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The data processing and analysis methods for stratospheric
ozone and planetary wave study

Abstract. We describe the methods and data sources for investigating the stratospheric ozone and planetary waves in the atmosphere
in the framework of research provided by our international team. Selected ground-based and satellite instruments for ozone meas-
urements and related reanalyses are described. Examples of data and analysis tools are shown. The technique of planetary wave
spectral analysis under conditions of dynamic changes during sudden stratospheric warmings is presented. A brief description of the
main results, obtained with the participation of the authors, using combined methods of analysis are considered. We describe
procedures for the investigation of a long-term eastward displacement of the zonal ozone minimum over the Antarctic in the spring
months, analysis of the spatial and temporal characteristics of the teleconnection between the tropical thermal source and the
Antarctic stratosphere, and the creation of the predictive index used for the forecast of possible ozone hole anomalous development
in spring months. Examples of application of analysis methods to retrieve the changes in the zonal asymmetry of the Arctic strato-
pause and features of the annual ozone cycle in connection with zonal ozone asymmetry are discussed.

Keywords: data source, MERRA-2, method, ozone, reanalysis, visualization

1 Introduction its changes have been carefully studied using a global
network of ground-based instruments and with the
The ozone layer, located ~10—50 km above the Earth’s | involvement of a series of satellite missions. In addi-
surface, has been actively studied during the last four | tionto decadal trends, stratospheric ozone undergoes
decades (Chubachi, 1984; Wirth, 1993; Solomon, 1999; | significant dynamic changes due to the activity of
Randel et al., 2002; Godin-Beekmann, 2010; Solo- | planetary waves and the occurrence of sudden strat-
mon et al., 2016; Dhomse et al., 2018; Friedel et al., | ospheric warmings (SSWs) (Allen et al., 2003; Huck
2022). The main reason for this was the development | et al., 2005; Manney et al., 2015; Friedel et al., 2022;
of the ozone hole in the southern polar stratosphere | Liu et al., 2022).

since the 1980s (Chubachi, 1984; Farman et al., 1985; Atmospheric perturbations during SSWs can be
Salby et al., 2012). Considering the important role of | quantified from data on variations in several specific
the ozone layer in protecting the Earth’s biosphere, | atmospheric characteristics and parameters. The de-
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velopment of SSW causes changes in the horizontal
and vertical distribution of temperature, pressure,
geopotential height, wind direction and speed, varia-
tions of the content of small atmospheric compo-
nents, including ozone, and their stratosphere-trop-
osphere exchange (Baldwin et al., 2021). Since these
processes occur under the influence of the variable
activity of planetary waves (PWs), determining the
characteristics of PWs is important for describing
SSWs, identifying their type, assessing effects on the
state of the atmosphere, and predicting possible con-
sequences. Between atmospheric constituents, ozone
is one of the most convenient components that allow
investigating the PW influence on ozone distribution
and dynamics, the polar vortex characteristics, the
SSW events conditions, and connections of ozone
changes and stratospheric temperature changes, the
impact of ozone depletion and recovery on wave
propagation (Hu et al., 2015).

The characteristics of PWs are obtained from the
longitudinal distribution of atmospheric parameters,
focusing on the main zonal wave numbers m = -2
(Baldwin et al., 2021). Data sources for the PW anal-
ysis are the archived and current series of ground and
satellite measurements and the long-term series of
atmospheric parameters accumulated in reanalyses
(Keller & Wahl, 2021). In addition, global data from
satellites and reanalyses make it possible to analyse
the structure of the atmospheric layers, identify re-
gional and local manifestations of PW, and assess the
contribution to their main spectral components to
atmospheric disturbances (Salby, 1982; Fleming et al.,
1990; Wirth, 1993; Godin-Beekmann, 2010; Teng &
Branstator, 2012; Lee & Butler, 2020). Ground-based
observations are useful for studying local temporal
variations and determining their possible periodicity
and long-term trends due to the possibility of con-
tinuous and accurate observations at one site and at
the scale of the weather station global network (Di
Biagioetal., 2010; Hoffmannetal., 2011; Angot et al.,
2012; Rifenacht et al., 2012; Forkman et al., 2016;
WMO, 2022).

In recent decades, multifaceted research on SSW
has been ongoing, as described in key review works
(Schoeberl, 1978; Hu et al., 2014; Butler et al., 2017;

Baldwin et al., 2021). Individual events have been con-
sidered as case studies (Manney et al., 2009; Chandran
etal., 2011; Tao et al., 2015; Rao et al., 2018), and cli-
matological characteristics of SSW were determined
(Charlton & Polvani, 2007; de la Torre et al., 2012).
Importantly, the definition of a standard criterion for
SSW events has progressed (Butler & Gerber, 2018).
Modelling and forecasting of SSW events also were
provided (Chandran & Collins, 2014; Tripathi et al.,
2016; Karpechko et al., 2018; Rao et al., 2018; Tagu-
chi, 2018). These studies require statistical, correla-
tive, spectral, and comparative data analysis methods
and model reproduction of the observed processes.

Atmospheric dynamics during SSWs, in addition
to PW effects, are also studied from the perspective of
the two-way vertical troposphere—stratosphere—me-
sosphere coupling, covering both upward and down-
ward propagation of perturbations and taking into
account changes in the chemical composition of the
air (Baldwin & Dunkerton, 2001; Huret et al., 2006;
Funke et al., 2009; Kvissel et al., 2012; de Wit et al.,
2014; Orsolini et al., 2017; Gardner, 2018; Ryan et
al., 2018). The phenomena accompanying SSW are
analysed: splitting and displacement of the stratosphe-
ric polar vortex (Solomon et al., 1985; Manney et al.,
2009; Chandran & Collins, 2014; Butler et al., 2020),
of the stratopause elevation (Chandran et al., 2013;
France & Harvey, 2013; Limpasuvan et al., 2016;
Scheffler et al., 2022), vertical movements and mes-
ospheric intrusions (Huret et al., 2006; Manney et
al., 2009; Salmi et al., 2011; Kvissel et al., 2012; Or-
solini et al., 2017; Ryan et al., 2018), and impact on
the weather on the Earth’s surface (Baldwin & Dun-
kerton, 2001; Kodera et al., 2016; Yu et al., 2018;
Domeisen et al., 2020; Curbelo et al., 2021; Choi et
al., 2021; Hongming et al., 2022).

This work describes the main types of numerical
data and techniques used in the analysis of planetary
wave activity based mainly on ozone data (Sections 2
and 3). Methods of analysis of PW characteristics are
described, aimed at studying PW properties and de-
termining their role in the development of sudden
stratospheric warming (Section 4). The examples of
the main new results obtained through implementing
the methods and approaches to analysing stratospher-
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ic ozone and SSW processes are reviewed in Section
5, followed by conclusions in Section 6.

2 Measurement techniques
2.1 Instruments for ozone measurements

From the second half of the 1990s, some of the au-
thors of this review participated in the ozone meas-
urements in the Antarctic and Ukraine (Gritsai et al.,
2000, Milinevsky et al., 2022) with the Dobson spec-
trophotometer and filter ozonometers, respectively.
Since 2010, a Dobson spectrophotometer has been
operating in Ukraine; it is involved in the worldwide
network of ozone monitoring stations (Milinevsky et
al., 2012). Here we briefly describe some of the in-
struments widely used in ozone layer research.

The current global network of ozone instruments
includes ground-based sites, which were mainly es-
tablished in the 1950s (due to an expansion in the use
of Dobson spectrophotometers for the International
Geophysical Year; Staehelin et al., 2018) and a series
of satellite platforms that date back to the 1960s—1970s
(SAMOS-9, 1962; Ariel-2, 1964; Nimbus-4, 1970; Nim-
bus-7, 1978; McPeterset al., 1998; Godin-Beekmann,
2010; see also https://rammb.cira.colostate.edu/dev/
hillger/ozone-monitoring.htm), and (WMO, 2018;
Chapter 3, page 3.69; https://csl.noaa.gov/assessments,/
ozone/2018/downloads/). In the 1990s—2010s, the
series of NASA (National Aeronautics and Space
Administration) satellites were replenished with EP-
TOMS — Earth Probe Total Ozone Mapping Spec-
trometer (McPeters et al., 1998) and OMI — Ozone

Table. The satellite data used in Merged Ozone Dataset (MOD). Last Modification 21 May 2022. MOD v2
Release 1 Extended: extend OMPS NP V2.8 (equivalent to SBUV V8.7) through December 2021.
From https://acd-ext.gsfc.nasa.gov/Data_services/merged/instruments.html

NOAA 11 SBUV/2 |5°MZM (Text)  |January, 1989
5° MZM (HDF)
NOAA 14 SBUV/2 |5°MZM (Text) | March, 1995

5° MZM (HDF)

NOAA 16 SBUV/2 | 5° MZM (Text) October, 2000
5° MZM (HDF)

NOAA 17 SBUV/2 | 5° MZM (Text) August, 2002
5° MZM (HDF)

NOAA 18 SBUV/2 | 5° MZM (Text) July, 2005
5° MZM (HDF)

NOAA 19 SBUV/2 | 5° MZM (Text) March, 2009
5° MZM (HDF)

Suomi NPP OMPS |5° MZM (Text) December, 2011
5° MZM (HDF)

Instrument Data Start Date End Date Data Usage/Comments

Nimbus 4 BUV* 5° MZM (Text) May, 1970 April, 1976 All N4 BUYV data are included for historical

5° MZM (HDF) reference, but these data should not be used
for trend analysis.

Nimbus 7 SBUV 5° MZM (Text)** | November, 1978 | May, 1990 All N7 SBUV data are used.
5° MZM (HDF)***

NOAA 9 SBUV/2 5° MZM (Text) February, 1985 |January, 1998 No N9 SBUV/2 profile data are used. N9
5° MZM (HDF) SBUV/2 total column data are used only

to fill gaps in 1994—1995.

March, 2001 Apr 1995 — Sep 1997 N11 SBUV/2 data
are not used.

September, 2006 | N14 SBUV/2 data after May 2000 are not

used.

May, 2014 N16 SBUV/2 data after July 2007 are not
used.

March, 2013 No N17 SBUV/2 data are used after
September 2011.

November, 2012 | All N18 SBUV/2 data are used.

Operational No N19 SBUV/2 data are used after March
2018.

Operational All OMPS NP data after April 2012 are
used.

Note: * The Nimbus-4 satellite included a sensor called the Backscatter Ultraviolet (BUV) experiment; ** Text data link: https://
acd-ext.gsfc.nasa.gov/anonftp/toms/sbuv/zonal_means/MZM_NO7_lyr.txt; *** HDF data link: https://acd-ext.gsfc.nasa.gov/
anonftp/toms/MergedOzoneData/Ind_Inst. HDF/SBUV-Nimbus07_L3zm_v8.7-2021m0505t081704.h5.
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Monitoring Instrument (Levelt et al., 2006; McPeters et
al., 2008). The National Oceanic and Atmospheric Ad-
ministration Solar Backscatter Ultraviolet Instrument
(NOAA SBUV) series (Frith et al., 2014) was continued
by OMPS — Ozone Mapping and Profiler Suite (Flynn
et al., 2014); see Table (MZM — Monthly Zonal
Means). GOME — Global Ozone Monitoring Experi-
ment (Burrows et al., 1999), SCanning Imaging Absorp-
tion spectroMeter for Atmospheric CHartographY —
SCIAMACHY (Piters et al., 2006), and MLS — Micro-
wave Limb Sounder (Waters et al., 2006) are also impor-
tant contributors to observations for ozone studies.
Some of the listed devices are briefly described in
Subsections 2.3—2.5. They are used to study changes
in total ozone column (TOC) — daily, seasonal, and
interannual variations, long-term trends, and global
distribution, as well as to obtain and analyse vertical
ozone profiles and estimates of stratosphere—tropo-
sphere exchange, in particular, during SSW events. Glo-
bal satellite observations are one of the main sources
to detect PW in the distribution of air constituents
and study their impact on the ozone layer (Wirth,
1993; Randel et al., 2002; Huck et al., 2005).
Examples of data links for Nimbus 7 SBUV are
shown in Table under ** and ***, In addition, an im-
portant direction in ozonometry is the calibration
and inter-calibration of devices, comparison and
verification of measurements made by different in-
struments, and ensuring the reliability of data and
conclusions from their analysis (Bramstedt et al.,
2003; McPeters et al., 2008; Anton et al., 2010).

2.2 Ground-based instruments:
Dobson spectrophotometer

Besides the Dobson spectrophotometer, other im-
portant instruments (e.g., Brewer spectrometer, 0zo-
nesonde) are successfully used for ground-based and
direct ozone measurements. However, we are prima-
rily interested here in the systems we have used. Mea-
surement of the TOC using the Dobson spectropho-
tometer is based on comparing the intensity of scat-
tered solar radiation at two wavelengths (Evans, 2008).
These wavelengths are chosen to have significantly
different ozone absorption coefficients. The wavelength

interval 305—340 nm is used. The difference between
the selected wavelengths should not be too large; other-
wise, the change in the absorption coefficient of UV
radiation by the aerosol will distort the obtained value
of the ozone content. Several pairs of wavelengths are
used to increase the accuracy of the results.

Observations using a Dobson spectrophotometer
are performed in two ways: aiming at the Sun (DS —
Direct Sun) or the zenith with a cloudless (ZB — Ze-
nith Blue) or cloudy (ZC — Zenith Cloud) sky. In the
first case, when the sky is clear, the intensity of radia-
tion from the Sun or the Moon is directly determined
(the Moon in the near ultraviolet, as well as in the
visible range, shines with reflected sunlight, which
allows such observations to be made). In the second
method, the intensity of scattered light in the direction
of the zenith is registered. The basic measurements
are based on the Sun; for other types (ZB, ZC), ad-
ditional data reduction is performed (Evans, 2008).
In particular, corrections determined by the state of
cloudiness are introduced into the algorithm. A sepa-
rate type of observations is based on a focused image
of the Sun or Moon (FFS, FFM — filtered focused
Sun and Moon, respectively).

As noted in Subsection 2.1, Ukraine operates two
Dobson spectrophotometers. These Dobson spectro-
photometers were used by authors for measurements
of TOC in Antarctica at the Akademik Vernadsky sta-
tion (hereinafter Vernadsky station) and in Ukraine
at the Kyiv-Goloseyev station (Evtushevsky et al.,
2008a; Milinevsky et al., 2012, Milinevsky et al., 2022).
At the Vernadsky station two Dobson spectropho-
tometers were used — Dobson No. 031 and No. 123,
at the Kyiv-Goloseyev station — Dobson No. 040.
These spectrophotometers are high-precision instru-
ments included in the international networks of global
monitoring of environmental protection and control
of satellite measurements: NDACC (Network for the
Detection of Atmospheric Composition Change) and
GAW (Global Atmosphere Watch) Program (Mili-
nevsky et al., 2012). In the World Ozone and Ultra-
violet Radiation Data Centre (WOUDC) interna-
tional database, the station with device No. 040 has
the name and code “Kyiv-Goloseyev STN498”. It
has been operating since May 2010 as the GAW re-
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gional station with the index “KGV” (http://www.
woudc.org/data/stations/).

Observations on these two instruments provided
the basis for expanding the scope of stratospheric re-
search in Ukraine, including international cooperation
with Australian and Chinese researchers. The new data
on the measurement errors under different observa-
tion conditions (Gritsai et al., 2000; Evtushevsky et
al., 2008a; Kravchenko et al., 2009; Grytsai & Milinevs-
ky, 2013), the dynamics of the ozone layer (Evtush-
evsky et al., 2008b; Kravchenko et al., 2012; Grytsai et
al., 2017; Milinevsky et al., 2020; Milinevsky et al., 2022;
Zhang et al., 2022a), and the role of planetary waves
(Grytsai et al., 2005a; 2005b; Grytsai et al., 2008; Ev-
tushevsky et al., 2015; Shi et al., 2021; Milinevsky et
al., 2022; Zhang et al., 2022b) were obtained.

2.3 Satellite spectrometer TOMS

Systematic satellite measurements of ozone using To-
tal Ozone Mapping Spectrometer (TOMS) were car-
ried out from November 1978 to the end of December
2005. They provided data on its global distribution,
spatial-temporal variations, and long-term changes
(McPeters et al., 1998; Anton et al., 2010). The algo-
rithm for converting the results of measurements of
the intensity of scattered solar ultraviolet (UV) radia-
tion into values of the total ozone column has been
modified from time to time (Antén et al., 2010). The
basic algorithm TOMS version 8 (V8) uses two wave-
lengths to calculate the TOC: a wavelength with weak
absorption (331.2 nm) to estimate the effective sur-
face reflectance (or effective cloud fraction) and ano-
ther wavelength (317.5 nm) with stronger absorption.
An implicit assumption is made of no significant va-
riation in effective reflectivity or cloud fraction be-
tween 331.2 and 317.5 nm. An inverse remote sensing
algorithm is used. The ozone profile is considered,
which is selected for a given latitude and month from
3—10 profiles, depending on the values of TOC.
Measurement data obtained by three satellites with
the TOMS spectrometer on board are freely availa-
ble: Nimbus-7 (1978—1993), Meteor-3 (1991—1994),
and Earth Probe (1996—2005). The website https://
ozoneaq.gsfc.nasa.gov/data/ozone/ provides daily data
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of global measurements by the TOMS spectrometers
from 1 November 1978 to 31 December 2005 inclu-
sive. It should be noted that according to the given
chronology of the TOMS operation, a data gap co-
vers 1993—1995 as Meteor-3 data was not presented
in the V8 algorithm.

2.4 Satellite spectrometer OMI

Since 2006, Ozone Monitoring Instrument has been
used to monitor ozone. OMI is a spectrometer for
nadir observations in the UV and visible range (Mc-
Peters et al., 2008). It is installed on-board the Aura
satellite as part of the NASA Earth Observing System
(EOS; http://eospso.gsfc.nasa.gov/). OMI continues
to record ozone and other atmospheric parameters
(https://ozoneaq.gsfc.nasa.gov/data/ozone/#) related
to ozone chemistry and climate performed by the
earlier TOMS spectrometers.

OMI measurements cover three spectral ranges: vi-
sible, 350—500 nm; UV1, 270—312 nm; UV2, 306—
380 nm, with a spectral resolution between 0.42 nm
and 0.63 nm. The field of view in the nadiris 13 x 24 km
for TOC measurements and 13 x 48 km for vertical ozo-
ne profiles. OMI data are available on the Tropospheric
Emission Monitoring Internet Service (TEMIS) web-
site https://www.temis.nl/protocols/O3total.php. In
addition to the ozone measurement, the concentra-
tion of other constituents, including CO, NO,, SO,,
Br,0, HCHO, and aerosols is also determined (https://
aura.gsfc.nasa.gov/science/gallery-omi.html).

2.5 Satellite microwave radiometer MLS

Satellite measurements by the Microwave Limb So-
under (MLS) are carried out on board the Aura spa-
cecraft, which is a part of the NASA EOS satellite
system (Waters et al., 2006). MLS measurements be-
gan in August 2004 and are still ongoing. The main
mission of the MLS instrument is to measure atmos-
pheric ozone and air quality and assess the state of the
climate. MLS measures atmospheric temperature pro-
files spanning the troposphere to thermosphere and
profiles of more than a dozen atmospheric compo-
nents, including O, and CO, as well as cloud water
and ice content.
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The MLS radiometer has a spatial resolution of
200—300 km along-track, 7 km across-track, and
3—4 km vertically (Livesey et al., 2022). It makes two
observations daily (day and night) along the noon-
midnight meridian. MLS data on atmospheric tem-
perature, geopotential heights, and volume mixing
ratio (VMR) of CO and ozone are among the main
sources of information used for the study of SSWs (Shi
et al., 2020; 2021; Wang et al., 2019; 2021). Zonal
wind data are not presented in the MLS measure-
ments but may be calculated from the geopotential
height and temperature fields using the geostrophic
approximation (Fleming et al., 1990). The recommend-
ed useful vertical range for ozone measurements is
from 215 to 0.00564 hPa (Livesey et al., 2022).

CO values from MLS measurements were com-
pared with data from the microwave radiometer
(MWR) in Kharkiv (Wang et al., 2019). Compared to
the Kharkiv MWR, which estimates CO using the
115.3 GHz emission line, the MLS CO data are
obtained from measurements of two bands, 240 and
640 GHz (Livesey et al., 2022). Estimated accuracy
is about £30% at levels from 215 to 100 hPa, £10%
at 10 hPa, and up to 50% at levels from 1 to 0.0022
hPa; at levels above 0.0022 hPa and below 215 hPa,
the CO data are not recommended for use (Livesey et
al., 2022).

3 Reanalyses and Model Outputs

Reanalyses are secondary synthesized data obtained
by assimilating the results of historical observations
with the guidance of physical models. They provide an
important tool for studying the climate and its changes
in recent decades based on air temperature, geopo-
tential height, ozone, CO, precipitable water vapor,
specific humidity, aerosols, and other atmospheric
variables (Keller & Wahl, 2021; also see Subsections
3.1-3.5 below). The use of these data focuses on the
quality and coverage of the observational data used to
generate the reanalyses. The adequacy of the spatial
and temporal resolution of the output fields studying
the physical processes is under consideration. The
comprehensive description of existing reanalyses is
presented in NCAR, climate data guide (https://

climatedataguide.ucar.edu/climate-data/atmospheric-
reanalysis-overview-comparison-tables). Reanalyses
assimilate a number of atmospheric variables into a
forecast model, which allows evaluating the climate
state, overview and comparison.

3.1 Reanalysis NCEP—NCAR

The NCEP—NCAR reanalysis of the National Cent-
ers for Environmental Prediction (NCEP) / National
Center for Atmospheric Research (NCAR) was de-
veloped in 1991 in cooperation, in particular, with the
European Center for Medium-Range Weather Fore-
casts (ECMWEF) based on the climate data assimila-
tion system (Climate Data Assimilation System, CDAS),
which covers the period from 1948 to the present (Kal-
nay et al., 1996). The development of the reanalysis was
supported by the global program of the National Ocea-
nic and Atmospheric Administration (NOAA). Data
from the reanalysis are available on the NOAA web-
site https://psl.noaa.gov/data/gridded/data.ncep.re-
analysis.html.

The data assimilation model in the reanalysis has
an equivalent horizontal resolution of about 210 km
or 2.5° x 2.5° in the latitude—longitude grid and 17
vertical pressure levels from 1000 to 10 hPa. The most
reliable data in the reanalysis are presented for the
satellite era since 1979, when global coverage of sat-
ellite measurements was introduced. During 1948—1957,
little atmospheric observational data were available,
and most of this was from the Northern Hemisphere,
so the reanalysis data for this period are less usable
(Kistler et al., 2001).

The NCEP—NCAR reanalysis provides users with
many convenient tools for analysing the data series
used, which other reanalyses do not provide. In our
work, the analytical capabilities of the NCEP—
NCAR reanalysis contributed to the rapid visualiza-
tion of data and the optimal choice of the type of
graphical representation. This accelerated obtaining
the necessary results and, in this way, significantly in-
creased research productivity. Particular examples are
now discussed.

1) Monthly/Seasonal Climate Composite. Plots of month-
ly and seasonal composites of variables (mean, anoma-
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Figure 1. (a) Monthly mean distribution of tropopause pressure anomalies in the Southern Hemisphere in October 2006 (Evtu-
shevsky et al., 2008b), (b) longitudinal displacement of zonal wind anomalies (dashed radial lines) at a pressure level of 30 hPa,
averaged over September—November for conditions of a strong (2001, left) and weak (2002, right) stratospheric polar vortex over
Antarctica, modified after (Grytsai et al., 2008), (c) longitude—pressure section of air temperature at 70°N latitude: climatology
for December—February averaged over 1991—-2020, data from NCEP/NCAR reanalysis (https://psl.noaa.gov/data/reanalysis/
reanalysis.shtml)

lies, and long-term means). Lat/Lon plots for any desi-
red region and height cross sections are available (https://
psl.noaa.gov/cgi-bin/data/composites/printpage.pl).

Figure 1 shows options for averaging the investiga-
ted parameters by selected indicators with their gra-
phic reproduction on the reanalysis site: (a, b) tropo-
pause parameters in the Southern Hemisphere in the
polar projection (Evtushevsky et al., 2008b; Grytsai
et al., 2008) and (c) vertical distribution of air tem-
perature along the latitude circle 70°N.

2) Time Section Plots Using Gridded Daily Data, Hov-

Latitude, degr.
Geopotential height

00 200 a0 mollers. Time-latitude (Fig. 2) and longitude—time

Day(‘)f)year sections are available at https://psl.noaa.gov/map/
a

time plot/.
3) Extract time series: Monthly/Seasonal (ASCII).

E;) 20 S’i Tables ‘year — month’ in rows and columns, respec-

=1 10 Té tively, are available at https://psl.noaa.gov/cgi-bin/

é 0 % data/timeseries/timeseries1.pl. Figure 3 shows a screen-
kS 10 shot of a fragment of one of the tables.

— Eq 90 4) Linear Correlations in Atmospheric Seasonal/Mon-

1 Jan 30 Jan 1 Mar 31 Mar thly Averages. This allows the creation of a plot of

Date monthly and seasonal correlations of a gridded variable

(b) with ocean/atmosphere index time series. The user

Figure 2. (a) Seasonal variation of zonal mean tropopause geo- | €an also input a time series for analysis (https://psl.
potential height (in km) between 90°N and 90°S over the year: | noaa.gov/data/correlation/). This type of analysis al-
30-year climatology averaged over 1979—2008 (by data from | ]Jows the user to plot the distribution of the correla-
https://psl.noaa.gov/data/reanalysis/reanalysis.shtml) and (b) tion of the field of an atmospheric variable with cli-

time-latitude diagram of temperature anomalies (relative to cli- te indi ith . ¢ ind di t
matology 1981—-2010) at a pressure level of 10 hPa in the sector mate indices or with a given custom index (adjacen

30°—40°E during the sudden stratospheric warming in Feb- | to time). The custom index created by the user is
ruary 2018, modified after (Wang et al., 2021) placed on the anonymous ftp server ftp.cdc.noaa.gov

170 ISSN 1727-7485. Ukrainian Antarctic Journal, 20(2), 2022, https://doi.org/10.33275/1727-7485.2.2022.698



Y. Shi, O. Evtushevsky, G. Milinevsky et al.: Data and methods for stratospheric ozone and planetary wave study

2887 27.787  17.322 14.121 7.331 1.664 -4.189 -3.
2088 26.256 19.839 8.608 3.485 -8.513 -2.385 -2.
2009 22.275 -@.895 8.122 1@.420 1.712 -3.419 =3,
2818 17.968 2.421 8.818 4,112 -9.892 -8.925 -1.
2811 18.614  25.981 23.419 2.826 -3.478 -3.910 =2,
2812 19.772 9.117 11.793 3.467 8.278 -4.819 =1.
2013 6.662 5.341 13.813 14.820 2.117 -2.888 =2.
2814 24.921 19.787 16.984 5.378 -1.635 -3.156 -2.
2815 19.865  22.246 21.718 2.424 -2.364 -3.283 =2,
2016 25.158 23,158 4.685 -1.292 -8.483 -2.851 -1.
2017 21.303 14.412 9.103 4.868 8.171 =-1.33@ -8.
2018 23.849 11.971 16.928 4,292 8.785 -3.864 -1.
2019 6,857 18,123 18.769 18,445 -3.441 -3.418 =24
208286 30.181 32.467 31.786 16.172 -8.418 -3.925 =3.
2821 6,342 13.444 18.411 13.243 3.29@ -2.806 -a.
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58mb Pressure Level u wind (m/s)
Latitude Range used: 60.8 to 60.0
Longitude Range used: ©.8 to 357.5
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Produced at NOAA PSL at https:/psl.noaa.gov/data/timeseries/
Climatology, if used, is 1981-2010.
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Figure 3. Interannual changes in the mean zonal wind speed at 60°N latitude, 50 hPa according to
NCEP—NCAR reanalysis data. Fragment of a screenshot of the monthly time series from https://

psl.noaa.gov/cgi-bin/data/timeseries/timeseries1.pl

#% Home » Plotting & Analysis » Monthly/Seasonal Correlations » Custom Time-series

Custom time series directions

Note: | recently found out that the FTP files could potentially be deleted after 2 days. If this is a
problem please email me. | am looking into ways of changing this.
To use your own time series, you place the file in PSL's anonymos ftp server. Type ftp
ftp.cde.noaa.gov and use anonymous as the login name and your email as the password. Or, use
an ftp application of your choice. Then, cd to /Public/incoming/timeseries/ and put the file there.
You won't be able to edit or delete the file.

For name of file from the webpage, use /Public/incoming/timeseries/filename. Make sure the full
path is specified and is spelled EXACTLY as shown or you will get an error.

yearl yearend

yearl janval febval marval aprval mayval junval julval augval sepval octval novval decval
yearl otc.

yearend janval febval marval aprval mayval junval julval augval sepval octval novval decval
missingvalue

Note that years should be 4 digit integers. There should be at least one space between values. If a

(a)

708

Latitude, degr.
=
w

90E 120E 150E 180E 210E 240E 270E
Longitude, degr.

(b)

Figure 4. (a) Screenshot of the NCEP—NCAR reanalysis page explaining how and in what format to download a chosen time
series from https://psl.noaa.gov/data/correlation/custom.html. (b) Example to illustrate the longitude—latitude distribution of
the correlation between the sea surface temperature in the tropics in June and the stratospheric temperature index in October
created for the Western Hemisphere segment over Antarctica. A graphical presentation of the correlation is obtained from the

webpage https://psl.noaa.gov/data/correlation

to /Public/incoming/timeseries/ and when comput- | tool. An example of correlation calculations is pre-
ing the correlation, downloaded from https://psl. | sented at https://www.psl.noaa.gov/data/writ/ocean.
noaa.gov/data/correlation/custom.html by selecting | example.usetime.html.
‘If custom:’ (Fig. 4a) on the reanalysis website. Fig- 5) Other atmospheric parameters. The NCEP—NCAR
ure 4b shows an example of the use of this analysis | reanalysis also provides for the use of climate indices
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Figure 5. Distribution of total ozone column in the Southern Hemisphere in October 2006 with an ozone hole over Antarctica
according to (a) OMI satellite spectrometer data (https://www.temis.nl/protocols/o3field/o3mean_omi.php) and (b) 20th
Century Reanalysis Version 3 (20CRv3, https://psl.noaa.gov/cgi-bin/data/composites/plot20thc.v2.pl). The overestimation of
the TOC in the region of the ozone hole in the reanalysis compared to the OMI is ~120 DU (white contours). The KNMI —

Royal Netherlands Meteorological Institute

of atmospheric variability (https://psl.noaa.gov/data/
climateindices/), including the Nifio regions, the Ar-
ctic and Antarctic Oscillations (AO and AAO, respec-
tively), the Quasi-Biennial Oscillation (QBO), the
Southern Oscillation Index (SOI), the North Atlan-
tic Oscillation (NAQO), and the Pacific Decadal Os-
cillation in the Pacific Ocean (PDO).

El Niflo—La Nifia phenomena are represented by
anomalies of atmospheric variables comparing both
phenomena by samples of years with their maximum
phase, separately for winter and spring seasons (https://
psl.noaa.gov/enso/compare/). It is also possible to
analyse the latitude—daily height distribution of the
Eliassen—Palm flux vector (https://psl.noaa.gov/data/
epflux/).

A significant limitation in using the NCEP—NCAR
reanalysis for middle atmosphere studies is its mini-
mum pressure level of 10 hPa (~32 km, corresponding
to the middle stratosphere). In comparison, for the
Modern-Era Retrospective Analysis for Research and
Applications (MERRA-2) reanalysis (discussed in
Section 3.2 below), the upper-pressure surface of the
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standard output is at 0.1 hPa (~64 km, in the lower
mesosphere). Actually, model data from MERRA-2
are available up to ~87 km, but only for temperature
and geopotential height.

The MLS satellite provides reliable data up to ~90 km
(see Section 2.5) — this is the mesopause region. Be-
cause of the necessary limitations in the spatial and
temporal extents of the available data, investigation
of SSW processes that cover the full atmospheric ex-
tent from the troposphere to the mesosphere has only
been possible in the past few decades.

To expand the time limits of research, the 20th
Century Reanalysis (20CR) was developed, which
covers the entire 20th and most of the 19th centuries
(http://apdrc.soest.hawaii.edu/datadoc/20century
reanalysisV3.php, see also https://psl.noaa.gov/data/
20thC_Rean/). This is a product of NOAA and the Uni-
versity of Colorado, USA (Slivinski et al., 2021). It
has monthly mean geographic distributions of total
ozone (up to 2015, https://psl.noaa.gov/cgi-bin/data/
composites/plot20thc.v2.pl). However, in some cases,
these data show significant differences between 20CR
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and satellite measurements. It can be seen from Figu-
re 5 that although the nature of asymmetry in the distri-
bution of TOC is generally consistent, the range of TOC
according to OMI data is 150—370 Dobson units
(DU) (Fig. 5a), but is considerably overestimated in
20CR version 3 at 270—420 DU (see Fig. 5b). We also
should mention an ECMWF (ERA-20C) version of
the 20CR (https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-20th-century-ii).

3.2 Reanalysis MERRA-2

Version 2 of the MERRA-2 is the latest version of the
4th generation atmospheric reanalysis developed by
NASA (Gelaro et al., 2017). It uses long-term mete-
orological data series to inform an improved atmos-
pheric circulation model. The output covers the pe-
riod from 1980 to the present and has a spatial resolu-
tion of 0.5° in latitude and 0.625° in longitude with
42 vertical pressure levels from the surface to 0.1 hPa
(https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/).
In spatial resolution and vertical extent, MERRA-2
has advantages over the NCEP—NCAR reanalysis
(2.5° x 2.5° in the latitude—longitude grid and 17 ver-
tical pressure levels from 1000 to 10 hPa, see Subsec-
tion 3.1). Visualizations of average monthly data, cli-
matology, and anomalies are available (https://fluid.
nccs.nasa.gov/reanalysis/anomaly _merra2/). However,
many of the analysis tools available in the NCEP—
NCAR reanalysis (Subsection 3.1) are not present in
MERRA-2.

3.3 ECMWF Reanalysis

The ECMWEF reanalysis produced several important
global reanalyses. A key data set has been ERA-In-
terim which provided a global reanalysis covering the
satellite period from 1979 to 2019 (Dee et al., 2011;
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
reanalysis-interim). Since 2019, this has been super-
seded by the ERAS reanalysis (Hersbach et al., 2020;
https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5). Both ERA-Interim and ERAS
are derived from the ECMWF Integrated Forecast
System (IFS). The IFS uses 4D variation analysis with

a 12-hour analysis window. The reanalyses provide
3D data of the main atmospheric parameters (tempe-
rature, geopotential height, wind, water vapour, and
ozone) and other important parameters on clouds,
radiation, and surface properties. The ERAS reanaly-
sis covers the period from January 1950 to the present,
with data presented on a ~30 km grid for 37 levels
from the surface to 1 hPa (~48 km).

3.4 Ozone in multi-sensor reanalysis MSR

Multi-Sensor Reanalysis of ozone data (Multi-Sen-
sor Reanalysis — MSR) is TOC data set constructed
using the assimilation of all available series of ozone
satellite observations, including data from TOMS (on
board the Nimbus-7 and Earth Probe satellites), SBUV
(Nimbus-7, NOAA-9, NOAA-11, and NOAA-16),
SCIAMACHY (Envisat), OMI (EOS-Aura), GOME
(ERS-2) and GOME-2 (Metop-A) and ground mea-
surements by Dobson spectrophotometer and Brewer
spectrometer with further model data processing (van
derAcetal., 2010). Combined satellite observations were
assimilated using a chemical transport model based
on ECMWF meteorological data (van der A et al.,
2010). The daily and monthly means of the global O,
fields and overpass data in MSR-2 are presented at
https://www.temis.nl/protocols/o3field/o3month__
msr2.php and cover the period 1970—2021. The data
on trace gases and air pollution are also presented.
Near-real-time global ozone fields, archives of indi-
vidual instruments, and overpass data are provided in
the TEMIS project (see Section 2.3 above) at https://
www.temis.nl/protocols/O3global.php.

3.5 Ozone in SBUV MOD reanalysis

The merged series of ozone data Merged Ozone Data
(MOD) is based on satellite measurements by ultra-
violet radiometers SBUV and SBUV/2 (SBUV MOD;
Frith et al., 2014; see also Table). The SBUV MOD rea-
nalysis presents vertical profiles of ozone in the form
of (1) zonal-averaged data for 5-degree latitude in-
tervals and (2) daily local data for individual ground
stations derived from overpass measurements of the
satellite instrument (https://acd-ext.gsfc.nasa.gov/
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Data_services/merged/index.html). The data are avai-
lable in Version 8.7 for January 1970 to December
2021 (https://acd-ext.gsfc.nasa.gov/Data_services/
merged/previous_mods.html).

The last MOD modification dated 21 May 2022,
v2 Release 1 Extended, is currently implemented. The
overpass data contains information for nine atmospher-
ic layers. Seven layers with a step of about 3 km in height
are located between 25 hPa and 1 hPa (26—48 km) and
characterize the middle and upper stratosphere (up to
the stratopause). The combined layers 1—8 (below 25 km)
and 16—21 (above 48 km — to the upper limit of the
atmosphere) cover the troposphere—lower stratosphere
and mesosphere, respectively (https://acd-ext.gsfc.
nasa.gov/anonftp/toms/sbuv/MERGED/). The zonal
mean data are similarly arranged and available at https://
acd-ext.gsfc.nasa.gov/Data_services/merged/data/
sbuv_v87 mod.int_lyr.70-20.za.rl.txt.

Another type of ozone overpasses contains daily pro-
files at specified stations formed from all instruments
(Nimbus BUV — NOAA SBUV — OMPS) aggregated
into asingle file (https://acd-ext.gsfc.nasa.gov/anonftp/
toms/sbuv/AGGREGATED/). These profiles inclu-
de ozone data for each layer from 1 to 21 (1013—0.1
hPa, or 0—64 km) with a steady height step, so they
have the advantage of a more detailed reproduction
of the vertical ozone distribution. Each type of data,
besides the profile, also provides a value of TOC.

3.6 Ozone in climate models

The Chemistry Climate Model Initiative (CCMI) is an
international project that coordinates developing and
evaluating advanced climate models (Eyring et al., 2016).
CCMI models simulate physical and chemical pro-
cesses in the lower and middle atmosphere and pro-
vide a more robust simulation of atmospheric change
than models using prescribed atmospheric chemistry
(https://www.wcrp-climate.org/wgem-cmip/wgem-
cmip6). A series of simulations were conducted by a
range of climate models (including coupled ocean-at-
mosphere models) under phase 2 of CCMI (CCMI-2)
for the 6th Coupled Model Intercomparison Project
(CMIP6). These simulations, which represent the cur-
rent state-of-the-art climate modelling, provided free-
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running and dynamically-constrained output covering
the historical period from 1980 to 2014. The output in-
cludes vertical profiles of ozone volume mixing ratio
from the surface to the mesopause region, with a typical
spatial resolution of ~2° in latitude and longitude.

Thanks to considerable progress in the simulation
of processes with associated stratospheric ozone in
recent decades (Dhomse et al., 2018), the short-term
spatial representation of polar ozone fields and their
interaction with planetary waves is an area where fur-
ther model improvement is needed. In a study by
Ivaniha (2020), a comparison of the amplitude of the
zonal asymmetry in the TOC over the Antarctic sho-
wed that a selection of CMIP6 models tended to un-
derestimate the asymmetry by 42% compared to the
MERRA-2 reanalysis. This study highlights that sig-
nificant biases can be present in the vertical and hor-
izontal distribution of simulated ozone in the polar
regions, which has potential implications for flow-on
effects on temperature and chemical processes in the
lower polar stratosphere.

4 Analysis methods

The behavior of planetary waves in the atmosphere is
described using versatile approaches that allow to
select the analysis method and the basic atmospheric
parameters. An integral characteristic of the PW is
the Eliassen—Palm (EP) vector flux. The EP flux theo-
ry is based on thermodynamic equations (Tanaka et
al., 2004).

The vertical EP flux is an important diagnostic in-
dicator of the nature of PW propagation and the “wa-
ve—mean flow” interaction (Dwyer & O’Gorman, 2017).
The averaged data show that the maximum EP flux
up through the troposphere occurs in the middle lati-
tudes of both hemispheres (43—50°N and 50—55°S
(Dwyer & O’Gorman, 2017)). The meridional loca-
tion of the maximum tropospheric westerly winds af-
fects where the wave flux is deflected as it rises into
the stratosphere, poleward or equatorward (Dwyer
& O’Gorman, 2017). Vector diagrams of the EP flux
in the meridional plane make it possible to trace
changes in wave activity and the direction of its prop-
agation (Fig. 6a and 6b).
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Diagrams in Figure 6a provide a general idea of the
vertical transport of wave energy between the tropo-
sphere and the stratosphere and data on its interannual
changes. They are useful in analysing and comparing
the development of PW activity in the meridional plane
in individual SSW events (Fig. 6b). Momentum flux
and heat flux, which are components of the EP flux, are
also used to describe the averaged characteristics of at-
mospheric dynamics (Dwyer & O’Gorman, 2017).

4.1 Spectral Fourier analysis

More detailed data on planetary waves are obtained
by analysing their spectral composition and the am-
plitude of the spectral components. Important mani-
festations of PW are meridional deviations of atmos-
pheric masses relative to a certain latitude circle and
zonal asymmetry in the horizontal distribution of at-
mospheric variables (see Fig. 1). Therefore, one of the
ways of studying the PW spectra is the analysis of dis-
turbances (deviations) in the longitudinal distribu-
tion of the studied parameters (mainly temperature,
zonal wind, geopotential height, and ozone).

In addition, a statistical description of the charac-
teristics of planetary waves is carried out with the de-
termination of average amplitudes, phases, long-term
trends, and abnormal values, as well as periodicity,
using Fourier and wavelet analysis.

For a detailed description of the spectra of plane-
tary waves using satellite measurements of the TOC,
we used the long-term longitudinal distribution f ()
decomposition on the spectral components (Fourier
analysis) with zonal numbers m (Grytsai et al., 2005b;
Pinsky, 2009; Constantin, 2016):

fa= Y anem

m=—00

a
1 ;
ap = 5— [ Filhye =i .

Averaging the daily amplitudes for the selected time
interval with a duration of N days, we get the ampli-
tude of the wave 4 . which characterizes the total
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Figure 6. (a) Eliassen—Palm flux in the Southern Hemisphere
in August 2015 and 2017 (Kravchenko et al., 2018) and (b) in
late January (left) and mid-February (right) 2018 before and
during the major SSW, respectively, in the Arctic stratosphere
according to NCEP—NCAR reanalysis data (https://psl.noaa.
gov/data/epflux/)

contribution to the disturbance of traveling and sta-
tionary component of planetary wave:
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4.2 Spectrum of planetary waves in Antarctic ozone

In this subsection, we describe the examples of proces-
sing techniques considered above. Figures 7 and 8 il-
lustrate processing techniques for PW spectrum analy-
sis. Figure 7a shows an example of the longitudinal
distribution of TOC at latitude 65°S for one date, Oc-
tober 15, 1996 (top) and an example of selecting spec-
tral components m = 1—35 (in the middle) retrieved by
spectral Fourier analysis method. The observed longi-
tudinal profile is compared with the one reconstructed
by the sum of five components (Fig. 7a, bottom). The
difference between these two profiles exhibits the
root-mean-square deviation ~6.9 DU or 2.5% of the
TOC mean value (Grytsai et al., 2005b).

The two images in Figure 7b demonstrate the use
of the method of visualization of changes in the TOC
distribution at the same latitude of 65°S in the “lon-
gitude-date” coordinates (Grytsai et al., 2005a; 2022).
The edge region of the stratospheric polar vortex and
the ozone hole is located near the 65°S latitude circle
(Grytsai et al., 2005¢c). Therefore, the diagram in
Figure 7b reflects both the nature of zonal movements at
the edge of the vortex under the influence of plane-
tary waves and the duration of wave activity. The slope
of the bands on the diagrams shows that the waves are
moving to the East, and their clear time sequence in

September—October 1996 (Fig. 7b, left) allows the pe-
riod of oscillations to be estimated as seven days. In
1996 at latitude 65°S, the longitudinal shifts of maxi-
ma and minima of TOC lasted until November, and in
2002 only until September (Fig. 7b, left and right, re-
spectively). The difference in the time of disappearance
of zonal waves allows us to conclude a significantly
shorter duration of the existence of the polar vortex
in the second case, that is, about an earlier date of
stratospheric warming after the collapse of the vortex.

Therefore, the combination of spectral analysis and
visualization of the longitudinal distribution of the TOC
(Fig. 7) gives a more detailed description of the contri-
bution of planetary waves to the processes of develop-
ment of the ozone hole and stratospheric polar vortex.

Figure 8 shows other techniques of analysis and graph-
ical representation of the spectral characteristics of zonal
waves in the ozone distribution over the Antarctic. Two
families of curves in Figure 8a illustrate the interannual
variability of the amplitude and phase of zonal waves
m =1 and m = 2, and the curves and approximation
lines in Figure 8b show interannual variations and li-
near trends of their phase (Grytsai et al., 2005c¢).

An interesting result was obtained when analysing
the ratio “wave amplitude 4/zonal number m” (Fig. 8c)
(Grytsai, 2011). Both axes of Figure 8c are built on a
logarithmic scale, and this presentation reveals an al-
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= ——observed Figure 7. (a) (top) The long-term distribution of the TOC at the latitude of 65°S on 15 October,
—0 400 —m=1- . .
S5 L 1996, and (middle) the presence of spectral components of the planetary wave with zonal
= g 200 |- wave numbers m = 1—5; (bottom) the distribution reconstructed by the sum of harmonics in
S TN S S comparison with the observed one, the figure is modified after (Grytsai et al., 2005b), (b)
180°W 0 180°E  visualization of the changes in the longitudinal distribution of the TOC in September—No-
Longitude vember 2019 (left) and 2020 (right). Modified from (Grytsai et al., 2022), plots were created
(a) using data from https://ozonewatch.gsfc.nasa.gov/
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Figure 8. (a) Interannual variations of the amplitude and phase of stationary zonal waves m = 1 and m = 2 in the distribution of
TOC at the latitude of 65°S in 1979—2004 and (b) the interannual variations and long-term trends of their phase. Figures are
modified after (Grytsai et al., 2005¢). (¢) Dependence of the wave amplitude on the zonal number m = 1-5; latitudes 50—80°S,
period 1979—2021; thick vertical lines indicate the change in the amplitude range of wave m = 2 when moving from averaging
daily values (including running and stationary components, top) to monthly or seasonal average values (stationary component, bottom)

most linear power-law dependence of the amplitude
Aon m: A~ m*. However, the exponent for the sta-
tionary wave is significantly higher with £k = 1.9-2.6
for the total wave with k = 0.7—1.6. Therefore, har-
monic m = 1 turns out to be dominant in the station-
ary wave, and harmonics m = 2—5 are significantly
weaker compared to the case of the total wave (sepa-
rated by vertical lines in Figure 8c at the bottom and
top, respectively). In general, the representation of
the linear form of the power dependence “wave am-
plitude A — zonal number m ” in Figure 8c turned out
to be productive because it indicates the non-ran-
domness of the relationship between harmonics, and
this relationship deserves a more detailed study.

5 Main results of the use of data,
their processing, and analysis

One of the most cited results is the retrieval of long-
term changes in the zonal asymmetry of ozone over
Antarctica in the spring (September—November) when

PW activity increases maximally (Grytsai et al., 2007).
The analysis methods included the construction of
the longitudinal distributions of the TOC (Fig. 7a) at
separate latitude circles within 50—80°S (Fig. 9), which
gave an advantage in detecting a new effect. Polyno-
mial fitting was applied, and the eastward displace-
ment of the zonal minimum of the TOC was estab-
lished by comparing its longitude from the beginning
of satellite measurements (1979) to the 2000s (Fig. 9).
The previously unknown process of long-term geo-
graphical redistribution of the zonally asymmetric
TOC is related to the thermal state of the Antarctic
stratosphere, the propagation of planetary waves, and
the long-term trend of TOC itself (Salby et al., 2012;
Solomon et al., 2016) due to ozone depletion and re-
covery of the ozone layer from the 1980s to the 2010s
(Grytsai et al., 2017). An eastward shift described in
(Grytsai et al., 2007) was confirmed by Agosta and
Canziani (2010) and Siddaway et al. (2020) for the
ozone minimum location, and by Lin et al. (2009) for
the phase of wave 1 in stratospheric temperature.
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Figure 9. Map of longitudinal locations of zonal quasi-stationary
planetary wave (QSW) maximum (red) and zonal QSW mini-
mum (blue) at seven latitudes between 50 and 80°S; western-
most (easternmost) longitudes in 1979 (2002) determined from the
polynomial fit, are shown by solid (dotted) lines. Black lines
mark longitudes for 2015. Modified from (Siddaway et al., 2020)

Moreover, this effect was significant for ozone mea-
surements taken inside/outside the polar vortex for sta-
tions in the vortex edge region (Hassler et al., 2011).
For example, with the shifting of the ozone minimum
to the east, further from the Faraday/Vernadsky sta-
tion, a greater portion of the ozone measurements
are located outside the vortex, where ozone values are
higher. This suggests that dynamical influence must
be considered when interpreting and intercomparing
ozone measurements from Antarctic stations for de-
tecting ozone recovery and ozone related changes in
the Antarctic climate (Hassler et al., 2011).

Another important result was obtained in the tele-
connection analysis between the tropics and the An-
tarctic stratosphere (Evtushevsky et al., 2015; 2019).
Using the sequential formation of temperature vari-
ability indices method, it was possible to identify the
tropical heat source and the region of maximum re-
sponse to it in the western part of the stratosphere
over Antarctica. The analysis consisted of 4 steps: (1)
correlation of the generally accepted climate Nifio 4
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index for the temperature in the central part of the
tropical Pacific with the temperature of the Antarc-
tic stratosphere; it revealed a regional correlation
maximum in the western stratosphere; (2) forma-
tion of the stratospheric temperature variability in-
dex in the segment of the maximum correlation and
the next step of correlation of this index with the
surface temperature (sea surface temperature —
SST) in the tropical Pacific. The correlation maxi-
mum was found, which in latitudinal extent was
four times greater than the area characterized by the
Nifio 4 index; a new SST index has been introduced
for this area, an alternative to the Niflo 4 index.
Third step, (3) correlation of the SST index with the
temperature field of the Antarctic stratosphere,
which more accurately determined the spatial ex-
tent of the maximum regional response to the tropi-
cal source of thermal disturbances; (4) formation of
the final temperature variability index in the wes-
tern stratosphere over Antarctica and its correlation
with the SST field; not only the geographical bound-
aries but also the shape of the tropical source in the
Pacific Ocean (Fig. 4b), the so-called V-structure,
were established.

The maximum teleconnection is found between
thermal anomalies in the source region in June and
temperature anomalies in the western stratosphere over
Antarctica in October, with a delay of four months
and with the penetration of the tropical signal into
the troposphere (Evtushevsky et al., 2015; 2019). In
this case, a methodological feature of the analysis was
the consistent clarification of the geographical loca-
tion and shape of the areas in maximum teleconnec-
tion and the determination of the structure of the
planetary waves involved in this connection.

Unlike other works where teleconnection was stu-
died in relation to the El Nifio phase (e.g., Yang et
al., 2015; Domeisen et al., 2019), the method used in
(Evtushevsky et al., 2015; 2019) provides climato-
logical patterns of coupled interannual variability of
disturbances in remote regions. Described methods
allow investigating the distribution of tropopause lo-
cation, asymmetry, and anomalies (Evtushevsky et
al., 2008b; 2011; Grytsai et al., 2008). The results of
climatological tropopause anomalies study in polar
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winter and spring and relationships to troposphere-
stratosphere coupling in the polar atmosphere are
presented in (Evtushevsky et al., 2011).

It is also worth noting the establishment of the effect
of wave disturbances in the temperature distribution of
the Antarctic stratosphere in August (at the end of
winter in the southern hemisphere) on the state of the
ozone hole in the spring months of September—No-
vember. A comparative analysis of the correlation ra-
tios between the amplitude of PW in the temperature
of the stratosphere in the winter months and the area
of the ozone hole in the spring months showed that
August anomalies of the amplitude give the greatest
contribution to the interannual changes in the area of
the ozone hole (Kravchenko et al., 2012; Milinevsky et
al., 2020; Milinevsky et al., 2022). A predictive index
was formed for the prerequisites for the development of
the ozone hole, which showed high reliability in pre-
dicting an anomalous decrease in its area in 2017 and
2019 (Kravchenko et al., 2018; Milinevsky et al., 2020).
As known, fairly reliable forecasts of the ozone hole
state is possible on a synoptic timescale of 5—10 days
(see e.g. forecasting service in the TEMIS project at
https://www.temis.nl/protocols/O3forecast.php). Exis-
ting forecasts of stratospheric processes are less reliable
on a seasonal scale. The identification of the factors that
limit the seasonal predictability is an important problem
in global climate forecasting (Tripathi et al., 2015) and
there are a number of challenges exists and seasonal
forecasting is expected to focus on in the near future
(Doblas-Reyes et al., 2013; Wang et al., 2022).

The use of the analysis methods allowed specific
atmospheric influences to be examined. This revealed
changes in the spectral components of PWs at differ-
ent phases of SSW (Wang et al., 2019; 2021; Shietal.,
2021; Zhang et al., 2022b), long-term trends in the
zonal asymmetry of the Arctic stratopause (Shi et al.,
2022), and significant differences in the annual cycle
of ozone when considering the zonal asymmetry in
the distribution of ozone associated with the structu-
re of quasi-stationary PWs (Zhang et al., 2022a). The
analyses also identified variations in mesospheric CO
associated with geographical migrations of the edge
of the displaced stratospheric polar vortex and its
fragments (Wang et al., 2019).

Local microwave radiometer measurements of CO
above Kharkiv, Ukraine (50.0°N, 36.3°E) in January—
March 2018 were compared with the CO field and
time—altitude sections of CO from the MLS data.
Polar maps of CO at four pressure levels correspond-
ing to altitudes of 32, 50, 75, and 86 km were consid-
ered. Replacement of the CO-rich polar vortex air by
CO-poor air of the surrounding area led to a signifi-
cant mesospheric CO decrease over the station during
the SSW. Variations in the vertical CO profile showed
that vortex fragmentation over the station at the SSW
start caused episodic enhancement of stratospheric
CO at about 30 km. This indicated penetration of the
mesospheric CO levels into the middle stratosphere
immediately after the SSW onset (Wang et al., 2019).

6 Conclusions

We discuss the methods of analysing the characteris-
tics of planetary waves and the data sources used in
this process. We describe the methods, data sources,
and examples of planetary waves study in the frame-
work of a collaborative study of Ukrainian, Chinese,
and Australian researchers. The parameters of the main
ozonometric instruments (Dobson spectrophotome-
ter, TOMS and OMI satellite spectrometers, MLS sa-
tellite radiometer) and the capabilities of atmospheric
and ozone reanalyses (NCEP—NCAR, MERRA-2,
ERA-Interim, MSR, and MOD) are characterized.

The structure of the data and tools for their analy-
sis in the NCEP—NCAR reanalysis are given in more
detail, as their availability contributed to the rapid
visualization of the data, their quantitative analysis,
and the optimal choice of the type of graphical repre-
sentation. This accelerated obtaining the necessary
output and, as a result, significantly increased re-
search productivity. The method of spectral analysis
of data series and samples of the use are outlined. The
method allows a comprehensive description of the
behavior of the spectral components of planetary
waves under the conditions of dynamic changes in
Antarctic ozone in the winter-spring season.

The main examples of the data use and the appli-
cation of analytical methods and their combinations
in the study of the dynamics of the atmosphere under
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the influence of PW and SSW published by authors
are presented. A long-term shift of the TOC zonal
minimum over the Antarctic to the East in the spring
months with the largest PW activity in the Antarctic
stratosphere was revealed (Grytsai et al., 2007; 2017).
The spatial and temporal characteristics of the maxi-
mum teleconnection between the tropical heat source
of atmospheric disturbances and the response to
them in the western part of the Antarctic stratosphere
were determined (Evtushevsky et al., 2015; 2019). A
predictive index was created for the possible anoma-
lous ozone hole development in the spring months
(Kravchenko et al., 2012; 2018; Milinevsky et al.,
2020; 2022). Changes in the spectral components of
PW at different phases of SSW (Wang et al., 2021; Shi
etal., 2021; Zhanget al., 2022b), changes in the zon-
al asymmetry of the Arctic stratopause (Shi et al.,
2022), peculiarities of the annual ozone cycle when
considering the zonal asymmetry in the distribution
of ozone associated with the structure of quasi-statio-
nary PWs (Zhang et al., 2022a) were established. The
connection between local variations in the mesosphe-
ric carbon monoxide from ground measurements and
migrations of the edge of the shifted stratospheric po-
lar vortex and the position of its fragments above the
ground station was found (Wang et al., 2019).
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Metoau 06poOKH Ta aHATIZY JAHUX IS NOCTI/KEHHS CTPaTocGepHoro 030Hy Ta IIAHETAPHUX XBHJIb

Pedepar. Mu nporoHyeMo omisii METOIB aHaJTi3y XapaKTepUCTUK IJIAaHETAPHUX XBUJIb Ta JKEpes TaHUX, BAKOPUCTAHUX B
paMKax CIJIbHUX JOCHTIIKEHb HAIIO Mi>XKHAapOAHOI KoMaHIow. OnrcaHo BUOpaHi Ha3eMHi Ta CYITyTHUKOBI iHCTPYMEHTH
IUTSI BUMIpIOBaHb 030HY B aTMOc(epi Ta oXapaKTepru30BaHO MOXKIIMBOCTI peaHasi3iB aTMOChEepHUX Ta, 30KpeMa, 030HOBUX
nanux. [lokaszaHi npukJaay 1aHUX Ta iIHCTPYMEHTIB 11 aHamizy. [IpeacraBieHa MeToaMKa CIEKTPAIbHOTO aHaJli3y TlaHe-
TapHUX XBUJIb B YMOBAX IMHAMIYHMX 3MiH ITiJl 4ac panToBUX CTpaToCc(hepHUX MOTEIUIiHb. PO3IISTHYTO KOPOTKHUIT OIMUC OCHOB-
HMX pe3yJIbTaTiB aHajli3y JaHMX Ta BUKOPUCTaHHSI KOMOIHOBaHMX METO/iB. BUsiBIeHO JOBroTpuBaie 3MillleHHsI 30HAJIbHOTO
MiHIMyMy 030HY HaJl AHTapKTUKOIO Ha CXi/l y BECHSIHI Micsi1li; BU3HAYEHO MPOCTOPOBi Ta YaCOBI XapaKTEPUCTUKU BiTaIEHUX
3B’413KiB MiXX TPOIIYHUM TEILUIOBUM JKepeIoM aTMOchepHuX 30ypeHb Ta BiITYKOM Ha HUX Y 3aXiHill YaCTUHi aHTApKTUYHOI
cTpaTtocdepu; CTBOPEHO MPOTHO3HUM IHAEKC IS MOXKJIUBOTO aHOMaJbHOTO PO3BUTKY O30HOBOI AipU Y BECHSIHI Mics1li;
0XapaKTepU30BaHO 3MiHM B 30HAJbHIill aCUMETpii apKTUYHOI CTpaTonay3u; BUSHAYEHO OCOOJIMBOCTI PiYHOTO IIUKITY O30HY
MpU PO3LJIsii 30HAJBHOT aCMMETpii B HOro po3moiii.

Kmouosi cioBa: MERRA-2, Bizyaunizailisi, xkepesno gaHUX, METO, 030H, peaHalli3
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