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Abstract Ozone anomalies that occur during winter-spring periods in the Northern
Hemisphere have been increasingly observed in recent decades not only in polar,
but also in mid-polar regions, including territories of megacities. Regular moni-
toring of stratospheric gases involved in ozone-depleting processes is essential for
predicting the appearance of ozone mini-holes and the growth of UV surface illumi-
nation. Long-term ground-based FTIR (Fourier Transform Infrared) measurements
have been performed at the St. Petersburg site (60N, 30E) since 2009. The loca-
tion of St. Petersburg near the border of mid and high latitudes allows to observe
the stratospheric gases variations under different atmospheric conditions, including
polar vortex intrusion. We analyzed time series of O3, HNO3, CIONO,, HCI, and HF
atmospheric measurements at the St. Petersburg site in 2009-2022, compared them
with independent satellite measurements (ACE-FTS) and demonstrated the capabil-
ities of ground-based FTIR method to study and explain the temporal variability of
the stratospheric trace-gases in winter-spring period of 2016.
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1 Introduction

After discovery of the Antarctic ozone hole in the 1980s the investigation of ozone
depletion has been enhanced [1]. In recent decades, the study of ozone loss in the
Arctic came also into the focus of research since the ozone anomalies in winter-spring
periods in the Northern Hemisphere have been increasingly observed not only in the
polar, but also in the mid-polar regions [2—4]. In addition to ozone observation, it
is very important to monitor the changes in the abundancies of stratospheric gases
involved in ozone depletion cycle to predict the development of the ozone layer and
the increase of UV radiation at the surface [5].
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Ground-based FTIR (Fourier transform infrared) measurements of solar radia-
tion transmitted through the atmosphere can be used to investigate the variability of
stratospheric gases with high temporal resolution. In the framework of the NDACC
(Network for the Detection of Atmospheric Composition Change), dozens of obser-
vational sites around the globe are equipped with FTIR spectrometers of high spectral
resolution [6]. Bruker IFS 125 HR spectrometer at the St. Petersburg site located at
Peterhof campus of St. Petersburg University is the only instrument of such type
in Russia that is certified by the Infra-Red Working Group IRWG) of the NDACC
network. The location of the St. Petersburg site (59°53° N, 29°50° E, 20 m a.s.l.)
near the border of mid and high latitudes allows stratospheric gases variations to
be observed at different temporal scales and under various atmospheric conditions,
including polar vortex intrusion. Ozone and ozone-related species HNO3, CIONO,,
HCI, and HF are the trace gases required by IRWG to be measured at the NDACC
IRWG sites [7]. In the current study, we present and analyze the variability of
stratospheric gases measured by FTIR method at the St. Petersburg site.

2 Measurements of Trace Gases

2.1 FTIR Data

FTIR measurements using Bruker IFS 125 HR spectrometer are performed at the
St. Petersburg site since the beginning of 2009. Weather in St. Petersburg is highly
variable with frequent air-mass changes: approximately 165 overcast days and 140
days of cyclonic activity per year. FTIR method uses the Sun as a light source, thus
spectra are recorded under cloudless conditions or in the cloud breaks only, which
gives 60-70 days of measurements per year, mainly in spring and summer seasons.

We analyze the spectra measured with 0.005 cm™! spectral resolution in 650—
5400 cm~! spectral range (covered by 3 different optical filters) with PROFFIT96
(O3, HNO3, CIONO,) and SFIT4 (HCI, HF) software routinely used at the NDACC
IRWG sites [8]. The details of the retrieval strategies applied can be found in [9-11].
We retrieve target gases profiles first, then integrate them to derive total columns
(TCs). Time series of TC measurements of stratospheric gases have been already
used in validation of various satellite data [9, 10, 12, 13, 15] and in comparisons with
the results of numerical modelling [10, 11, 14, 15].

Table 1 summarizes the statistical characteristics of FTIR-measurements at the
St. Petersburg site in the period of 2009-2022. The differences in number of days
and measurements for target gases are explained by:

— different number of measurements performed in 650-1400 cm™! (O3, HNO3,
CIONO,), 1700-3400 cm~' (HC1), and 2350-5400 cm~! (HF) spectral ranges;
— different criteria for selection high-quality spectra and measurements [9—12].
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Table 1 Statistics of stratospheric gases TCs retrieval at the St.Petersburg site in 2009-2022 (st—
statistical, sys—systematic, meas—measurements)

Target gas N days (N DOFS Error st, % Error sys, % Trend, % yr~!
meas)

03 789 (5220) |43+03 22406 3.0+£0.5 +0.02 +0.20

HNO;3 779 (5182) |3.1+04 4.0+ 2.1 93+1.7 +0.23 +0.34

CIONO; 751 (4158) |1.02 +£0.07 22+9 28 £ 8 —1.64 £0.85

HCl 907 (5788) |2.5+0.2 23407 54402 —0.22 £0.21

HF 950 (6403) |2.6+0.3 22+23 57+54 +0.47 £0.25

The number of DOFS (degrees of freedom for signal) describes the information
content of spectroscopic measurements with respect to a target gas. It is calculated
as a trace of the averaging kernel matrix [16]. Therefore, it is possible to retrieve
3—4 independent pieces of information on vertical structure for O3 and HNO3, 1-2
pieces for HF and HCI, and only one piece for CIONO; (its total column).

The error estimation is based on the formalism suggested by Rodgers [16] and is
included in the retrieval codes [8]. There we consider two types of errors: (a) errors
due to uncertainty of the input parameters (instrumental characteristics, spectroscopic
data, temperature profile, etc.), and (b) errors due to the measurement noise. Spec-
troscopic data uncertainty refers to systematic errors only, as it is constant between
consecutive measurements. Measurement noise is a statistical error, uncorrelated in
time. Other uncertainties considered may contribute to both statistical and systematic
erTors.

Due to weak absorption lines in measured solar spectra, errors for CIONO, TC
retrieval are the largest (20-30%); both systematic and statistical errors are mainly
determined by uncertainty in the baseline of a spectrum which includes continuum
absorption of interfering gases, aerosol extinction, quasi-harmonic distortion in
spectra, etc. [17]. The changes in a signal recorded due to the absorption of CIONO,
do not exceed 1-2% in the period of its maximal abundancies in the atmosphere (in
winter-spring season). At the same time, the standard level of measurement noise
account for 0.7-1% of a signal. Therefore, in the rest of a year, CIONO, measure-
ment errors as a rule are greater than 100%. Statistical and systematic measurement
errors for other target gases do not exceed 2-9%. See for details the error budget of
FTIR retrievals at the St. Petersburg site in [18].

2.2 Analysis of Time Series

To analyze the variability in TCs of target gases on a scale of both long-term
trends and seasonal variability, we used the approach based on the approxima-
tion of a series of data by expansion on a finite-dimensional basis. This approach
is described in detail in [19]. Last column of Table 1 presents trend values for
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Fig. 1 Seasonal cycle of the variability in stratospheric gases TCs at the St. Petersburg site

TCs time series estimated by subtracting the seasonal variability from initial time
series. Within the 95% confidence interval, statistically significant negative trend is
observed for CIONO, (—1.64% yr~') and HC1 (—0.22% yr™!), and positive trend for
HF (+0.47% yr~1).

To describe a seasonal cycle, we modeled the intra-annual variability in terms
of a Fourier series considering periodicities of 4 months and larger [19]. Figure 1
depicts seasonal relative variability in TCs of target gases for the St. Petersburg site.
The largest variability, which reach in maximum ~80% at the end of winter and the
beginning of spring, is observed for CIONO,. HNO3 maximum of ~30% relates to
the same period, whereas O3 and HF maxima of ~20% are shifted to the mid of
March. The smallest variability is observed in HCI TCs; it does not exceed 15-18%
for the mid of spring.

2.3 Comparison with ACE-FTS Measurements

The ACE-FTS is a high spectral resolution (0.02 cm~") Fourier transform spectrom-
eter operating in 7504400 cm™~! spectral range. The instrument is a main payload
on board the SCISAT-1 satellite, with a drifting orbit, an inclination of 73.9°, and
an altitude of 650 km. Working primarily in a solar occultation mode, the satel-
lite provides information on vertical profiles (typically 10-100 km) for temperature,
pressure, and for dozens of atmospheric gases over the latitudes of 85° N to 85° S.
The lower boundary of the retrieved profiles is above 7—8 km, and the errors at the
lower level may be greater than in the rest of the profile.
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For comparison with FTIR-measurements, we used operational version v.4.1/4.2
of ACE-FTS data; the retrieval algorithm is described in [20]. We selected the ACE-
FTS measurements closer than 500 km from the St. Petersburg site and integrated
profiles from 14.5 to 41.5 km. Due to the peculiarity of the orbit and the weather
conditions at the St. Petersburg site, SCISAT-1 measurements are available on rare
occasions, mainly in winter and spring. We took daily averaged FTIR data and
compared them with the available ACE-FTS measurement at the same day. As the
number of DOFS for O; and HNOj is greater than 3, we first integrated the profiles
retrieved in 3 atmospheric layers and then compared FTIR columns in 15-50 km
layer with ACE-FTS data. The layers were selected in accordance with the DOFS
values (greater than unit for each layer). For other target gases, we considered the
FTIR TC retrievals. The number of data pairs for each target gas is presented in
Table 2.

We observe the highest correlations (0.87-0.90) for O3 and HNOj stratospheric
columns that can be partly explained by nearly the same atmospheric layer taken
for consideration. Standard deviation of differences (SDD) for all target gases do
not exceed the total measurement errors of both instruments. It means that both
methods describe the temporal variability in target gases in the same way. The large
positive bias in HCl and HF data is due to differences in total columns (FTIR)
and stratospheric columns (ACE-FTS) of these gases. The negative bias in CIONO,
data and large SDD may be caused by low sensitivity of FTIR data to changes
in stratospheric abundancies of CIONO, and consequently the large measurement
errors except period of winter-spring maximum (see Fig. 1). In current comparisons,
we do not study separately cases when FTIR and ACE-FTS instruments observe
different airmasses. In winter periods, it can significantly influence on the results of
comparison as one airmass may be inside of polar vortex whereas another—outside.

Table 2 FTIR vs. ACE-FTS comparison at the St. Petersburg site. FTIR data are taken as areference
for calculation of relative differences (A—bias, SDD—standard deviation of differences, Reorr—
correlation coefficient)

Target gas N of data pairs A £ SDD Reorr

03 93 54 14 DU 20+£5.0% |0.90 =+ 0.02
HNO3 79 (0.7 £ 1.3) x 10*15 cm™2 46+88% |0.87+0.03
CIONO, 69 (=0.8+3.1) x 10¥cm2 | —8+33% |0.62+0.08
HCI 100 (1.1 £0.4) x 10+ cm™2 26 + 9% 0.65 £ 0.06
HF 102 (1.9 £2.6) x 104 cm=2 10 + 14% 0.58 + 0.07
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3 Analysis of Ozonosphere

3.1 Role of Chlorines in Ozone Destruction

The variability in the ozone layer in polar stratosphere is substantially controlled by
the presence and variations in the content of chlorine radicals in the atmosphere [21].
The composition of the stratosphere is usually determined by chemical reactions in
the gas phase, and chlorine is mainly found in the form of HCl and CIONO,. At
low temperatures (below 195 K), in heterogeneous reactions on the surface of polar
stratospheric clouds (PSC) particles the reservoir chlorine compounds HOCl and Cl,
are released. In the presence of solar radiation, they form active chlorine CI, which
destroys ozone molecules in the catalytic cycle [22]. After the stratospheric temper-
ature increases and the PSC and sulfate aerosol particles disappear, the CIONO, and
HCI reservoir-gas content is restored. The rate of chlorine deactivation in CIONO,
depends on the NO,, which is formed during the photolysis of HNO; in the gas
phase. In the absence of HNOj in the gas phase, active chlorine does not pass into
inert CIONO,, which leads to an even greater increase in the chemical destruction
of ozone. The distribution of inactive chlorine among the reservoir gases plays an
important role, since CIONO, molecules during photolysis can lead to the secondary
formation of active chlorine. The movement of air masses with a high CIONO,
content outside the polar vortex can cause ozone destruction in midlatitudes in late
spring [23].

The described mechanism of the chemical destruction of ozone is typical for polar
latitudes in the presence of polar vortex, prolonged low temperatures of the lower
stratosphere, and the presence of PSC. However, with the penetration of polar vortex
into midlatitudes and its subsequent destruction, this mechanism may also indirectly
affect a decrease in the stratospheric ozone content in midlatitudes.

3.2 Study of Ozonosphere over St. Petersburg
with FTIR-method

Opposite to the Antarctic, in the Arctic and adjacent regions evolution of the ozone
layer in winter-spring seasons is usually dominated by dynamic processes [22]. To
study the ozone layer and to quantify ozone losses, it is necessary to distinguish
effects due to chemical processes from dynamic transport and mixing of air masses.
Due to inactivity and long lifetime HF molecules are not directly involved in chem-
ical reactions. Therefore, HF TCs are often used as a tracer of dynamic processes
in the stratosphere [24]. The vertical profiles of ozone and ozone-related strato-
spheric gases usually correlate well with the HF profile in the lower stratosphere
with maximal abundancies of these gases, thus vertical movements in the strato-
sphere will proportionally change TCs for both HF and other stratospheric gases
considered.
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Fig. 2 Time series of HF TCs measured at the St. Petersburg site and the PV values at the potential
temperature level of 475 K. The dashed line on the PV scale indicates the edge of polar vortex, the
dotted line indicates airmasses inside polar vortex

Figure 2 presents the time series of the HF TCs derived at the St. Petersburg site
between 2009 and 2022, along with the values of the potential vorticity (PV) at the
isentropic level of the potential temperature of 475 K, which is one of the indicators
of the polar vortex intensity. The PV data are taken from the ERAS reanalysis data
[25], daytime climatology, referred to 12:00 GMT for the St. Petersburg site. The
475 K potential temperature level correspond to the 18-20 km altitudes where the
largest local ozone losses are typically found in the Arctic springs [22]. As a rule,
the air mass is considered to be inside polar vortex if PV exceeds 4.2 K m%*/kg s [26].

HF TCs correlate well with the PV values. For 1002 days of HF TC measurements
at the St. Petersburg site, the correlation coefficient between the PV and HF TCs totals
0.55 + 0.03. The PV has the maximal values mainly in January. In the presence of
observations, the winter maxima of HF TCs coincide in time with the PV maxima.
In most years, spring maxima of HF TCs are also observed, not always consistent
with the PV maxima. PV values considered are determined only at one level in the
atmosphere, whereas HF TCs refer to the whole atmosphere. Therefore, the use of the
HF TCs as a dynamic factor is more relevant than use of PVs to define the dynamics of
the ozonosphere. The maximal values of HF TCs characterize the air masses located
inside polar vortex. In [27], for another subpolar station of the NDACC network
Kiruna (67.8° N) it was shown that, despite significant correlations between the HF
TCs and the PV values, even with low PV values (less than 3 K m?/kg s), the air
mass can be inside polar vortex, which is more accurately determined by the HF TC
value when it exceeds 2.5%10'> cm~2.

Analyzing Fig. 2, we can say that atmosphere over St. Petersburg in some years is
characterized by two periods of possible intrusion of polar vortex—in the middle of
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winter (January) and in the beginning of spring (March—April). As FTIR measure-
ments at the St. Petersburg site are carried out only in the presence of direct solar
radiation, and winters are characterized by the predominance of cyclonic activity; it
is not possible to study the ozone layer evolution by FTIR-method every year [28].

In the winter of 2015/2016, an unusually sharp and repeated decrease in ozone
TCs and record low values of the temperature of the stratosphere were observed
in the Arctic and adjusted regions [29]. Temperature minima were observed from
December 2015 to early February 2016, when the temperature dropped below the
threshold for the formation of PSCs for a long time, which led to the removal of
HNO; molecules from the gas phase and their deposition on PSC particles, that is,
to the denitrification of the stratosphere [29]. The extremely cold and strong polar
vortex affected not only polar, but also the subpolar (middle) latitudes. Major sudden
stratospheric warming in March ended the Arctic winter.

Figure 3 demonstrates the time dependence of the variability in ratio of ozone
and ozone-related gases to HF TCs at the St. Petersburg site in winter-spring period
of 2016. Weather conditions allowed the FTIR measurements to be performed at
the St. Petersburg site only for 2 days in January: 14 and 22, and 6 days in March
2016. In addition to stratospheric gases measurements, Fig. 3 highlights the periods
of possible intrusion of polar vortex in the atmosphere over St. Petersburg (horizontal
lines in columns) and the periods when the stratospheric temperature dropped below
the threshold values for the formation of PSC (vertical lines in columns). The detailed
analysis of the evolution of ozonosphere at the St. Petersburg site was discussed in
[28]. There we will only summarize that the winter of 2016 is characterized by a cold
stratosphere and a stable polar vortex observed over St. Petersburg, accompanied
by the chlorine activation and denitrification of the stratosphere, leading in some
periods to chemical ozone losses in March 2016 detected by FTIR method at the St.
Petersburg site.

4 Conclusions

We have presented the ground-based FTIR-method which uses measurements of
solar radiation by Bruker IFS 125 HR spectrometer at the St. Petersburg site. We
have analyzed time series of ozone and ozone-related gases (HNO3;, CIONO,, HCI,
and HF) measured in 2009-2022.

We detected the maxima of seasonal cycle of variability in all gases considered
in spring periods, varying from 15% for HCI to ~ 80% for CIONO,. For the period
considered, statistically significant trends were observed only in CIONO, (—1.64%
yr~1), HCI (=0.22% yr‘l), and HF (+0.47% yr‘l) TCs.

The comparison of FTIR data with satellite ACE-FTS measurements in 14.5-41.5
km layer demonstrates their good correlations varying from 0.87-0.90 for O3 and
HNOj; stratospheric columns to 0.58-0.65 for HCI, HF, and CIONO, TCs. Standard
deviation of differences for all gases do not exceed the total measurement errors of
both instruments.
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Fig. 3 Time series of the ratio of HCl, CIONO;, and their sum to HF TCs (top) and the ratio of
HNOj3 to HF TC and O3 TC to 1000*HF TC (bottom) in 2016 according to FTIR measurements
at the St. Petersburg site. The columns with horizontal lines highlight the period of the potentially
possible penetration of the polar vortex into the stratosphere over St. Petersburg. The vertical lines
in the columns indicate the periods of possible occurrence of the PSC

We have demonstrated the capabilities of the ground-based FTIR method to study
the short-term temporal variability of the stratospheric gases involved in the cycles
of destruction and formation of the ozone layer, to detect the periods of chemical
ozone loss, and, therefore, to study the ozone layer evolution.

The time series of ground-based FTIR measurements of stratospheric gases can
be used for validation of satellite measurements as well as for improvement of the
regional atmospheric chemistry-climate models.
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