significant decrease in solar activity
during the 24th cycle. For statistical analysis, seasonal ensembles of data were
identified, including ozone and temperature profiles for three months of the autumn,
winter and spring seasons for each decade. Summer data was not included in the

analysis due to minor variations in ozone content.
2. Statistical analysis

For the ensembles of ozone and temperature profiles described above, the
monthly-mean statistical parameters were calculated by averaging the values for each
day of each of the 9 months over 11 years of the decades 1996-2006 and 2007-2017:
vertical profiles of the mean ozone volume mixing ratio (content) and mean
temperature profile<T (h) >, profiles of their variances:

o5 (h)=<[U(h)-<U(h)>]* >, o7 (h) =<[T (h)-<T(h) >]* > (1)
and the corresponding standard deviations (variations) o, (h), o (h), inter-altitude

joint ozone-temperature covariance and correlation functions:

Byr (1) =<[U (hy)—<U () >](T ()= <T (1) >] >, 2)
RUT(hJ'hT):BUT(hU’hT)/\/BUU(hJ’hU)BTT(hT’hT);

structure functions (profiles) of ozone and temperature:

St, (h,7) =<[U(h,)-< (U (h,t+7)>] >, (3)

St; (h,7) =<[T (h,t)—< (T (h,t +7) >] >,
their autocovariance functions:
B, (h,7) =<[U(h,t)—<U(h) >][U (h,t +7)—<U(h) >] >, (4)
B, (h,7) =<[T (h,t)—<T(h) >][T (h,t +7)—<T(h) >] >,
and autocorrelation functions:
Ry (h.7) =By (h,7)/ o (h) =By (h,7) / By, (h,h), ()
Ry (n,7) =By (n,7)/ 2(h) =B, (h,7) / By (hh)

as well as the power spectra of ozone covariance and temperature covariances:

9
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S, (h, f)= j B, (h,7)exp(=27if 7)dr, (6)

S.(h, f)= j B, (h, 7)exp(—2zif r)dz,
inter-altitude covariance functions of ozone and temperature:
By (N, h,) =<[U(h)—<U(h) >][U (h)-<U(h,) >]>, (7)
Brr (h, hy) =<[T(h)—<T(h) >I[T (h,)-<T(h) >]>,

and the corresponding correlation functions:
Ruu (hishy) = By (. hy) /By () By (hy,hy) (8)
Rer (h,h,) =B (h,h,) / \/BTT (h,h)Br (h,h,).

In the above formulas, 7 is the time shift, and f is the frequency. The seasonal-

, . 1 . : .
mean parameters X ocere s wasecra —Z X, were obtained by averaging the corresponding
i=1

monthly average X; parameters over the three months of the corresponding season for
each of the decades 1996-2006 and 2007-2007. The profiles of the seasonal-mean
covariance and correlation coefficientsB ; (h,h), R,;(h,h) are presented in [1]
(Fig. 4).

Estimates show that sampling errors in the monthly-mean variations in ozone
and temperature profiles vary relative to the corresponding average profiles from about
7 % in the colder months (November-March) to 17 % in the warmer autumn and spring
months. The sample errors in determining the average monthly values of ozone content
were in the range of 0.9-1.8 %. In the paper [2], we presented a detailed study of
sampling errors in the statistical parameters of the ozone layer profile, including the
contribution of errors in the retrieval of the ozone profile from radiometric data. This
study showed that errors in the ozone retrieval lead to a relatively small increase in
estimates of its standard deviations and covariance functions. Therefore, this factor was
not taken into account in their analysis.

The sampling errors of the monthly-mean temperature profiles depend mainly
on altitude and range from about 0.3-0.5 K in the troposphere (0.6-0.8 K for September
and May) up to 2-3 K in the upper layers. Accordingly, the sample errors of the

10
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seasonal-mean parameters decrease by about 1.7 times. It is important to note that the
seasonal instability of ozone and temperature contributes to an increase in their
variations and errors in determining average values, especially in the transitional

autumn and spring months.
3. Results of statistical analysis

Figure 2 shows the ensembles of altitude profiles of ozone and temperature in
the stratosphere and lower mesosphere above Moscow, which were used in the
analysis, obtained for three seasons of the analysis of two 11-year decades of
observations.
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Fig. 2. Ensembles of autumn, winter, and spring ozone and temperature profiles over
Moscow in the decades 1996-2006 and 2007-2017. Low-information areas of ozone
profiles are highlighted in a white rectangle.
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3.1. Seasonal-mean profiles and their variations

The corresponding seasonal-mean profiles of ozone content and temperature, as
well as the profiles of their root-mean-square variations (1), were presented by us in
[1]. Therefore, in this article, Fig. 3 shows only the inter-decade changes (differences)
in the seasonal-mean profiles of ozone and temperature, as well as the differences in
their variations in a more visual form of diagrams in color gradations. In addition, a
much more detailed comparison of these profiles, their variations, and changes in these
parameters between the decades 1996-2006 and 2007-2017 is presented below.
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Fig.3. The top row is the inter-decadal (2007-2017 — 1996-2006) change in seasonal-
mean profiles of ozone (left) and temperature (right); the lower row is the inter-

decadal change in seasonal-mean variations in ozone profiles (left) and temperature

(right).
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Fig. 3 shows that the inter-decade changes for the winter season differ
significantly from the changes in the transitional autumn and spring seasons, which, on
the contrary, have many similarities.

In the winter seasonal-mean profiles of ozone content <U > in the decade 2007-

2017. (with reduced solar activity), there is an increase in ozone content in layers 15-
33 km and 38-52 km with maximum values up to A<U > =0.39 ppm (about 8 %) at
altitudes of 26 and 44 km, respectively, that is, above and below the height of the ozone
maximum (about 35 km), where there is a slight decrease of about 0.03 ppm.
Conversely, the autumn and spring profiles show a decrease in the average ozone
content with two minima of -0.22 and -0.18 ppm (11 and 4 %) at altitudes of 20 and 37
km in autumn and -0.35 and -0.41 ppm (14 and 6 %) at 21 and 40 km in spring. Above
54 km in winter, there is a small (up to 10-15 %) decrease in ozone content, while in
autumn and spring there is mostly a slight increase.

Seasonal-mean variations of ozone content <oy, >in the winter season in the

main part of the ozone layer at altitudes of 15-55 km, shown in Fig. 3 in [1],
significantly exceed the autumn and spring variations. In the profiles of the average
seasonal variations in ozone content, they decreased in the decade 2007-2017 above 29
km in autumn and winter and above 34 km in spring, with a particularly significant

drop of Ag;, =-0.23 ppm (28 %) in winter at an altitude of 38-39 km, which reflects

the decrease in the average monthly values of variations for the winter months found
in [2].

In the autumn season, the maximum drop in variations is -0.015 ppm (3 %) at 42
km, and in the spring season it is even less significant. Above 50 km, the differences
in winter and autumn variations show second lows: -0.15 ppm at 59 km (39 %) in
winter and -0.07 ppm (29 %) at an altitude of 56 km in autumn. At altitudes below 29
km in the winter season, there is an increase in variations in the second decade by 0.05
ppm (5 %) at an altitude of 27 km and a significant (compared with a small average
value of variations at this altitude) decrease of -0.07 ppm (47 %) at 20 km. In the
autumn and spring seasons at these altitudes, also in the second decade, there is a

significant increase in variations with maxima of 0.15 ppm at an altitude of 22 km in

13
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autumn and 0.19 ppm at 20 km in spring, comparable to the average values of variations
in the first decade, small at these altitudes.

In the seasonal-mean temperature profiles <T (h) > between 30 and 49 km in

the decade of 2007-2017, the most significant decrease in the winter season is observed

—1t0 A<T(h)> =-8.4 K at an altitude of 37 km, which overlaps the area of heights of

34-37 km, where there is a decrease in the seasonal-mean ozone profile, located
between two areas of its strong increase (see above). This drop in temperature coincides
in height with the most significant drop in average winter ozone variations in this
decade. Similar correspondences in altitude of the temperature drop maxima (-2.8 K
per 42 km in the autumn and -3.2 K per 35 km in the spring) with decrease maxima of
the average seasonal-mean ozone content and its variations occur in the autumn and
spring seasons. Above 60 km, there is a very significant decrease in temperatures in
the second decade, which may contain significant errors related to the interpolation of
temperature profiles at these altitudes in the first decade.

There is also a seasonal specificity; an increase in the seasonal-mean temperature
In the second decadeto A<T > = 2.7 K at altitudes of 41-62 km in spring and a slight
(up to 0.7 K) increase by 53-61 km in autumn. Also, in autumn and winter,
temperatures rise to 2 K at altitudes from 12 to 30 km. At altitudes of 9-11 km,
temperature changes are insignificant, and at altitudes of 2-4 km in autumn and winter,
temperatures in the second decade are about 1 K higher, and in spring — by 1.5-2 K.
The surface temperature increased in the second decade by 2 K in all three seasons.

Seasonal-mean temperature variations <o > in the winter season in the main

part of the ozone layer at altitudes of 15-55 km, shown in Fig. 3 in [1], significantly
exceed the autumn and spring variations — as well as the average seasonal variations in
ozone mentioned above (Fig. 3 8 [1]). In the first decade, they increase from 5 K at an
altitude of 15 km to 16.7 K at 38 km (near the maximum of the ozone layer), have a
second weak maximum of 15.7 K at 44 km, and decrease to a local minimum of 10.4
K at 54 km. In the second decade, variations increase from 5.1 K at15 kmto 17.9 K at
41 km and decrease to a local minimum of 12.3 K at 55 km. Above 55 km in the first

decade, there is a sharp increase in temperature variations to 35 K at 70 km; in the

14
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second decade, this increase continues to a local maximum of 20 K at 67 km (Fig. 3B
[1]). Perhaps, the greater increase in variations with height in the first decade may be
due to interpolation errors.

In the winter inter-decadal changes in variations, at altitudes of 15-55 km (see

Fig. 3), an increase in temperature variations A <o > is mainly observed: from 0.1 K

at an altitude of 15 km to 0.8 K at 23 km. Further, in the altitude range of 28-33 km in
the second decade, there is a slight decrease in variations with a minimum value of -
0.5 K at 33 km, and above that, there is an increase again, which reaches 1.7 K at 42
km and amounts to 0.8-2 K from 44 to 55 km. It should be noted that in this area of
increase in temperature variations, there is a significant decrease in variations in ozone
content (see above). Above 55 km, where there is an increase in variations by 2 K in
the second decade, a rapid decrease in growth is observed in km, turning into a decrease
to-17 K at 70 km, which probably reflects a decrease in the contribution of temperature
interpolation errors to variations in this decade.

Referring again to Fig. 3 in [1], it can be seen that temperature variations in
autumn and spring are similar. In the first decade, in the 15-55 km layer, they increase
from 3.7 K at 15 km to 7.3 K in autumn and 6.1 K in spring, when at an altitude of 36
km there was a local maximum of 8.4 K. Above 55 km, just as in the winter season,
there is a sharp increase in temperature variations to 25.7 K at 70 km in autumn and up
to 22.8 K in spring, which is significantly lower than in the winter season. In the second
decade, the average seasonal variations increase from 3.1 K in autumn and 3.7 K in
spring at 15 km to 6.7 K at 51 km with local maxima of 9.1 K at 45 km in autumn and
8.2 K at 40 km in spring. Above 55 km in autumn, temperature variations increase to
maxima of 20.3 K at 67 km, and in spring this increase, after a local minimum of 5.5
K at 59 km, reaches 14.2 K at 69 km, which is slightly lower than in the winter season
(Fig. 3B [1]).

From a comparison of the difference in temperature variations A <o; >in two
decades (see above in Fig. 3), it can be seen that in the autumn season, values close to
zero are observed at altitudes of 15-55 km from 15 to 34 km, followed by a layer of

elevated values at altitudes up to 48 km with a maximum increase of 3.5 K at 42 km,
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followed by a transition to a deep decline at altitudes from 49 to 52 km to a minimum
of -0.65 K at 50 km . Further, after a slight increase to 1.2 K at an altitude of 54 km,
there is a deep decline to -8.4 K at 70 km.

In the winter season, at altitudes of 15-36 km, there is a slight (up to about 1 K)
Increase in variations, followed by a slight increase with local maxima of about 2 K at
altitudes of 42 and 54 km, followed by a deep decline to -27 K at 70 km.

In the spring season, a small (up to 0.6 K) increase in variations A<o; > is

observed at altitudes of 15-33 km, followed by a decrease and transition to a decrease
In variations at altitudes from 23 to 38 km to about -1 K at altitudes of 30-36 km.
Further, in the range of 40-55 km, there is again an increase in the difference in
variations with local maxima of 1.7 K at 42 km and 1.2 K at 54 km (at altitudes of
similar maxima in the autumn and winter seasons). Above 55 km, there is a rapid
decrease in growth, turning into a decline to a local minimum of -8.7 K at 70 km.

In the altitude range of 0-15 km, the profiles of temperature variations <o, >

have similar distributions in different seasons and decades (see Figs. 3b, 3d, 3f in [1]).
In the first decade of the autumn season, there are maximums of the temperature
variations of 4.9 K at 0 km, 5.6 K at 6-7 km, 4.7 K at 12 km and lows of 4.6 K at 1 km,
2.8 K at 10 km, 3.3 K at 15 km. In the second decade, at altitudes from 0 to 7 km,
variations are almost constant (about 4.5 K), then they decrease to a minimum of 3.4
K at 10 km, rise to a maximum of 5.0 K at 12 km and decrease to 3.4 K at15 km (Fig.
3B [1]). In the autumn season, there was a decadal decrease in variations (see above in
Fig. 3) at altitudes of 0-9 km with a minimum difference of A<o; >=-1.0 Kat 7 km,
its increase to 0.65 K at 10-12 km and a slight decrease to -0.2 K at 15 km.

In the first decade of the winter season, there are maximums of <o, > =6.2 K
at 0 km, 5.8 Kat5 km, 5.7 K per 12 km and lows of 5.0 K at 2 km, 3.1 K at 9 km, 4.9
K at 15 km. In the second decade, there are maxima of 6.5 K at 0 km, 5.7 at 5 km, 5.8
K at 12 km and minima of 5.1 K at 1 km, 3.2 K at 9 km, 5.0 K at 15 km (Fig. 3 B [1]).
The inter-decade variations in the winter season did not exceed 0.5 K (see above in
Fig. 3).
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In the first decade of the spring season, there were maxima of <o, > =4.5K at

0 km, 4.6 K at 4-5 km, 4.9 K at 11 km, and minima of 3.2 K at 1 km, 2.6 K at 9 km,
3.4 K at 15 km. In the second decade, there were maxima of 5.6 K at 0 km, 6.1 K at5
km, 5.7 Kat 12 km and minima of 4.3 K at 1-2 km, 3.7 K at 9 km, 3.8 K at 15 km (Fig.
3 B [1]). In the spring season, in the second decade, Fig. 3 (see above) showed an

increase in variations from A<o; > =1.0 K at 0 km to a maximum of 1.5 K at 5-8

km, a decrease in growth to a minimum of 0.2 K at 10 km, a maximum of 0.9 K at 12

km, and again a decrease in growth to 0.3 K at 15 km.
3.2. Ozone-temperature covariance and correlation functions

The studies of seasonal statistical parameters presented at the conference [1] also
included altitude distributions of the seasonal-mean ozone-temperature correlation
coefficients. In this paper, we consider more informative inter-altitude distributions of

joint ozone-temperature covariance and correlation functions (2).
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Fig. 4. Seasonal-mean inter—altitude joint ozone-temperature correlation (left) and
covariance (right) functions for the decades 1996-2006 and 2007-2017. The top row
Is the autumn season, the middle row is the winter season, and the bottom row is the

spring season.
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Fig. 4 shows the seasonal-mean inter-altitude joint ozone-temperature
correlation and covariance functions (2) for the decades 1996-2006 and 2007-2017.

As you can see in the figure, the distributions presented have a lot in common —
the areas of the greatest correlation of ozone with temperature are observed for
temperatures at altitudes below 35 km, and the areas of the greatest anticorrelation are
above this altitude. Also, transitions from areas of positive correlation to areas with
negative values occur mainly near this height, which is close to the estimates of the
heights of transition to anticorrelation and anticovariance in the seasonal-mean profiles
of their coefficients presented by us in [1]. However, the heights in the extremes of
correlations and anticorrelations in Fig. 4 do not coincide, which demonstrates the
greater informational content of two—dimensional correlation functions compared with
one-dimensional profiles of correlation coefficients in [1].

A common feature of the distributions in Fig. 4 is the presence of correlation and
covariance maxima between the ozone content at altitudes of about 29 km and
temperatures at altitudes of about 24 km. Also, in almost all distributions, a second
maximum can be seen between ozone at altitudes of about 45 to 60 km and
temperatures of about 34 km.

In winter, the correlation maxima turn out to be significantly higher than in

autumn and spring; at the same time, they noticeably increase in the decade of 2007-

2017. So, in the autumn  season o e (h, =38,hy =23)=0,50,
2012017 ([ =38,h =24)=0,52, in winter R“*®®(h =27,h =22)=0,60,
2012017 (h  =28,h =24)=0,72, in spring R (h, =28 h =20)=0,24,
T (h, =30,h, =15)=0,34 . The highest secondary correlation maxima are: in

autumn R (h, =48,h. =19)=0,45 R**®(h, =54,h, =34)=0,49, in winter
AW (h, =47,h, =24)=0,70, in spring R;>°**®(h, =50,h, =36) =0,52.

The areas of anticorrelation are less organized, and their maxima are relatively

small: in  the  autumn  season 1396200 (h, =18,h. =40)=-0,43,

0120 ([, =43,h, =51)=-0,48, in winter R*?(h, =34,h =43)=-0,36,
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= in spring . =34,h. =36)=-0,38,
2007 2017 —47,h =45)=-0,48, | i 1396 2006( 34 36) =-0,38
2007 2017 (h) 36 hT 37) — _O 37

The boundaries between the regions of positive and negative correlation in Fig.
4 coincide with the corresponding boundaries for covariance functions, however, due
to the difference in color scales, they look different for these parameters. For
correlation functions, crossing the border closely correlates with the transition in the
color scale from green to blue, so they are better distinguishable. Due to normalization,
the structure of the correlation functions is also clearly detailed in areas with both small
and large variations in parameters.

The maxima of covariance and anticovariance in the winter season turned out to

be two or more times higher than in autumn and winter: B>*** (h, =33,h, =25)=3,4

ppm K 1996 2006(*1J 31,hT 64) 3 8ppm K 2007 2017 (h\J — 28,h-|- :25) :4,3 ppm

K, B °(h, =34,h, =44)=—4,8 ppm K, B ?""(h, =44,h, =45)=—4,3 ppm K,
20729 (= 30,h, =43)=—3,8 ppm K.

Below is a comparison of the statistical parameters of ozone and temperature,

both within themselves and between their decade-to-decade changes.
3.3. Structural functions

Fig. 5 shows the average seasonal structural functions (3) of ozone and
temperature variations for the decades 1996-2006 and 2007-2017.

It can be seen that the structural functions of ozone variations reach saturation in
4-7 days. Further, there is some decline, and on the 10-12th day, a secondary maximum
can be seen, possibly (especially in the spring season) associated with non-stationarity,
or being a manifestation of a periodic process.

The structural functions of temperature in the main region of the ozone layer
(15-55 km) are saturated in 3-4 days for the autumn season, in winter — in 10-13 days.
In the spring of 1996-2007, saturation occurs in 13 days, and in the decade of 2007-
2017, the structural function does not reach saturation, probably due to the non-
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stationarity that temperature can manifest itself on any time scale, and especially in

such a transitional season as spring.
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1996-2006 yl.4ppm® 2007-2017 -
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52.5 N A 50,5 0 52.5 ' \ 51, km
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1996-2006 - 1.4 ppm?* 2007-2017 1996-2006 §300K 2 2007-2017

Fig. 5 Seasonal-mean structure functions of ozone (left) and temperature (right) for
the decades 1996-2006 and 2007-2017. The top row represents the autumn season,
the middle row the winter season, and the bottom row the spring season.

Above 55 km, where the structural functions of temperature are saturated in 3-7
days, non-stationarity does not manifest itself.

3.4. Autocovariance functions

Fig. 6 shows the average seasonal autocovariance functions (4) of ozone and
temperature variations for the decades 1996-2006 and 2007-2017. The figure shows
that in the winter season, the values of the covariance functions of both ozone and
temperature are significantly higher than in autumn and spring. At the same time, for
the autocovariance functions of ozone in the range of heights of 30-46 km, there is a

significant decrease in the decade of 2007-2017 with reduced solar activity (see Fig.1)
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compared with the decade of 1996-2006, coinciding with a significant decrease in
variations in ozone profiles, and for autocovariance functions of temperature, on the
contrary, in the second decade there is a significant increase at no noticeable changes

in temperature profile variations.
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Fig. 6. Seasonal-mean auto-covariance functions of ozone for the decades of 1996—
2006 and 2007-2017 (left); corresponding auto-covariances of temperature (right).
The top row shows the autumn season, the middle row the winter season and the
bottom row the spring season.

The autocovariance functions of ozone decrease with a characteristic time of
about 3 days. During this time interval, the highest values of covariances in the autumn
season were observed at altitudes of 31-32 km, in winter at 35 km in the decade of
1996-2006 and at 29 km in 2007-2017, and in spring at 32 and 35 km, respectively.

Fig. 6 shows extended layers with small values of ozone covariance, often with
local maxima indicating the presence of periodic processes. There are also small areas

with negligible negative covariance.
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Autocovariance functions of temperature at altitudes of the main part of the
ozone layer (15-55 km) also decrease with a characteristic time of about 3 days. During
this time interval, in the above-mentioned altitude range, the highest values of
temperature covariances in the autumn season were observed at altitudes of 39 km in
the decade 1996-2006, and 46 km in 2007-2017, in winter at 38 km and 41 km, and in
spring at 36 and 41 km. As can be seen in Fig. 6, the maxima of the highest temperature
covariances increased significantly in the second decade.

In the transitional seasons, secondary maxima of temperature covariances are
observed at tropospheric heights, indicating periodic meteorological processes. In these
seasons, extended layers with small covariance values and secondary maxima can be
seen in the stratosphere up to a height of 54 km, reflecting the frequency of processes
in the corresponding layers. Above 54 km, there is a sharp increase in covariances with

a characteristic attenuation time exceeding the analysis interval shown in Fig. 6.
3.5. Autocorrelation functions

Fig. 7 shows the average seasonal autocorrelation functions (5) of ozone and
temperature variations for the decades 1996-2006 and 2007-2017.

It can be seen in Fig.7 that the autocorrelation functions of ozone decrease faster
in the autumn season than the corresponding autocovariance functions (see Fig. 6),
with a typical time of 1-2 days. In the winter season, this time increases to 3-5 days in
the first decade and 2-4 days in the second. In the first decade of winter, in the layer up
to 35 km, the correlation remains at about 0.2 for the entire analysis interval, and above
55 km — at about 0.1. From 35 to 55 km, the correlation remains at 0.1-0.2 until the
10th-11th day, and then it is replaced by a slight anticorrelation, up to -0.05. In the
second decade, this transition occurs on the 8th-9th day, and the anticorrelation in some
places reaches -0.1.

In the spring season, the correlation time is from 2 to 5 days. Just as in the autumn
correlation functions, there are local maxima of correlation and anticorrelation,

Indicating various periodic processes.
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Fig. 7. Seasonal-mean autocorrelation functions of ozone variations for the decades
1996-2006 and 2007-2017 (left); corresponding autocorrelations of temperature
variations (right). The top row is for the autumn season, the middle row for winter,
and the bottom row for spring.

There are few small areas with anticorrelation extremes R < -0.1 in the autumn

season:
2% (h=16,7 =12)=-0,71, Ry **(h=20,r =8)=-0,42,
2% (h=36,7=8)=-0,40, Ry ™ (h=49,7=12)=-0,30,
T (h=19,7=10)=-0,23, RY" ' (h=32,7=12)=-0,44,
2020 (= 43,7 =5) =-0,38, R} (h=45,r=9)=-0,38;

in spring season

%% (h=25,7 =10) =-0,35 and R} " (h=18,7 =13)=-0,29,
T (h=417=12)=-0,48, R} ™" (h=51,r=13)=-0,24.

There are no areas of significant anticorrelation during the winter season.
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3.6. Frequency spectra

Fig. 8 shows the frequency spectra (6) of the season-mean autocovariance
functions of ozone and temperature for the decades 1996-2006 and 2007-2017.
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Fig. 8. Frequency spectra of the seasonal-mean autocovariance functions of ozone for
the decades 1996-2006 and 2007-2017 (left); corresponding frequency spectra of
temperature autocorrelation functions (right). The top row is for the autumn season,
the middle row for winter, and the bottom row for spring;
fn=0.5 days™ is the Nyquist frequency.

The figure shows that the spectra cover the entire frequency range of the
analysis, corresponding to an uneven scale of oscillation periods from 14 to 2 days. In
all the spectra, the components corresponding to the period of 14 days are the largest.
For both ozone and temperature, the values of the spectra near this period in the second
decade were the highest in the winter season. For ozone, the spectrum values for the

14-day component increase slightly in the winter and spring seasons, and decrease in
the fall.
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The spectral maxima for this component in the first decade are at the following
heights: in autumn 33 km, in winter 38 km, in spring 34 km; in the second decade in
autumn 28 and 40 km, in winter 30 and 43 km, in spring 29 km.

There are also local spectral 0ozone maxima with other periods. So, in autumn, in
the first decade, we note an increase in the highest frequency 2-3-day spectral
components around an altitude of 32 km, in the second decade — about an altitude of
28 km.

In winter, in the first decade, Fig. 8 shows oscillations with a period of about 4
days near the heights of 35 and 46 km and, more strongly, with a period of 2 days, near
the height of 35 km. In the second decade, a spectrum extending over the entire
frequency range near an altitude of 30 km is clearly visible, with an increase in intensity
to the shortest-period components, as well as weaker extended spectra at an altitude of
45 km. In spring, the spectral features of ozone variations in the first decade are close
to their position in winter: there are 4-day spectral maxima at altitudes of 46 and 34 km
and stronger 2-day maxima at an altitude of 35 km. In the second decade, a 3-4-day
maximum at altitudes of about 38 km and a one-day maximum at an altitude of 32 km
are most noticeable.

In the frequency spectra of temperature variations, the components
corresponding to the period of 14 days are also the largest, and in the winter season of
the second decade, the spectrum values near this period increase significantly. Above
60 km, this 14-day maximum is very high and is reached beyond the altitude range
shown in the figure. The values of the spectrum of the 14-day component in the 2nd
decade also increase slightly in the spring season, and decrease in the autumn. The
positions of spectral temperature maxima below 60 km for the 14-day component are
as follows: in the first decade in autumn 49, 38, 27, 4 km, in winter 47, 38, 31, 11 km,
in spring 35, 11, 4 km; in the second decade in autumn 45 and 11 km, in winter 43, 12,
0 km, in spring 54, 37, 12, 5, 0 km.

In addition, there are local spectral temperature maxima with other periods. In
autumn, in the first decade, we note an increase in 3-4-day spectral components around

heights of 49 and 36 km, 5-6-day spectral components around 12 km and 3-4-day
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spectral components below 6 km in the troposphere, and 1-2-day spectral components
near heights of 46 km in the second decade. In winter, in the first decade, there is a
noticeable increase in the spectrum in the 2-7-day band at altitudes from 27 to 39 km
with a local maximum for 3-4—day fluctuations at 35 km, and in the second decade,
there is an extended increase in the spectrum around an altitude of 41 km. In spring, in
the first decade, there are 4- and 2-3-day spectral maxima at an altitude of 35 km and
3-4-day ones at about 11 km, and in the second decade, an increase in the spectrum is

seen in the range of periods of 2-7 days at altitudes of 33-39 km.
3.7. Inter-altitude covariance functions

Fig. 9 shows the seasonal-mean inter-altitude covariance functions (7) for ozone
and temperature for the decades 1996-2006 and 2007-2017. One can see some common
features in the distributions of the covariance functions of ozone and temperature — an
increase in their maximum values in winter, especially significant for temperature
functions, and significant changes in the distributions in the second decade.

However, these changes turned out to be in different directions: a sharp drop in
covariances for ozone and a sharp increase in covariances for temperature. As
expected, the highest covariance values are observed between close altitudes.

The calculated maximum values of the positive covariances turned out to be
significantly higher in absolute terms than the negative ones, especially for ozone. It
should be noted that, in general, the covariance distributions for ozone and temperature
differ greatly from each other. The ozone covariance distributions in Fig. 9 have the
following features. The autumn distributions are very similar for the two decades, with

a slight decrease in covariances in the second decade.
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Fig. 9. Seasonal-mean inter-altitude covariance functions of ozone for the decades of
19962006 and 2007-2017 (left); corresponding temperature covariance functions
(right). The top row shows the autumn season, the middle row shows winter, and the
bottom row shows spring.

At a distance from the line of equal heights above the point (15, 15) km, there
are two areas of slightly increased covariance and an area of weak negative covariance.
In the decade of 1996-2006, increased o0zone covariances occur in quadrangular regions
with vertex coordinates (hyx = 25 km, hy = 18 km), (48, 18), (36, 22), (46, 22) km and
(45, 24), (69, 24), (52, 37), (70, 37) km, and slightly negative — in the region (54, 39),
(70, 39), (60, 45), (70, 47) km. In the decade of 2007-2017, in the areas of increased
covariance, there was a slight decrease in its value, while the area of negative
covariance narrowed. Coordinates of the vertices of the quadrangular areas of increased
positive values: (hy =30 km, hy = 17 km), (49,18), (38, 27), (64, 25) km and (45, 24),
(70, 24), (52, 37), (70, 37) km, and of the vertices of the areas of negative values are
(51, 35), (54, 35), (53, 39), (54, 39) km.
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In the winter season, ozone covariances above 15 km increase significantly
compared to autumn and spring and do not contain negative values. At the same time,
there is a significant (1.33-fold) decrease in covariances in the 2007-2017 decade,
which corresponds to a sharp drop in the corresponding mean square variations in the
ozone profile and correlates with a decrease in solar activity in this decade. In winter,
the covariance distributions in the two decades are similar in form in basic details, but
differ significantly from the autumn and spring distributions. They have maxima on a
line of equal heights with values of 0.76 ppm? at (hx = 35 km, hy = 35 km) in the first
decade and 0.57 ppm? at (30, 30) km and 0.33 ppm? at (44, 44) km in the second. In
both decades, there is a band of weak covariance at an altitude of hy =20 km with
weakly pronounced maxima with values of 0.20 ppm2 at (39.20) km in the first decade
and 0.10 ppm? at (46.20) km in the second. Accordingly, at an altitude of hy = 23 km,
there is a linear local minimum in both decades. In the first decade, there is also a wide
band of hy covariance slowly decreasing along hx = 34 km. A similar band can be seen
in the second decade along the height hy = 31 km with a local maximum of 0.29 ppm?
at the point (hx = 47 km, hy = 31 km).

The spring covariance functions of ozone at altitudes near the line of equal
heights hy = hy exceed the autumn ones, especially in the second decade. According to
the maximum values in spring, the inter-decade difference is insignificant, but the
distribution of ozone covariances in the second decade is more diverse. In the first
decade, the covariance reduction gradients from the line of equal heights are
monotonous, and there are no negative covariances. On the contrary, in the decade of
2007-2017, above 15 km, there is a band with local maxima of ozone covariance at
coordinates (hyx =41 km, hy =20 km) and (40, 25). There is also a band of elevated
values above and below an altitude of 44 km, as well as two regions with weak negative
covariances: one inside a rectangle with vertices (47, 15), (70, 15), (54, 25), and (70,
25); the other inside a circle with a radius of 4-5 km and a center at (56, 42).

The distributions of temperature covariances in Fig. 9 differ from ozone
covariances by the presence of wide areas of negative values and a sharp increase above

60 km. Below this height, the maxima of temperature covariances on the line of equal
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heights are higher than the maxima of ozone covariances on this line, which are near
the maxima of the relative ozone content.

In autumn, these temperature covariance maxima are located near the points
(hx = 46 km, hy = 46 km) and (49, 49) km in the first and second decades, respectively,
in winter at (43, 43) and (42, 42) km, and in spring at (37, 37) km and (41, 41) km.

In the autumn season, in the second decade, there is a 1.33-fold increase in
covariance maxima. This increase corresponds to and is obviously due to a significant
increase in temperature variations in 2007-2017 (see Fig. 3). Increased covariances
with temperatures at altitudes above 55 km are observed for temperatures in the 38-41
km layer in the first decade and 33-41 km in the second. Also, in both decades, there
are slightly increased covariances in a narrow layer of 12-14 km with temperatures at
altitudes of 12-60 km. Areas of negative temperature covariance values in the first
decade include the troposphere relative to temperatures above the tropopause and a
rounded area centered at a point (hx = 48 km, hy = 24 km) that fits into a rectangle. (41,
16), (54, 16), (41, 29), (54, 29) km. In the second decade, negative temperature
covariances in the troposphere are observed with respect to temperatures from the
tropopause to 55 km. There is also a reduced area of negative covariances with the
same center, which fits into the rectangle. (43, 19), (50, 19), (43, 28), (50, 28) km.

In the winter season, below 60 km, there is a more than twofold increase in the
maximum values of temperature covariances compared to autumn and spring. This
increase reflects an increase in temperature variations (see Fig. 3). There is a 1.15-fold
increase in covariance maxima in the second decade compared to the first — less than
in autumn (where the increase in temperature variations was greater), but more than in
spring. Outside of the covariance values elevated near the line of equal heights in both
decades, negative covariances are mainly observed in winter with centers at (hy = 30
km, hy = 6 km) and (44, 22) km in the first decade and (39, 6), (44, 23) km — in the
second.

In the spring season, the maximum temperature covariance in both decades is
almost the same. On the line of equal heights, there are also secondary maxima near
the points (53, 53) km in the first decade and (54, 54) km in the second. In the first

29



XYPHA PAOUOINEKTPOHUKW, elSSN 1684-1719, Ne10, 2025

decade, negative temperature covariances of the troposphere are observed with respect
to temperatures from the tropopause up to 45 km, and in the second decade — up to 51
km. In each decade, there are two areas of increased negative covariance values with
centers at (hy = 39 km, hy =22 km) and (53, 30) km in the first decade and (39, 20),
(55, 19) km —in the second. Outside of these regions, the temperature covariance values

are weakly negative or weakly positive.
3.8. Inter-altitude correlation functions.

Figure 10 shows the seasonal-mean inter-altitude correlation functions (8) for
ozone and temperature for the decades 1996-2006 and 2007-2017. As noted above, the
boundaries between the regions of positive and negative values of correlation functions
coincide with the corresponding boundaries for covariance functions, however, due to
the difference in color scales, the position of the boundaries in Figs. 9, 10 may be
perceived differently. It can be seen that the structure of the correlation functions of
ozone in Fig. 10 is similar to the structure of its covariance functions (Fig. 9), but the
areas of these anticovariance boundaries are much more clearly visible in Fig.10.

The same, and even more so, applies to the correlation functions of temperature,
since in Fig. 10 it turned out to be possible to demonstrate them at high altitudes, where
the corresponding temperature covariance functions (Fig. 9) could not be represented
on the selected scale due to their too large values. In the autumn season, Fig. 10 shows
that the distribution of strong ozone correlations away from the line of equal heights
expands unevenly with increasing altitude, and there are constrictions where
correlations decrease faster.

In the decade 1996-2006, such constrictions took place near heights of 15, 20,
25, and 50 km. There is also an extended area of lower correlation. In its trapezoidal
part with peaks (hx = 34 km, hy = 25 km), (70, 25), (47, 35), (70, 35) km, values of the
ozone correlation function are about 0.3. There is a trapezoidal area below (22, 15),
(47, 15), (32, 24), (49, 24) km with a local minimum of 0.1 correlation function at (35,
22) km and a maximum of 0.6 at (41, 17) km.
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Fig. 10. Seasonal-mean inter-altitude correlation functions of ozone for the decades
1996-2006 and 2007-2017 (left); corresponding temperature correlation functions
(right). From top to bottom, the rows represent autumn, winter, and spring seasons.

In addition, there are two areas of small (-0.1...-0.2) km of ozone anticorrelation:
(50, 15), (70, 15), (50, 20), (50, 70) km and (53, 40), (70, 40), (53, 41), (70, 47) km.

In the decade of 2007-2017, in the autumn, the area of strong ozone correlation
along the line of equal heights also has constrictions near the points (hy =15 km,
hy = 15 km) and (20, 20), (25, 25) km, but at an altitude of 50 km, the narrowing is less
pronounced. The second trapezoidal region of the first decade is almost preserved: (22,
16), (47, 16), (32, 24), (49, 24) km with a local minimum of 0.15 at (35, 22) km and a
maximum of 0.6 at (40, 18) km. The first area with values of the ozone correlation
function of about 0.3 is reduced to a triangular area with angles at points: (36, 25), (47,
25), (47, 37) km. Rounded local minima also appeared with a slight anticorrelation of
-0.05 at (52.37) km and -0.16 at (69.21) km. There is a slight positive correlation in the

rest of the analysis area.
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In the winter season, the distribution of strong ozone correlations along the line
of equal heights expands unevenly with increasing altitude, alternating with
constrictions. In the decade of 1996-2006, as well as in the autumn season, one can see
constrictions near the maxima (15, 15), (20, 20), (25, 25) and (50, 50) km. There are
no areas of anticorrelation. The pure green borders include an area with correlation
values greater than 0.3. There is also an oval area highlighted in yellow with correlation
function values greater than 0.5, similar but wider than in autumn, with a maximum of
0.6 at the same point (41, 17) km. Another local maximum is located near the point
(45, 25) km.

In the decade of 2007-2017, in winter, one can also see narrowing areas of strong
ozone correlations near points of equal heights. (15, 15), (20, 20), (25, 25) However,
there is no narrowing around (50, 50) km. The areas of anticorrelation are also missing.
From an altitude of 37 km on the line of equal heights (near the ozone maximum) the
area highlighted in bright yellow with increased values of the correlation function
departs, the boundary of which passes through the points at the 0.6 level (hyx = 38 km,
hy =30 km), (42, 25), (48, 30) km. Above 37 km on the line of equal heights, the area
of increased values of the correlation function gradually expands.

In the spring season, the distribution of strong ozone correlations of ozone along
the line of equal heights is less uniform than in autumn and winter. In the decade 1996-
2006, it is also possible to see constrictions near the heights of (hx =15 km, hy = 15
km) and (20, 20) km. A specific feature of the distribution of the area of strong ozone
correlations along the line of equal heights is its significant broadening at altitudes
close to the maximum relative ozone content, away from the point (35, 35) km,
amounting to 8 km with a decrease to the correlation level of 0.6. The boundaries of
pure green include an area with correlation values greater than 0.3. There are two areas
of anticorrelation above hy = 15 km, colored in blue, with minimum values up to -0.2.

In the decade of 2007-2017, in the spring, one can see a narrowing of the area of
strong ozone correlations near the line of equal heights at the points (15, 15), (42, 42)
and (60, 60) km. The area with correlation values greater than 0.3 is highlighted in pure

green. There is an anticorrelation area inside the rectangle (48, 15), (70, 15), (48, 26),
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(70, 26) km with the highest anticorrelation -0.4 at points (55, 18) and (70, 16) km,
highlighted in blue, and local minima with low anticorrelation of -0.1 at points (56, 41)
and (70, 40) km.

The correlation functions of temperature in the two decades are similar in general
structure. In particular, their distributions show wide areas of anticorrelation with deep
minima, which predominantly correlate with areas of positive ozone correlation. It
should also be noted that since temperature profiles above 60 km were obtained by
interpolation in the 1996-2006 decade, this could manifest itself in the greater
broadening of the area of strong correlations at these altitudes observed in this decade
compared to the 2007-2017 decade.

In the troposphere, one can see a sharp transformation of the temperature
correlation functions near an altitude of 10 km, including a sharp contraction at this
altitude of the area of increased correlation values along the line of equal heights. At
the upper boundary of the troposphere, about 12 km in all seasons and both decades, a
thin layer with a near-zero correlation with temperatures above and below this altitude
Is observed. Also, in all distributions in Fig. 10, there is a significant correlation
between temperatures at altitudes in the layer from 0 to 11 km, decreasing from 1 on

the line of equal heights to a minimum value R (h, =11xm,h =1xm) =0.6. In the

distributions of the correlation function of tropospheric temperatures in the 0-11 km
layer with stratospheric temperatures above 12 km, an area of significant
anticorrelation is observed at altitudes from 13 to 18-20 km. The minimum values in
this area in autumn are reached at (15, 8) km and amount to -0.76 in the first decade
and -0.68 in the second. In winter, the depth of these minima decreases and amounts to
-0.57 at (13.8) km and -0.46 at (13.7) km, and in spring -0.60 at (13.8) km in both
decades. Correlations of tropospheric temperatures with stratospheric temperatures
above 18-20 km are mostly slightly negative, and reach minimum values of -0.4...-0.3
for the seasons under consideration in the first decade. Areas of slight positive
correlation with temperatures above 50 km are observed in the corresponding
correlation distributions for the second decade.
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In the stratosphere and lower mesosphere, in the autumn season of the first
decade, in the area of increased correlation values around the line of equal heights,
compressions near heights are visible (10, 10), (31, 31), (43, 43) and (54.54) km with
subsequent extensions. The areas of a small (0.1-0.3) positive temperature correlation
in Fig. 10 are colored green. There are also areas of anticorrelation colored in blue: a
rounded area with an anticorrelation value of -0.4 at the central point of (45, 23) km
and an area inside the quadrilateral with vertices (55, 43), (60, 51), (70, 43) and (70,
51) km with anticorrelation values of -0.4...-0.65, as well as two small blue-green areas
with anticorrelation up to -0.15.

In the second decade of autumn, the area of increased temperature correlation
values around the line of equal heights also has a compression of about 10 km and a
significant expansion, up to 9 km at the R = 0.6 level, away from the point (24, 24) km.
Further, compression to the point (31, 31) km is visible, then up to an altitude of (43,43)
km, the width of the zone of increased correlations remains constant, but larger than in
the first decade (6 km) Above (43, 43) km, it expands to 9 km, followed by a narrowing
to the point (53, 53) km, and starting from the level of (60, 60) km, there is a sharp
expansion. The areas of a small (0.1-0.3) positive temperature correlation are colored
green. Just as in the first decade, there is a rounded anticorrelation area, but
insignificant in magnitude, up to -0.2 at the central point (hx =45 km, hy =23 km).
There is also a region of anticorrelation similar to the first decade in a quadrilateral
with vertices. (55, 46), (64, 54), (70, 46), (70, 54) km, but with lower values of -0.2...-
0.4, and small blue-green areas with low anticorrelation up to -0.1.

In the winter season, the distributions of the correlation functions of the
temperature of the stratosphere and the lower mesosphere differ significantly from the
autumn and spring ones: outside the area of high (from 1 to 0.3) correlation,
anticorrelation is mainly observed near the line of equal heights. In the first decade of
winter, we note the expansion of the zone of correlation values exceeding 0.3: up to 14
km near the point (hy = 12 km, hy = 12 km) on the line of equal heights and up to 13-
14 km at points of equal heights from (32, 32) to (43, 43) km. An even more significant
expansion (but, as noted earlier, overestimated in this decade due to the contribution of

34



XYPHA PAOUOINEKTPOHUKW, elSSN 1684-1719, Ne10, 2025

interpolation errors) is observed above the point (55, 55) km. Areas of greatest
anticorrelation with values up to -0.35 at (28.5) km in the troposphere, up to -0.5 at
(43.18) km in the lower stratosphere, and up to -0.45 at (69.47) km in the upper
stratosphere inside a quadrangle with vertices (58, 42), (58, 52), (70, 42), (70, 52) km
Is represented in blue. The area of a small positive correlation, up to 0.16, is located in
a quadrilateral with vertices (54, 0), (60, 21), (70, 0) and (70, 21) km.

In the winter season of the second decade, there are also extensions of the zone
of correlation values exceeding 0.3: up to 12 km near the point of equal heights (12,
12) km, up to 13-17 km near the points from (35, 35) to (45, 45) km. Further, a
significant expansion of this zone above the (55, 55) km point can also be somewhat
overestimated due to the contribution of interpolation errors. The areas of the greatest
temperature anticorrelation with values up to -0.2 at the point (35.4) km in the
troposphere, up to R = -0.5 at the point of the lower stratosphere (40, 18) km and up to
-0.25 at the point (69.51) km in the upper stratosphere inside the quadrangle with
vertices (58, 42), (58, 52), (70, 42), (70, 52) km is also represented in blue. In a
quadrilateral with vertices (hy = 61 km, hx = 9 km), (64, 16), (70, 9) and (70, 16) km is
an area of small, up to 0.16, positive correlation.

In the spring season, the areas of temperature anticorrelation turned out to be
wider than in the autumn, but narrower than in the winter. In the first decade, there
were extensions of the zone of correlation values exceeding 0.6: up to 7 km away from
the point (13, 13) km on the line of equal heights, and up to 9 km at altitudes from the
point (32, 32) km. An even more significant expansion at altitudes greater than (57, 57)
km, as noted earlier, is overestimated. The areas of greatest temperature anticorrelation
with values up to -0.57 near the point (11.7) km in the troposphere, up to -0.5 around
the point (43.21) km in the lower stratosphere and up to -0.42 at the point (69.50) km
in the upper stratosphere within the quadrangle with vertices (57, 46), (61, 53), (70, 46)
and (70, 53) km are shown in blue. A positive temperature correlation from 0.15 to 0.4
Is observed in a rounded green area centered at (50, 50) km. The areas of correlation
with values up to 0.15 are highlighted in a darker shade of green.
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In the spring season of the second decade, after the expansion of the zone of
temperature correlation values exceeding 0.6 to 8 km, near the point (14, 14) km on the
line of equal heights, the width of this zone decreases to 4 km and, starting from the
point (33, 33) km, it again expands to 9 km. Further, after some narrowing to 7 km, a
local expansion to 13 km is visible at an altitude of (41, 41) km, again narrowing to 5
km near the point (49, 49) km, then widening to 7 km near the point (51, 51) km and
then narrowing to 3-4 km from the point (58, 58) km. The subsequent significant
expansion of the area of high correlation above (60, 60) km is probably somewhat
overestimated. A positive correlation from 0.15 to 0.5 is observed in the green area
adjacent to the zone of high temperature correlation values around the line of equal
heights. A darker shade of green highlights areas with a lower positive correlation, up

to values of 0.15.
Conclusion

The analysis revealed significant differences between the statistical parameters
and their inter-decade changes for the winter season from the corresponding
characteristics of the transitional autumn and spring seasons, between which, on the
contrary, there are many similarities.

A comparison of the seasonal-mean profiles of the relative ozone content and
temperature above Moscow, their standard deviations (variations) and the decadal
changes in these parameters allowed us to establish that in the winter season in the
decade of 2007-2017 with reduced solar activity, the most significant decrease in the
seasonal-mean temperature profiles was observed in the layer between 30 and 49 km
to -8.4 K at an altitude of 37 km.

This result is particularly interesting because this decrease in the decade with
reduced solar activity correlates with the most significant decrease in the average
winter variations in ozone above 29 km with a maximum value of -0.23 ppm (28 %) at
38-39 km, as well as with the decrease in the average decadal variations of ozone
content, which we discovered earlier [2]. In addition, in the area of this temperature

drop, there is an increase in seasonal average temperature variations. There is also a
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decrease in the average winter ozone profile at altitudes of 34-37 km between two areas
of increasing ozone content in layers of 15-33 km and 38-52 km. Finally, it was found
that similar altitudinal correlations of the maxima of temperature decrease with the
maxima of decrease in the average seasonal ozone content and its variations occur in
the autumn and spring seasons.

It was found that in the winter season, in the main part of the ozone layer at
altitudes of 15-55 km, the average seasonal variations in both ozone and temperature
significantly exceed the autumn and spring variations.

Among other detected inter-decade changes, it should be noted that in the
autumn and spring seasons of the 2007-2017 decade, there was an increase in ozone
content variations at altitudes below 29 km with peaks of 0.15 ppm at 22 km in autumn
and 0.19 ppm at 20 km in spring, comparable to the average values of variations in the
first decade, small at these altitudes.

The average seasonal inter-altitude joint ozone-temperature correlation and
covariance functions for the decades 1996-2006 and 2007-2017 were calculated. It was
found that the regions of the greatest correlation and covariance of ozone with
temperature are observed for temperatures at altitudes below 35 km, and the regions of
the greatest anticorrelation and anticovariance are above this altitude. A feature of the
distributions is the presence of maxima of correlation and covariance between the
ozone content at altitudes of about 29 km and temperatures at altitudes of about 24 km.
It is also possible to observe a second maximum correlation between ozone at different
altitudes from about 45 to 60 km and temperatures around 34 km.

For the first time, seasonal-mean inter-altitude joint ozone-temperature
correlation and covariance functions were applied and obtained in studies of the
ozonosphere for the decades 1996-2006 and 2007-2017. It was found that the regions
of the greatest correlation and covariance of ozone with temperature are observed for
temperatures at altitudes below 35 km, and the regions of the greatest anticorrelation
and anticovariance are above this altitude. A common feature of the distributions is the
presence of maxima of correlation and covariance between the ozone content at

altitudes of about 29 km and temperatures at altitudes of about 24 km. It is also possible
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to observe a second maximum correlation between ozone at different altitudes from
about 45 to 60 km and temperatures around 34 km. The exact positions and values of
the extremes of correlation and anticorrelation are given, as well as the positions of the
boundaries of the corresponding regions. The areas of anticorrelation are less ordered,
and its maxima are relatively small. In winter, the correlations turn out to be
significantly higher than in autumn and spring; at the same time, they increase
markedly in the decade of 2007-2017.

The new information was obtained by comparing the distributions and trends of
the seasonal-mean structural, autocovariance, and autocorrelation functions of ozone
and temperature variations, as well as their frequency spectra.

It turned out that the structural functions of ozone covariations reach saturation
in 4-7 days. There is also a secondary maximum, possibly related to non-stationarity
or being a manifestation of a periodic process. The structural functions of temperature
in the main region of the ozone layer (15-55 km) are saturated in 3-4 days for the
autumn season, in winter — in 10-13 days. In the spring of 1996-2006, saturation
occurred in 13 days, and in the decade of 2007-2017, the structural function did not
reach saturation.

A study of the seasonal-nean autocovariance functions of ozone and temperature
variations showed that their values were significantly higher in the winter season than
in autumn and spring. At the same time, for ozone functions in the range of maxima of
30-46 km, there was a significant decrease in the decade of 2007-2017 with reduced
solar activity compared to the decade of 1996-2006, coinciding with a significant
decrease in the standard deviations of ozone profiles. On the contrary, the temperature
functions showed a significant increase in the absence of noticeable changes in
variations. The autocovariance functions of ozone decrease with a characteristic time
of about 3 days, and the presence of local maxima in them indicates the presence of
periodic processes.

The autocovariance functions of temperature at altitudes of 15-55 km also
decrease with a characteristic time of about 3 days; at the same time, the maxima of

the greatest temperature covariances increased significantly in the second decade.
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Secondary maxima are visible in the troposphere during the transitional seasons
(autumn and spring), indicating periodic meteorological processes. In these seasons,
extended layers with small covariance values and secondary maxima reflecting periods
of processes in the corresponding layers were noticeable in the stratosphere up to an
altitude of 54 km. Above 54 km, there is a sharp increase in temperature covariances
with a characteristic attenuation time exceeding the analysis interval.

The autocorrelation functions of ozone decrease in the autumn season with a
characteristic time of 1-2 days. In the winter season, this time is up to 3-5 days in the
first decade and up to 2-4 days in the second. In the spring season, the correlation time
Is from 2 to 5 days. Just as in the autumn correlation functions, in spring there are local
maxima of ozone correlation and anticorrelation, indicating various periodic processes.

The results of the analysis of the frequency spectra of the average seasonal
autocovariance functions of ozone and temperature showed that these spectra cover the
entire frequency range of the analysis, and the spectral components corresponding to
the period of 14 days are the largest. For both ozone and temperature, the spectral
values near this period in the second decade are significantly higher in the winter
season. The spectral maxima for the 14-day component in the first decade are at
altitudes: 33 km in autumn, 38 km in winter, 34 km in spring; in the second decade: 28
and 40 km in autumn, 30 and 43 km in winter, 29 km in spring. Other local spectral
maxima correspond to periods of ozone fluctuations of 1-4 days.

In the temperature frequency spectra, the components corresponding to the
period of 14 days in the decade of 2007-2017 increase significantly in the winter
season, and also increase slightly in spring, and decrease in autumn. Above 60 km, this
14-day maximum is very high. The positions of the observed spectral maxima below
60 km for the 14-day component in the first decade: autumn 49, 38, 27, 4 km, winter
47, 38, 31, 11 km, spring 35, 11, 4 km; in the second decade: autumn 45 and 11 km,
winter 43, 12, 0 km, in spring 54, 37, 12, 5, 0 km. Other local spectral temperature
maxima have periods of 1-7 days.

39



XYPHA PAOUOINEKTPOHUKW, elSSN 1684-1719, Ne10, 2025

A detailed study and comparison of the average seasonal inter-altitude
covariance and correlation functions for ozone and temperature for the decades 1996-
2006 and 2007-2017 was also performed.

Common features were identified in the distributions of ozone and temperature
covariance functions: an increase in their maximum values in winter, especially
significant for temperature functions, and significant changes in distributions in the
decade of 2007-2017. But these changes turned out to be multidirectional: a sharp drop
In ozone covariances and a sharp increase in temperature. The highest covariance
values are observed between close altitudes. The maximum absolute values of the
positive covariances were significantly higher than the negative ones, especially for
ozone. The details of the structure of the distributions of covariance functions are
described in detail.

The autumn distributions of ozone covariances are similar for the two decades,
with a slight decrease in covariances in the second decade. The spring covariance
functions at heights near the line of equal heights exceed the autumn ones, especially
in the second decade. According to the maximum values of covariances in spring, the
difference between the decades is insignificant, but the distribution of ozone
covariances in the second decade is more diverse. In the first decade, the covariance
reduction gradients from the line of equal heights are monotonous, and there are no
negative covariances.

In the winter season, ozone covariances above 15 km increase significantly
compared to autumn and spring and do not contain negative values. At the same time,
there is a significant (up to 1.33 times) decrease in covariances in the 2007-2017
decade, which corresponds to a sharp drop in the corresponding height variations in the
ozone profile and correlates with a decrease in solar activity in this decade.

The distributions of temperature covariances differ from ozone covariances in
the presence of wide areas of negative values and a sharp increase above 60 km. Below
this height, the maxima of temperature covariance on the line of equal heights are
located above the maxima in the distributions of ozone covariances on this line, which

are near the maximum of the relative ozone content.
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In the autumn season of the second decade, the temperature covariance maxima
increased by about 1.33 times. This increase corresponds to and is obviously due to a
significant increase in the standard deviations (variations) of temperature in autumn in
2007-2017. In the winter season of the second decade, there is a more than twofold
increase in the maximum values of covariances compared to autumn and spring. This
growth reflects an increase in temperature profile variations. In winter, there was also
a 1.15-fold increase in covariance maxima in the second decade compared to the first
— less than in autumn, but more than in spring, when covariance maxima in the two
decades were almost the same.

The structure of the seasonal average correlation functions of ozone is similar to
the structure of its covariance functions, but due to their normalization by one, the
details of correlations in areas with small absolute values are more clearly discernible.
In autumn and winter, the distribution of strong ozone correlations away from the line
of equal heights expands unevenly with increasing altitude, narrowing is observed,
where correlations decrease more quickly. There are no areas of anticorrelation during
the winter season. In the spring season of the decade 1996-2006, a specific feature of
the distribution of the area of strong correlations along the ozone line of equal heights
Is its significant broadening at altitudes close to the ozone maximum of about 35 km.

The structures of the temperature correlation functions in the two decades are
very similar. The distributions of the temperature correlation functions show wider
areas of anticorrelation than in the ozone functions, and with deeper minima. As a rule,
these areas are located in areas of increased ozone correlation. It is also possible to see
a sharp transformation of the temperature correlation functions in the upper
troposphere near an altitude of 10 km, including a sharp contraction at this altitude of
the area of increased correlation values along the line of equal heights. A detailed
description and comparison of the structure of correlation functions for the decades
1996-2006 and 2007-2017 is given.
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