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Abstract

Anomalous ozone loss in the Northern Hemisphere during winter–spring periods has
been increasingly observed in recent decades. Regular monitoring of stratospheric gases
involved in ozone-depleting processes is essential for predicting the appearance of ozone
mini-holes and the growth in UV surface irradiance. The St. Petersburg State University
site located on the border of mid- and high latitudes is equipped with the Bruker IFS 125HR
spectrometer for trace gas measurements and the UV and VIS Ocean Optics HR4000 spec-
trometers for total ozone column (TOC) measurements. The harmonization of TOC series
from three instruments made it possible to analyze TOC variability during rapid changes
in air masses. A decrease in ozone in the 8–18 km (−0.41 ± 0.33% yr−1) and 18–25 km
(−0.17 ± 0.15% yr−1) layers, as well as in stratospheric HNO3 (−0.31 ± 0.18% yr−1), is ob-
served for the 2009–2026 period, along with an increase in HF (+0.41 ± 0.20% yr−1) mainly
due to changes in atmospheric dynamics over the past decade. An observed decrease in
CCl3F (−0.43 ± 0.06% yr−1), CCl2F2 (−0.71 ± 0.04% yr−1), ClONO2 (−1.14 ± 0.82% yr−1),
and HCl (−0.31 ± 0.16% yr−1) indicates a decrease in the chlorine-containing gases in
the atmosphere. A comparison of the EMAC and SOCOLv3 simulations with observa-
tions for the common 2009–2019 period showed that ozone variability, including trends,
seasonal variations, and rapid winter–spring changes, is described by the models within
the measurement uncertainty limits, whereas for HCl, ClONO2, and HNO3, the quantita-
tive discrepancy between the simulations and measurements exceeds the corresponding
measurement uncertainty.

Keywords: atmospheric ozone; ozone-related gases; numerical modeling; EMAC; SOCOLv3;
ozone monitoring; FTIR

1. Introduction
Ozone is a natural component of the Earth’s atmosphere, as it is formed in chemical

reactions from oxygen and other substances under the influence of solar radiation. Strato-
spheric ozone is vital for the biosphere as it protects flora and fauna from the harmful
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biological effects of solar UV radiation [1,2]. The ozone layer completely blocks UV-C solar
radiation at wavelengths of 200–290 nm (the Hartley band). Excess solar UV-B radiation
in the 290–320 nm wavelength range (Huggins band) is absorbed by biological molecules.
This leads to the breaking of chemical bonds and the formation of free radicals that react
with each other and with undamaged cells. This, in turn, causes changes in cell properties,
cell death, and damage to the body as a whole [3]. Ozone absorbs UV-B radiation in
the same spectral range as DNA molecules; therefore, when stratospheric ozone content
decreases, more solar UV radiation passes through the atmosphere and is absorbed by
DNA molecules in living organisms. A 1% decrease in stratospheric ozone leads to a 2%
increase in UV-B radiation reaching the Earth’s surface [4]. Anomalies in stratospheric
ozone content significantly impact surface UV irradiance and stratospheric radiation. As
the Sun rises higher in the sky, the amount of UV radiation reaching the surface increases
due to an increase in the effects of multiple scattering and a decrease in the absorption of
scattered radiation by ozone [5].

In the 20th century, the increased impact of human activities has led to the pollution of
the atmosphere with chemically active gases that destroy stratospheric ozone (e.g., halogen-
containing gases) [6,7]. During the 1960s, growing scientific interest in the potential effects
of high-altitude aircraft emissions on the stratosphere and ozone layer accompanied the
development of research on stratospheric ozone chemistry [8]. In 1970, P. Crutzen proposed
the nitrogen oxide (NOx) catalytic cycle as an important mechanism of stratospheric ozone
destruction [9], providing a theoretical basis for subsequent investigations of anthropogenic
perturbations of stratospheric ozone. This mechanism was subsequently applied to the
potential effects of NOx emissions from supersonic aircraft by H. Johnston [10]. In 1974,
R. Stolarski and R. Cicerone proposed a chlorine catalytic cycle for ozone destruction [11],
while M. Molina and F. S. Rowland proposed that anthropogenic chlorofluorocarbons
(CFCs) could lead to stratospheric ozone depletion through chlorine atom-catalyzed reac-
tions [12].

Anthropogenic CFCs are long-lived in the atmosphere, with lifetimes varying substan-
tially among individual species and depending on their chemical loss and atmospheric
transport; many have atmospheric lifetimes ranging from decades to centuries [13]. Since
they began accumulating in the atmosphere in the 1920s and 1930s [14], during tropo-
spheric transport, CFCs released in different emission regions are gradually transported
toward the tropics on timescales of approximately weeks. There, they are transported to
the tropopause by rapid convective currents within hours and then rise to the upper layers
of the stratosphere through slow diffusion over a period of years. When CFCs enter the
stratosphere, they release active chlorine under the influence of solar radiation, destroying
ozone molecules in the process [4]. Even though the Montreal Protocol led to a decline in
ozone-depleting substances, the observed total ozone behavior from 1998 to 2016, when
integrated over the latitude band between 60◦ N and 60◦ S, does not robustly demonstrate
explicit signs of ozone layer recovery due to the negative trend in observed ozone content
in the lower stratosphere [15]. Despite the phase-out of production of gases such as CCl3F
(CFC-11) and CCl2F2 (CFC-12), continuing industrial emissions of some ozone-depleting
substances have been reported and may delay stratospheric ozone recovery [16,17].

Stratospheric gases such as HCl, ClONO2 and HNO3 are reservoirs for active com-
pounds and radicals. Under certain conditions, they undergo chemical and photochemical
reactions that result in chains of reactions destroying ozone molecules [18,19]. The increase
in the atmospheric content of chlorine-containing gases in recent decades is a consequence
of long-term CFC emissions. Conversely, a decrease in the concentration of these gases
will indicate a reduction in ozone destruction caused by anthropogenic activity in chlorine
cycles. This is particularly relevant for mid- and high-latitude regions that are affected by
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the polar stratospheric vortex (PSV), whose evolution in the Northern Hemisphere exhibits
substantial interannual variability [20].

The main destruction of stratospheric ozone occurs within the PSV, which is an area
of strong circular winds that forms in late autumn. This isolates the air mass inside the
vortex, keeping it in a very cold state. The extent of polar ozone depletion is closely related
to stratospheric temperature, which influences the formation of polar stratospheric clouds
(PSC). Heterogeneous chemical reactions then occur on the surface of these clouds, leading
to the subsequent destruction of ozone in polar latitudes in early spring [21]. When sunlight
appears in spring, the low temperature of the lower stratosphere causes air masses to move
upwards, carrying ozone-depleted air from the lower layers into the stratosphere and
contributing to the rapid destruction of ozone at high altitudes. Once the PSV has been
destroyed, polar air can mix with air from the mid-latitudes, which can also lead to a
decrease in stratospheric ozone content in these regions [22].

In recent decades, there has been an episodic decrease in total ozone content during the
winter and spring in the Northern Hemisphere [23–25], which is smaller than the Antarctic
ozone hole in terms of both time and space [26], but it also has negative consequences
for humans because it is often observed near densely populated areas of the Northern
Hemisphere. Recent observations over St. Petersburg and Northwestern Russia during the
March 2025 low-ozone episode further demonstrate the importance of dynamical processes,
although chemical ozone loss also contributed to the anomaly [27].

The impact of climate and environmental conditions on human life highlights the
need for humanity to adapt to observed changes, particularly the requirement for reliable
forecasts of future changes. Modern numerical chemical climate models (CCMs) have
the potential to consider all the factors and processes that influence climate and gas com-
position. However, the results of predictions of future changes by different CCMs vary
significantly [28]. To adequately understand and describe the mechanisms of ozone destruc-
tion and predict changes to the ozone layer by modern CCMs, it is necessary to monitor
not only ozone, but also the related gases that participate in ozone cycles and influence
dynamical and chemical processes that lead to increased variability and decreased ozone
content during the winter and spring [2]. The validation of CCMs through the comparison
with experimental data is one of the most important steps in model development [29].

Because surface UV irradiance can increase during ozone anomalies, the analysis of
the formation of these anomalies is especially relevant in areas of high-latitude densely
populated megacities. Ground-based Fourier transform infrared (FTIR) measurements of
solar radiation transmitted through the atmosphere can be used to investigate the variability
of stratospheric gases with high temporal resolution. Within the NDACC (Network for the
Detection of Atmospheric Composition Change) framework, observational sites around
the globe, equipped with high-spectral-resolution FTIR spectrometers, provide long-term
ground-based measurements of atmospheric composition that are used for monitoring
atmospheric variability and for satellite and model validation [30,31]. The St. Petersburg
site (59◦53′ N, 29◦50′ E, 20 m a.s.l.), located near the mid-to-high latitude border, is equipped
with the Bruker IFS 125 HR spectrometer certified by the Infrared Working Group (IRWG)
of the NDACC network [32]. Its unique location allows variations in stratospheric gases
to be observed under various atmospheric conditions, including PSV intrusion. The trace
gas ozone and ozone-related species (HNO3, ClONO2, HCl and HF) are required by the
IRWG to be measured at NDACC IRWG sites [33]. CFC-11 and CFC-12 are additionally
measured at the site to control the effectiveness of fulfillment of the Montreal Protocol
and its amendments and adjustments. The atmospheric content of HF is considered as
an indicator of dynamic processes in the stratosphere [34]. Analysis of its variability,
together with analysis of the variability of chemically active stratospheric gases, enables
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the distinction between chemical and dynamic causes of changes in ozone content [35].
Previous studies at the St. Petersburg State University (SPbU) observational site (see, for
example, refs. [32,36–38] provided the methodological and observational basis for the
present work. The present study extends this research by providing an integrated analysis
of ozone and multiple ozone-related stratospheric trace gases over the extended June 2009–
May 2026 observational period, combining FTIR and harmonized UV/VIS DOAS total
ozone measurements with evaluation of EMAC and SOCOLv3 simulations. In addition
to long-term trends, we consider seasonal variability, rapid intraday ozone changes, and
individual episodes of enhanced stratospheric variability.

A recent study by Virolainen et al. [39] examined the spatial and temporal variability
of total and tropospheric ozone over Russia using satellite observations and numerical
modeling, including SOCOLv3. That study provided a regional-scale assessment of ozone
variability over Russia, whereas the present study focuses on long-term ground-based FTIR
observations at the St. Petersburg State University (SPbU) site, provides a detailed analysis
of ozone and ozone-related trace gases, and assesses the quality of modeling data and areas
of possible use of CCMs for describing and predicting the variability of atmospheric ozone
at various temporal scales.

2. Materials and Methods
2.1. FTIR Measurements of Ozone and Ozone-Related Gases

The Bruker IFS 125HR spectrometer is part of the scientific facilities of the SPbU
Resource Center “Geomodel”. The instrument is equipped with MCT (mercury cadmium
telluride) and InSb (indium antimonide) detectors, enabling measurements of direct solar
radiation passing through the atmosphere in the IR region (650–5400 cm−1) with ultra-high
spectral resolution (0.01–0.002 cm−1) [40]. Regular spectral measurements were initiated
at the SPbU observational site in Peterhof (30 km west of the St. Petersburg center) in
2009 [32]. The FTIR observational record considered in this study extends from June 2009
to May 2026. Due to the climate and weather conditions, and the varying length of daylight
hours in different seasons, the temporal sampling is uneven, and the average number
of measurement days is approximately 70 per year, predominantly occurring in spring
and summer. Instrumental problems caused additional gaps in the observational record,
including the absence of FTIR observations in 2020, 2021, and 2024.

2.1.1. Main Features of Trace Gas Retrieval Procedure

We analyzed spectra with the PROFFIT96 (for O3, HNO3, ClONO2, and ClO) and
SFIT4 (for CFC-11, CFC-12, HCl and HF) software routinely used at the NDACC IRWG
sites [41].

When processing the spectra, the pressure and temperature profiles were specified
for each measurement day (12 UTC) using NCEP CPC (Climate Prediction Center of
the National Centers for Environmental Prediction) reanalysis data, based on satellite
and radiosonde measurements and provided by the NDACC IRWG community [33].
The a priori concentration profiles of atmospheric gases affecting radiative transfer in
the relevant spectral regions were taken from existing WACCM v.7 (Whole Atmosphere
Community Climate Model) model output [42]. Specifically, 40-year mean concentration
profiles for 1980–2020 were used. These profiles were prepared for the NDACC IRWG
observational stations and provided within the framework of the harmonization of FTIR
retrieval strategies across the NDACC network. No individual WACCM simulations
were performed for the present study. The HITRAN2020 database [43] (HIgh-resolution
TRANsmission) was used to determine the parameters of the fine structure of the absorption
bands of atmospheric gases. Other details of the retrieval strategies applied can be found
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in references [36,38,44–46]. Time series of total column (TC) measurements of stratospheric
gases have been routinely used to validate various satellite data and to compare with the
results of numerical modeling (see, for example, refs. [32,37,46,47]).

Table 1 presents some statistical characteristics of trace gas retrieval at the St. Peters-
burg site—the number of degrees of freedom for the signal (dofs), which indicates the
number of independent pieces of information derived from the spectral measurements [48],
and statistical (random) and systematic errors. For ClONO2, CFC-11, and CFC-12, it is
possible to retrieve only TCs, whereas for HCl, HF, HNO3, and O3, the vertical structure
can be derived from FTIR spectra.

Table 1. Statistics of the FTIR retrieval for TCs of ozone-related gases at the SPbU site in 2009–2026:
N—number of measurement days, dofs—degrees of freedom for signal, Error st—statistical (random)
error, Error sys—systematic error (means ± standard deviation).

Target Gas N Dofs Error st, % Error sys, % Reference

O3 957 4.3 ± 0.3 2.2 ± 0.6 3.0 ± 0.5 [37]
HNO3 894 3.1 ± 0.4 4.0 ± 2.1 9.3 ± 1.7 [37]

ClONO2 837 1.02 ± 0.07 22 ± 9 28 ± 8 [37]
HCl 1006 2.5 ± 0.2 2.1 ± 0.6 5.2 ± 0.1 [38]
HF 1076 2.6 ± 0.3 2.2 ± 0.6 5.6 ± 0.1 [38]

CFC-11 908 1.05 ± 0.06 3.23 ± 0.77 7.60 ± 0.18 [36]
CFC-12 595 1.20 ± 0.05 2.56 ± 0.94 2.26 ± 0.16 [36]

The retrieval uncertainties were evaluated using the error-budget approach imple-
mented in the corresponding FTIR retrieval procedures, following the framework described
by Rodgers [48]. The random (statistical) uncertainty accounts primarily for measure-
ment noise and other random uncertainties in atmospheric input and retrieval param-
eters, whereas the systematic uncertainty represents uncertainties in spectroscopic and
forward-model/input parameters, including temperature and other atmospheric profiles
and instrumental/retrieval parameters. The total random and systematic uncertainties
reported in Table 1 were obtained from the corresponding error budgets of the established
retrieval strategies for the individual trace gases; the values for each gas are taken from the
corresponding retrieval studies indicated in Table 1.

In the frame of NDACC IRWG activity, special tests for O3 and ClONO2 retrievals have
been performed to develop uniform retrieval strategies for all NDACC IRWG observational
sites. The strategies were compared using prior information on the concentration profiles
of various gases affecting radiation transport in the relevant spectral region, derived from
WACCM numerical model versions v.6 and v.7 [42], and the fine-structure parameters of
atmospheric gas absorption bands, taken from the HITRAN2008 [49] and HITRAN2020 [43]
databases.

The following key conclusions were yielded by a comparison of various strategies:

1. Using the HITRAN2020 database improves the internal quality and consistency of
TOC estimates obtained by the ground-based FTIR method. The discrepancy between
the calculated and measured radiation is smaller, and dofs value relative to ozone
is greater.

2. The total ozone columns (TOCs) obtained using the HITRAN2020 database are less
biased in relation to reference measurements made using a Dobson spectrophotometer
than those obtained using the HITRAN2008 database (1.6–1.7% versus 3.7%).

3. On average, the tropospheric ozone columns (TrOCs) obtained using the HITRAN2008
database are 2.2% higher than those obtained using the HITRAN2020 database.

4. TrOCs obtained using prior information from the WACCM6 database overestimate
the corresponding values obtained using the WACCM7 database by 4.1%. There is a
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strong seasonal cycle in the differences, with values up to 25% higher in summer and
up to −35% lower in winter relative to the average.

5. On average, ClONO2 TCs calculated using HITRAN2020 are 13% higher than those
calculated using HITRAN2008. These differences exhibit a strong seasonal cycle,
reaching 40–50% in summer and decreasing to near-zero values in winter.

6. ClONO2 TCs from WACCM6 are approximately 1% higher than those from WACCM7.
7. Based on the internal output parameters of the ClONO2 estimation schemes (discrep-

ancy, dofs and estimation errors), there is virtually no difference between them.
8. Compared to WACCM6, WACCM7 more accurately reflects seasonal variations in

ClONO2 TCs at high-latitude NDACC stations.

2.1.2. Estimates of the Possibility of ClO Retrieval

As mentioned previously, chlorine-containing gases play a significant role in the
catalytic destruction of ozone. The amount of ozone destroyed in reactions involving
chlorine compounds depends on the concentrations of ozone and active (ozone-depleting)
radicals, such as atomic chlorine (Cl) and chlorine oxide (ClO). These concentrations are
influenced by stratospheric temperature, solar radiation, and the concentrations of inert
reservoir gases, such as ClONO2 and HCl [21]. Understanding the processes associated
with ozone layer depletion requires regularly monitoring the atmospheric content of both
chlorine radicals and their reservoirs, which do not directly destroy ozone molecules. Since
the ClO absorption band falls within the 650–1400 cm−1 spectral range, we attempted to
determine the feasibility of using FTIR spectral measurements with PROFFIT96 software
to assess ClO TCs [41]. We acknowledge that the ClO absorption band is weak compared
to other gas absorption bands and that random errors in spectral measurements make it
difficult to detect this gas. Therefore, we evaluated the possibility of detecting ClO only
during the period of its maximum concentration, which occurs when the PSV enters the
atmosphere over St. Petersburg [35].

The spectra were analyzed in seven micro-windows (819.261111–819.550000,
822.0–822.7, 823.55–823.80, 829.15–829.40, 830.400000–830.811111, 831.8–832.1, and
833.2–833.6) among nine gases that absorb in these micro-windows: H2O, CO2, O3, NH3,
HNO3, OCS, C2H6, ClONO2, and CFC-11, CFC-12, and HCFC-22. ClO was also analyzed
simultaneously, and Tikhonov–Phillips regularization was used. Ozone and C2H6 profiles
were refined by scaling the prior profile. Profiles of the other influencing gases were taken
from the WACCM v.7 database.

To make a preliminary assessment of the feasibility of retrieving ClO, we used available
spectral measurements from November to April of each year starting in 2016. This is when
a standard filter was installed at the Bruker IFS 125HR spectrometer, the same filter used in
similar instruments at other stations in the IRWG-NDACC observational network. Prior
to 2016, the filter introduced quasi-harmonic noise into the measured spectra [44]. Given
the narrowness of the ClO absorption band, this made it impossible to determine its
concentration in the atmosphere.

After processing the spectra, the results were selected based on two criteria: the
spectral mismatch in the micro-windows under consideration had to be less than 0.9
to ensure that the signal from ClO absorption exceeded the measurement noise, and
the informativeness of the measurements had to exceed 0.9 so that the ClO TCs could
be determined from the spectral data. The average relative retrieval uncertainty of the
accepted ClO TC estimates was approximately 70%. This uncertainty characterizes the
precision of the retrieved values and should not be interpreted as a formal detection limit.
Because the ClO absorption features are weak, reliable retrievals were accepted only when
the spectral mismatch and information-content criteria were satisfied. Under the available
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measurement conditions in the vicinity of St. Petersburg, reliable ClO retrievals were
therefore mainly limited to periods of enhanced ClO abundance during late winter and
early spring.

During the winter and early spring, the number of spectral measurements at the SPbU
site in Peterhof is very low. This is due to the Sun’s low elevation above the horizon, which
causes interference from the surrounding forests, and the weather conditions typical of
St. Petersburg in winter, such as cyclonic activity. In the presence of cloud cover, it is
impossible to measure direct solar radiation. Based on FTIR measurements, periods of
PSV entry into the atmosphere over the territory of St. Petersburg were observed only in
2016 [35] and 2023 [38].

Based on FTIR measurements, periods of polar stratospheric vortex influence over the
St. Petersburg region were identified in 2016 and 2023 [35,38]. The year 2023 was selected
for detailed analysis because suitable FTIR observations of ClO were available during an
episode of enhanced ClO associated with PSV-affected air masses. Figure 1 shows the time
series of ClO and ozone columns (TCs) obtained from FTIR measurements in early 2023.

Figure 1. Time series of ClO and ozone TCs obtained from the FTIR measurements at the SPbU
observational station in Peterhof in 2023.

The time series of ClO and O3 total columns obtained from the FTIR measurements in
2023 show an apparent out-of-phase behavior, with enhanced ClO associated with reduced
O3 total columns. This relationship is consistent with the expected role of activated chlorine
in polar ozone depletion; however, the observed anti-correlation alone cannot be used to
distinguish chemical ozone loss from variations associated with atmospheric transport and
dynamics. Therefore, the observed relationship should be regarded as an indication of a
possible connection between enhanced ClO and reduced O3, rather than as direct evidence
of chlorine-induced ozone destruction. Additional tracers and dynamical diagnostics are
required for quantitative attribution.

The key conclusions from the preliminary analysis of the feasibility of determining
ClO TCs from spectral measurements taken with the Bruker IFS 125HR spectrometer at the
SPbU site in Peterhof are as follows:

1. Initial calculations showed that due to the low absorption intensity in the ClO lines,
the ClO TCs can potentially be determined only during peak periods, such as in winter
and early spring, when air masses affected by the PSV chemistry enter St. Petersburg’s
territory, causing the ClO concentration to increase by an order of magnitude. In
other periods, ClO TCs in the atmosphere over St. Petersburg are less than their
measurement errors.
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2. Due to the low altitude of the sun above the horizon and cyclonic activity (cloud
cover) in winter, the number of measurements taken at the SPbU site is low. Therefore,
it is difficult to track the temporal variability of ClO over St. Petersburg using this
method due to the small number of measurements.

2.2. Harmonization of Ozone Ground-Based Measurements

Since 2009, regular TOC measurements have been carried out at the SPbU observa-
tional site using Ocean Optics’ HR4000VIS and HR4000UV spectrometers. These spec-
trometers are equipped with a holographic diffraction grating to disperse the light and a
multi-element CCD-type photodetector with 3648 elements. These instruments use the
DOAS (differential optical absorption spectroscopy) method, which is based on measuring
scattered solar radiation spectra in the ultraviolet (UV) and visible (VIS) regions of the
spectrum. During analysis, the difference between the measured and calculated optical
thicknesses in the absorption band of the gas under study is minimized. Ozone absorption
coefficients, extra-atmospheric radiation, and the effective air mass of the atmosphere
are used as prior information. The technique for processing spectral data and obtaining
TOCs is described in detail in [50]. The UV instrument’s spectral measurement range is
280–420 nm, with a spectral resolution of 0.3 nm and a TOC measurement error of 4–5%.
The VIS instrument’s spectral range is 400–610 nm with a resolution of 0.6 nm, and the
TOC measurement error is also 4–5%.

DOAS measurements complement FTIR measurements when analyzing intraday TOC
variability because they are performed at low sun elevation (UV) or at sunrise and sunset
(VIS), when FTIR measurements are unavailable. Therefore, on certain days, it is possible
to track ozone variability during sudden changes in air masses that may not be recorded
by each instrument separately. Before studying intraday TOC variability based on FTIR
and DOAS measurements, the TOC measurements obtained by both methods must be
calibrated to eliminate or reduce systematic discrepancies associated with peculiarities in
spectral measurements, instruments, and interpretation methods, as well as parameters
of the fine structure of absorption bands in different spectral regions. The analyzed VIS
measurements were obtained by averaging all measurements in the range of solar zenith
angles (SZAs) of 90–91◦, and the UV measurements were taken in the range of SZAs of
70–80◦. FTIR measurements were taken during the day for SZAs less than 85◦.

Correction of the UV and VIS TOCs was performed using linear regression
(DOAS_corr = DOAS × b + a), separately for each season and each dataset. This sea-
sonal separation was necessary because the mean differences between the DOAS and
FTIR measurements vary across seasons due to different SZAs and sun azimuths (which
affect the paths observed by the instruments), as well as differing measurement errors.
Depending on the season, the FTIR method scans an area within a range of 25–150 km; the
UV DOAS method covers 100–150 km, and the VIS DOAS method covers 300–450 km [51].

Linear regression was applied only to TOC pairs from days where the difference
between morning and evening DOAS TOCs did not exceed 20%. These were days with
stable ozone distribution fields over St. Petersburg, where the average daily measurements
from both methods were consistent with both morning and evening DOAS measurements,
and with FTIR measurements taken throughout the day.

Figure 2 shows scatter plots of FTIR and UV and VIS DOAS TOCs for all compar-
isons, before and after correcting the DOAS measurements. The UV and VIS datasets
were processed separately. First, the DOAS TOCs were corrected using linear regression
performed separately for each season. After the seasonal regression correction, a 2σ fil-
tering criterion was applied separately to the UV and VIS datasets. Observation pairs for
which the residual discrepancy between the corrected DOAS and FTIR TOCs exceeded two
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standard deviations of the corresponding dataset were excluded. This criterion corresponds
approximately to a 95% confidence interval.

 

(a) (b) 

 
(c) (d) 

Figure 2. Scatter plots for FTIR and DOAS UV (a,b) and VIS (c,d) TOCs before (a,c) and after
(b,d) correction. The red lines represent linear approximations of the data points.

The number of FTIR–DOAS observation pairs was reduced from 632 to 612 for the
UV dataset and from 705 to 667 for the VIS dataset after applying the 2σ filtering criterion
(Figure 2). After making these corrections, the TOC datasets were consistent within 2–3%.
This enabled us to analyze the intraday variability of TOC using harmonized time series of
measurements from the three instruments at the SPbU observational site.

Comparing DOAS measurements with data from the independent Dobson spectropho-
tometer #108 [47,52] at the Voeikovo station, which is located 50 km northwest of the SPbU
site, revealed that data correction improved agreement with TOC reference measurements.
The UV measurement bias decreased from −5% to 1.5%, and the standard deviation of
differences (SDD) decreased from 3.7% to 2.7%. The VIS measurement bias decreased
from −9% to 1%, and the SDD decreased from 4.4% to 3.2%. After correction, the TOC
measurement data from all four instruments became consistent within 2–3%. This allowed
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for the analysis of intraday TOC variability using harmonized time series of measurements
from three instruments.

2.3. Modeling Data

Chemistry-climate models allow us to simulate and predict spatial and temporal
variations in trace gases. This study tested the performance of two widely used ozone layer
research and prediction models, EMAC and SOCOLv3, against experimental data collected
near St. Petersburg.

EMAC and SOCOLv3 were selected because simulations from both models were
available for the St. Petersburg observational period and provided sufficient temporal
overlap with the FTIR observations for a common-period evaluation. Both models explicitly
represent stratospheric chemistry and dynamics and include the trace-gas species required
for the present comparison. Their concurrent use also provides an opportunity to assess
the sensitivity of the model–observation agreement to different chemistry-climate model
formulations.

The EMAC (ECHAM/MESSy Atmospheric Chemistry) model is a numerical chemistry
and climate simulation system that includes submodels describing tropospheric and middle
atmosphere processes and their interaction with oceans, land and human influences [53]. It
combines the ECHAM5 general circulation model [54] with various submodels integrated
by the MESSy (Modular Earth Submodel System) interface [55]. EMAC simulates chemical
and dynamic processes from the troposphere to the mesosphere (from the surface to 1 Pa
or 80 km).

For this study, an EMAC simulation (ECHAM5 version 5.3.02 and MESSy version 2.53)
was performed with a horizontal resolution of 2.8◦ × 2.8◦ and a vertical resolution of 90 hy-
brid vertical levels. The simulation results for various gas contents simulated by EMAC
are a time series with hourly or eleven-hourly output. CCM incorporates 135 gaseous
species and 298 chemical reactions and photolysis, including heterogeneous reactions. The
simulation’s meteorology was nudged toward ECMWF ERA-Interim reanalysis [56]. The
EMAC simulations available for this study cover the period 2002–2019. The extension of
the simulations beyond 2019 was not possible because the scientific collaboration required
to continue these simulations was discontinued following the interruption of international
research cooperation after 2022. Consequently, the model evaluation is restricted to the
common observation–model period.

SOCOLv3 CCM (SOlar Climate Ozone Links) [57] consists of MA-ECHAM5 (Middle
Atmosphere ECHAM) [58] and a modified MEZON (Model for the Evaluation of oZONe
trends) [59] chemistry-transport model. MA-ECHAM5 and MEZON interactively couple
via three-dimensional temperature and wind fields as well as the radiation effects of
water vapor, ozone, methane, nitrous oxide, and CFCs. MA-ECHAM5 is an extended,
comprehensive parameterization package for climate applications of the ECHAM5 model.
The MA-ECHAM5 version for the middle atmosphere can be run with 39 or 90 vertical
levels. The top of the model is centered at 0.01 hPa (approximately 80 km) for both vertical
resolutions. The MEZON includes 41 chemical species of oxygen, hydrogen, nitrogen,
carbon, chlorine, and bromine groups, which are determined by 140 gas-phase reactions, 46
photolysis reactions, and 16 heterogeneous reactions in/on aqueous sulfuric acid aerosols,
as well as three types of PSCs: supercooled ternary solution droplets, water ice, and nitric
acid trihydrate.

For this study, model simulations were conducted at 39 vertical levels using T42 (2.79◦)
horizontal resolution from 2008 to 2022. The numerical simulations were nudged toward
the atmospheric state from ERA5 (ECMWF, European Centre for Medium-Range Weather
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Forecasts, ReAnalysis generation 5) meteorological reanalysis [60]. The main features of
the current version of the SOCOLv.3 model simulation are presented in [39].

To ensure a consistent direct comparison of both models with the observations, the
model–observation evaluation is restricted to the common 2009–2019 period. Extension
beyond 2019 is not possible for the two-model comparison because EMAC simulations are
not available after 2019.

3. Results and Discussion
3.1. Study of Ozone and Ozone-Related Gases Variability Using the FTIR Method
3.1.1. Measurements of Stratospheric Trace Gases

Time series of ozone and ozone-related gases measured at the SPbU site in 2009–2026
are presented and discussed in Appendix A.1. Here we consider the statistical distribution
of TCs of stratospheric gases.

Figure 3 depicts the distribution of daily mean TCs of O3, HCl, HNO3, and ClONO2

measured by the FTIR method near St. Petersburg in 2009–2026. Red lines show the lognor-
mal fits of the time series considered. The distribution of TC values is most symmetrical
relative to the mean values for HCl, suggesting that the processes causing this gas’ variabil-
ity through the entire period of measurements are stable. For ozone, there is a slight shift
toward higher values associated with its increased presence in the spring, which varies
from year to year. For nitric acid, the shift toward a smaller number of higher TC values
is more pronounced. The distribution peak for ClONO2 occurs at low TC values since
chlorine nitrate TCs increase by several orders of magnitude because of photochemical
reactions only in the spring. During the rest of the year, background TC values of ClONO2

are often observed; moreover, they can be even smaller than the measurement error of the
FTIR method (see Table 1).

The histograms also illustrate the range of variation in stratospheric gas TCs observed
near St. Petersburg. HCl and O3 are the least variable (TC variations vary only by factors
of 2 and 2.5, respectively) with nearly symmetrical lognormal distribution of TCs. ClONO2

is the most variable, changing by several orders of magnitude. The TC of HNO3 varies by
a factor of four.

 
(a) (b) 

Figure 3. Cont.
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Figure 3. Distribution of daily mean FTIR measurements of O3 (a), HCl (b), HNO3 (c), and ClONO2

(d) TCs near St. Petersburg in 2009–2026 along with their lognormal fit (red line). The numbers
of valid daily mean observations are 957, 1006, 894, and 837 for O3, HCl, HNO3, and ClONO2,
respectively.

3.1.2. Trend Analysis

The 17-year series of trace gas measurements at the SPbU site (from June 2009 to May
2026) allowed us to assess trends and seasonal variability using the methodology described
in [36]. Seasonal variability, which is periodic in nature, is modeled using a Fourier series
of several orders that reflects the fundamental periodicity of the data. The methodology’s
model [61] allows for gaps in the data series without causing discontinuities in the seasonal
trend function. This is important for infrared (IR) measurements of direct solar radiation,
where the number of measurements per year can be distributed unevenly. The Bootstrap
method is used to resample data to estimate confidence interval bounds and determine
the statistical significance of trend estimates. This method allows for reliable analysis of
data that does not follow a normal distribution, considering that FTIR measurements have
systematic (non-random) errors (see Table 1).

As the FTIR observations are unevenly distributed throughout the year, with sub-
stantially fewer measurements available in winter than in spring and summer (Table A1),
separate seasonal or monthly trend estimates would be associated with considerably larger
sampling uncertainty. In particular, winter and monthly trends could be strongly affected
by individual years with limited observations or data gaps. We therefore focus the trend
analysis on the full observational period, while the seasonal variability is assessed sepa-
rately using the Fourier-based approach described above. This approach accounts for the
periodic seasonal component and accommodates the irregular temporal sampling and gaps
in the FTIR time series.

Table 2 shows the estimated trends of ozone and several ozone-related gases during
the period when measurements were taken at the SPbU site in Peterhof using the ground-
based FTIR method. This period spans from June 2009 to May 2026. Statistically significant
estimates at the 95% confidence level are in bold. The seasonal sampling limitations should
be considered when interpreting the annual trends, particularly because the strongest
dynamical variability occurs during winter and spring. The seasonal characteristics of the
observed trace gases are therefore discussed separately in Section 3.1.3.

Estimates of long-term trends in trace gas content may vary depending on the calcula-
tion method, time period, or dataset used. In the current study, no significant TOC trend is
observed near St. Petersburg by FTIR measurements for the 2009–2026 period, whereas for
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2004–2021, a small, statistically significant positive trend of +0.4 DU per year based on a
harmonized set of experimental and model data was identified [47].

Table 2. Trend estimates of ozone and ozone-related gases measured in different atmospheric layers
at SPbU site by FTIR method from June 2009 to May 2026. Statistically significant estimates at 95%
confidence level are in bold.

Target Gas Layer, km Trend, % yr−1

O3

0–60 −0.11 ± 0.13
0–8 +0.08 ± 0.16

8–18 −0.41 ± 0.33
18–25 −0.17 ± 0.15
25–60 +0.16 ± 0.12

HNO3

0–60 −0.25 ± 0.25
0–15 −0.13 ± 0.55

15–60 −0.31 ± 0.18
ClONO2 0–60 −1.14 ± 0.82

HCl 0–60 −0.31 ± 0.16
Cly 0–60 −0.48 ± 0.22
HF 0–60 +0.41 ± 0.20

During the period from 2009 to 2026, a statistically significant decrease was observed
in O3 columns in the 8–18 km (lower stratosphere) and less pronounced in 18–25 km (mid-
stratosphere) layers. The study [62] reported stratospheric ozone trends in the 60◦ S–60◦ N
latitude range in 2000–2024 based on merged remote-sensing datasets and chemistry-
climate model simulations. They found mostly negative (from −1 to −6 % per decade) but
non-significant trends in the lower stratosphere and demonstrated longitudinal structure in
the Northern Hemisphere mid-latitude stratosphere with positive trends over Scandinavia
and negative trends over Siberia. Ground-based records at individual stations were broadly
consistent with the vertical structure identified from the merged datasets. While comparing
with the same evaluation of stratospheric ozone trends in 2000–2020, slight changes in
trends were detected [62], possibly due to extra-high ozone values observed in the middle
and lower stratosphere of the Northern Hemisphere in 2024 associated with high planetary
wave activity [63]. It should be noted that there were no FTIR observations at the SPbU site
in 2024 due to instrumental problems (see Appendix A.1), which may influence the more
pronounced negative trends presented in Table 2 compared to other studies.

A statistically significant decrease is also detected in stratospheric HNO3 columns. The
decreases observed in the lower and mid-stratosphere are most likely caused by changes in
atmospheric dynamics in the Northern Hemisphere over the past decades [20,64], including
more frequent incursions of polar air masses into mid-latitudes, which have also led to an
increase in HF TCs mainly driven by a decrease in tropopause height during these events.
An observed increase in HF TCs can also be explained by the long stratospheric lifetime of
HF: the only known sink of stratospheric HF is transport to the troposphere followed by
rainout and by the fact that fluorine emission is not explicitly restricted [65]. Long-term
trends for a number of species measured by the FTIR method in Toronto (Canada) during
2002–2019 were studied in [66]. They found a statistically significant positive trend in HF
TCs of 0.59 ± 0.11% yr−1, which agrees with the results of the current study.

The study [67] examined long-term trends in ozone columns in various atmospheric
layers based on ground-based measurement data, including FTIR spectrometers, ozone
sondes, and Dobson and Brewer spectrophotometers, in the Arctic and adjacent regions
from 2000 to 2024. The obtained trend estimates are mixed and vary across different
regions, seasons, and atmospheric layers. They may be statistically significant (positive

https://doi.org/10.3390/earth7050167

https://doi.org/10.3390/earth7050167


Earth 2026, 7, 167 14 of 38

or negative) or statistically insignificant. The annual trends indicate a positive evolution
of TOCs over the Arctic, which is statistically significant over Canada (+2.1% per decade)
and over Northwest Europe (+0.7% per decade). An annual ozone recovery was detected
for the Canadian region (+2% per decade) in the mid-stratosphere and for the North Pole
region in the upper stratosphere (+2.1% per decade).

Annual tropospheric ozone trends are negative for the North Pole region, but not
significant for Scandinavia, which is consistent with the trend estimates of TrOCs in the
current study, as the St. Petersburg region can be considered within Scandinavia.

We found no significant trend for HNO3 TCs, whereas the study [66] detected a
positive trend of 0.36 ± 0.13% yr−1, which can be explained by different stratospheric
dynamics over Canada and Eurasia.

In the current study, we also observed statistically significant decreases in the TC val-
ues for CFC-11, CFC-12, ClONO2, HCl, and Cly (ClONO2 + HCl), together with an increase
in upper-stratospheric O3. Based on FTIR measurements, our estimates of the decrease
in CFCs in the vicinity of St. Petersburg from 2009 to 2025 were −0.43 ± 0.06% yr−1 and
−0.71 ± 0.04% yr−1 for CFC-11 and CFC-12, respectively.

Our observed decrease in HCl, ClONO2, and Cly is consistent in sign with the long-
term decline in atmospheric chlorine reported from ACE-FTS observations. Raymond
et al. [68] estimated a decrease in total atmospheric chlorine of −0.254 ± 0.009% yr−1 for
the 60–30◦ N latitude band over 2004–2024, compared with −0.26 ± 0.01% yr−1 for the
Northern Hemisphere as a whole. Their analysis also showed that the decrease in total
chlorine has been slowed in recent years by increasing contributions from HCFCs and
chlorine-containing very short-lived substances. The larger negative trend observed for Cly
in the present study (−0.48 ± 0.22% yr−1) should not be directly interpreted as a quantita-
tive counterpart of the ACE-FTS total-chlorine trend, because the two quantities represent
different chlorine reservoirs and are derived using different vertical and spatial sampling.

In [66], HCl showed a decreasing trend of −0.11 ± 0.04% yr−1, which is smaller
than observed estimates of the current study. This difference can be explained by the
different time period for trend estimates: in [66], the years 2002–2019 were covered, and
in the current study, the years 2009–2026 were covered. During the 2007–2011 period,
an increase in HCl TCs was observed over NDACC sites in the Northern Hemisphere
and explained by the atmospheric circulation changes [69]. Recent ACE-FTS observations
and chemical-transport modeling further demonstrate that HCl and lower-stratospheric
ozone trends exhibit pronounced hemispheric asymmetry and that transport variability
can strongly influence these trends, with chemical feedbacks further modifying the ozone
response [70]. The study [71] examined trends in inorganic stratospheric chlorine by means
of measurements and modeling in both hemispheres; they found that HCl + ClONO2

trends are caused by the combined effect of transport (a slowdown of the Brewer–Dobson
circulation in the Northern Hemisphere) and emission changes. They also showed that
the long-term reduction in inorganic stratospheric chlorine is partly offset by increasing
contributions from chlorinated very short-lived substances. Recent ACE-FTS chlorine
inventories provide a complementary observational perspective on the long-term evolution
of CFC source gases and inorganic chlorine product gases [70,71].

In [72], it was demonstrated that HNO3 and HCl TCs are the most sensitive to transport
circulation changes in the middle and upper stratosphere; the authors revealed extratropical
variability with a 5–7-year period driven by interactions between the circulation and tropical
winds. This may influence the trend estimated for these gases depending on the period
considered. Based on the analysis of experimental data for the 1994 to 2018 period, they
found no significant trend for HCl (0.10 ± 0.22% yr−1) and HNO3 (0.08 ± 0.16% yr−1) in
the Northern Hemisphere.
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In Appendix A.2, we consider the trend estimates of the ratio of trace gas series
to HF TCs, which can be useful in the analysis of short-term variability of ozone and
ozone-related gases.

3.1.3. Ozone Partial Columns Seasonal Cycle

Using the Bruker IFS 125HR spectrometer to measure solar radiation spectra at ground
level makes it possible to retrieve up to four independent parameters for the major ozone
isotope. The dofs (see Table 1) for this isotope range from 3.5 to 4.5 depending on the day
and measurement conditions (see, for example, [73,74]). Over the entire measurement pe-
riod at the SPbU site, the ensemble-averaged number of degrees of freedom is 4.4 ± 0.3. In
other words, the ozone content in four layers provides the maximum amount of information
about the vertical structure of ozone that can be obtained from spectroscopic measurements
using this method. When solving the inverse problem, the ozone mixing-ratio profile is first
retrieved and subsequently integrated to determine the ozone content in thick atmospheric
layers [45]. Since the ground-based FTIR method determines the ozone columns in four
atmospheric layers and provides estimates for TOCs, linear trend and seasonal variation
estimates were obtained for the ozone content in the 0–8 km tropospheric layer (TrOCs)
and in three stratospheric layers: 8–18 km, 18–25 km, and 25–60 km.

Figure 4 shows the seasonal variations (deviation from the mean value) in ozone
content in the considered atmospheric layers and TOC and SOC seasonal behavior. The
study [45] examined the trends and seasonal patterns of TrOC and surface ozone concen-
trations (SOCs) during the measurement period from 2009 to 2022. The seasonal patterns
of SOCs, TrOCs, and TOCs are similar, peaking in the spring and reaching a minimum in
the fall. However, the seasonal pattern of TrOCs lags by approximately one month, and the
seasonal pattern of SOCs lags by 1.5 months relative to the seasonal pattern of TOC. This
lag in the spring is due to the gradual movement of ozone-rich air from the stratosphere
to the troposphere (see, for example, [75,76]), as well as an increase in solar radiation and
temperature, which promotes the mixing of tropospheric layers. The maximum devia-
tion from the mean for TOC is approximately +20% in early March and ~−15% in early
October. The maximum TrOCs’ deviation from the mean occurs in the first half of April
(~+16%), while the minimum (~−12% to −14%) is observed from mid-October through
the end of December. The maximum variation in SOCs is observed in the second half of
April (over 40%), while the minimum occurs from mid-October through mid-January. A
secondary maximum deviation from the mean is evident in mid- and late July, with TrOCs
at +7–8% and SOCs at 10–12%. This secondary peak may be associated with high surface
temperatures, an increase in the height of the atmospheric boundary layer, increased solar
insolation, and seasonally varying precursor availability and transport conditions. Previous
studies have shown that the relative importance of precursor emissions and meteorological
factors for tropospheric ozone varies seasonally in northern mid-latitudes and urban envi-
ronments [6,77]. These factors promote the formation and accumulation of tropospheric
ozone, even at the latitudes of St. Petersburg. Recent studies indicate that, in addition to
local meteorological conditions and precursor availability, regional-scale climate variability
can modulate seasonal ozone patterns through changes in atmospheric circulation [78].
However, their individual contributions cannot be quantified from the present dataset
because local precursor concentrations and emissions were not analyzed.

The lower stratosphere (8–18 km) exhibits a pronounced seasonal variation, character-
ized by a maximum in early March (with variations of up to 50%) and a minimum in Septem-
ber (with an amplitude of 30%). The same variation occurs in the ozone stratospheric layer,
though its amplitude is smaller. This variation is primarily driven by stratospheric trans-
port and dynamics, including the Brewer–Dobson circulation and tropopause variability as
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well as synoptic and mesoscale processes. The large amplitude also arises because this layer
includes the tropopause region, which is involved in intense stratospheric–tropospheric
exchange. The 18–25 km stratospheric layer, which contains the largest amount of ozone
among the considered layers, exhibits a smoother seasonal pattern with an amplitude of
about 20%. Peaks occur at the end of winter, and troughs occur at the end of summer
when the Brewer–Dobson circulation weakens and the inflow of ozone-rich air masses from
the tropics decreases [79]. Seasonal variation in ozone columns in the upper stratosphere
(25–60 km) is strongly influenced by photochemical ozone formation processes. Therefore,
the opposite pattern is observed here, with maximum values occurring around the summer
solstice and minimum values around the winter solstice. The amplitude of variation in
ozone content in this layer is about 15%. The same seasonal cycle of ozone columns was
detected at other NDACC stations over Western Europe [80].

Figure 4. Seasonal cycle of SOC and O3 in different atmospheric layers obtained by FTIR method
near St. Petersburg in 2009–2026.

3.1.4. Case Study of Ozone Intraday Variability

Section 2.2 describes the harmonization of joint TOC measurements using two meth-
ods (FTIR and DOAS) and three instruments (Bruker IFS 125HR, OceanOptics UV, and
OceanOptics VIS). This harmonization allows the TOC time series to be used for analyzing
diurnal variations during periods of high TOC variability.

From the available FTIR TOC measurement time series, days with nine or more
measurements and significant diurnal TOC variability observed (the standard deviation
of the daily average TOC values exceeded 10 DU) were selected. Then, from these days,
those on which both morning and evening DOAS measurements were available in the UV
and VIS spectral regions were selected for further analysis. Table 3 presents these days and
their respective daily average values and standard deviations (SDs) for FTIR measurements.
It also presents the TOCs obtained from UV and VIS measurements in the morning and
evening, as well as measurement data from the Dobson spectrophotometer at the reference
Voeykovo station (approximately 50 km northeast of the St. Petersburg State University
station in Peterhof and east of downtown St. Petersburg) [47]. The Dobson measurements
demonstrate the variability of the ozone distribution field in the St. Petersburg region.

https://doi.org/10.3390/earth7050167

https://doi.org/10.3390/earth7050167


Earth 2026, 7, 167 17 of 38

Table 3. TOC measurement data for specific days with high ozone variability in the vicinity of St.
Petersburg (mean and SD values). The data were obtained using various methods. Am and pm refer
to morning and evening DOAS measurements, respectively. For Dobson, the range of variability in
available TOC measurements is presented.

Date
FTIR DOAS UV DOAS VIS Dobson

Mean, DU SD, DU am, DU pm, DU am, DU pm, DU DU

27.03.2013 455.6 11.9 462.1 449.7 476.1 418.9 459–460
23.04.2014 388.7 14.6 374.8 402.8 375.9 400.1 363–382
19.04.2017 425.0 14.1 394.3 448.7 391.6 441.1 384–400
22.02.2019 426.3 22.1 446.2 423.7 478.0 415.1 -
06.03.2019 425.1 21.8 435.2 400.1 439.0 394.8 -
27.03.2019 415.5 51.2 475.5 410.0 512.3 345.9 450–460
03.04.2019 365.4 11.5 328.1 387.2 353.7 411.7 340–374
22.03.2021 459.4 19.7 461.9 453.9 452.4 418.3 -
20.04.2021 375.5 19.1 355.5 400.8 358.2 403.8 366–370

Almost all days fall within the spring period, which is characterized by the greatest
day-to-day variability in ozone due to frequent shifts in air masses over St. Petersburg
from polar and mid-latitude regions. These regions differ in ozone content due to active
chemical processes of ozone formation and destruction during the spring in polar regions.
Since satellite measurements are usually taken at each location only once or twice per day,
they cannot provide information on diurnal TOC variability. Dobson spectrophotometer
measurements do not always reflect ozone variability either, since they are usually taken in
direct sunlight over a limited time period. However, combining harmonized DOAS and
FTIR measurements makes it possible to track changes in ground-level ozone throughout
the day in the vicinity of St. Petersburg.

Table 3 identifies nine days with pronounced diurnal variability in total ozone column.
Among these cases, 27 March 2019 was selected for detailed analysis because it exhibited
the greatest diurnal TOC variability based on the FTIR measurements. On this day, TOC
varied from approximately 512 to 346 DU. The event was selected as an illustrative case
study because FTIR, UV and VIS DOAS measurements, together with ERA5 reanalysis data
and model simulations, allowed us to investigate the intraday evolution of ozone and the
associated air-mass transport. The analysis is intended as a case study of a pronounced
short-term variability event rather than as a statistically representative analysis of all
high-variability days. Figure 5 provides the TOC distribution fields derived from ERA5
reanalysis data [60] and uses black triangles to highlight the regions from which the
SPbU site receives information. The air masses scanned by the instruments are at varying
distances and orientations from the ground station depending on the solar elevation angle
and azimuth.

For the FTIR method, the region of maximum ozone concentration (at altitudes of
15–25 km) is located at distances of up to 25–150 km. For the UV method, this region is
located at distances of up to 100–150 km. For the VIS method, this region is located at
distances of up to 300–450 km [51]. Each panel in the figure differs from the previous
one by three hours, from (a) to (f). This illustrates how quickly air masses move and how
the TOC changes in the vicinity of St. Petersburg. Although reanalysis data based on
satellite measurements provide a general qualitative picture of air mass movement, they do
not always correspond quantitatively to ground-based measurement data, which can also
be used for reanalysis. Using harmonized data from various measurements, particularly
different methods for measuring TOCs, makes it possible to analyze diurnal TOC variation.
Incorporating data from other gases and reanalysis data enables one to investigate the
causes of TOC variability.
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Figure 5. Intraday TOC variations near the St. Petersburg station are based on ERA-5 reanalysis data
and ground-based measurements taken at the SPbU site using various instruments on 27 March 2019:
(a) 3 UTC; (b) 6 UTC; (c) 9 UTC; (d) 12 UTC; (e) 15 UTC; (f) 18 UTC.

3.2. Evaluation of the Quality of Stratospheric Gas Modeling

The accuracy of the FTIR measurements of O3, HNO3, ClONO2, and HCl (see Table 1)
meets World Meteorological Organization (WMO) requirements for various atmospheric
applications [81]. These measurements allow for the validation of numerical modeling
results from the CCM.
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Previously, EMAC simulation data had been compared multiple times with ground-
based FTIR measurement data at the SPbU observational site in Peterhof. Based on these
comparisons, the simulation data were refined. These studies also used earlier versions of
the experimental data described in their respective papers. Specifically, the spectral analysis
relied on spectroscopic information from the HITRAN2008 database [49] rather than the
HITRAN2020 database, which was used in the present study. The EMAC simulation data
obtained for 2009–2019, described above, differ from previous calculations; they were
performed considering a comparison of models and experiments conducted previously.

3.2.1. Comparison of Trace Gas Time Series: Modeling vs. FTIR Measurements

To make a clear comparison of the two models’ calculation results, the time sampling
intervals were made identical in accordance with the available data for both models and
measurements. The daily average values of the trace gas TCs were used to compare with
the simulation data. The simulation data were averaged to daily means to align with the
timing of the FTIR measurements. As observational data were obtained only on average
70 days per year, simulated data were taken only on days of measurements; thus, we
collected data triplets for each trace gas considered. The resulting numbers of paired daily
mean observations were 709 for O3, 657 for HNO3, 744 for HCl, and 633 for ClONO2

over the common 2009–2019 period. The same O3 observation days were used for the
comparison of the total and partial ozone columns.

Figures 6 and 7 show the scatter plots of trace gas data pairs FTIR-EMAC and FTIR-
SOCOL, respectively, in the vicinity of St. Petersburg between 2009 and 2019. The values
of the coefficient of determination, slope, and intercept for each gas are also provided in
these figures. Of all the gases considered, the EMAC and SOCOL models show the best
agreement with ground-based FTIR measurements of TOC—the data points lie along a
diagonal line. The slope of the line compared to FTIR TOC measurements is equal to one for
both models. This indicates that both models accurately describe the observed variability
of TOC. However, for the EMAC model, the intercept is significantly negative, meaning
that the model systematically overestimates the measured data on average. The coefficient
of determination for both models is greater than 0.9, indicating that both models accurately
reproduce the observed TOC values.

The EMAC-FTIR measurement data pairs for HCl TCs also lie closely along a straight
line. However, the slope of this line differs significantly from the diagonal. This indicates
that the model underestimates the observed variability of HCl TCs. The coefficient of
determination is greater than 0.8. Thus, the EMAC model reproduces the observed HCl TC
values well. For the SOCOL model, the points are more widely scattered around the line.
The variability of experimental HCl TC at low values roughly corresponds to the model’s
predictions. At moderate values, however, the model underestimates the variability of
HCl TC. The coefficient of determination is approximately 0.6, meaning the model explains
more than half of the variability in the experimental data.

The EMAC model better reproduces the variability of HNO3 and ClONO2 TCs than
the SOCOL model. The EMAC model has a coefficient of determination of 0.66 and 0.51
for HNO3 and ClONO2, respectively. In contrast, the SOCOL model has a coefficient of
determination of less than 0.4, meaning it explains less than 40% of the variation in the
experimental data. EMAC-FTIR HNO3 TC data pairs lie close to a straight line. However,
the significant intercept suggests that the model systematically overestimates the experi-
mental data overall. The large slope indicates that both models underestimate the observed
variability in stratospheric trace gas TCs. It should be noted that for the SOCOL model, the
same simulated HNO3 and ClONO2 TCs may correspond to different measured values. A
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similar pattern is observed for the EMAC model and low values of ClONO2 TC. However,
this may be due to large measurement errors for this gas in the background range.

 

(a) (b) 

 
(c) (d) 

Figure 6. Scatter plots of trace gas total columns: O3 (a), HCl (b), HNO3 (c), and ClONO2 (d) derived
from FTIR measurements and EMAC numerical modeling at the SPbU site in Peterhof from 2009 to
2019. The number of paired daily mean observations is 709 for O3, 744 for HCl, 657 for HNO3, and
633 for ClONO2. The red lines represent linear approximations of the data points.

Table 4 summarizes the statistical characteristics of the differences between the FTIR
observations and the EMAC and SOCOLv3 simulations. In addition to the correlation
coefficient (R), the Willmott index of agreement (d) was used to characterize the overall
agreement between modeled and observed values. The two statistics describe different
aspects of model performance: R characterizes the consistency of temporal variability,
whereas d additionally accounts for the magnitude of deviations between modeled and
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observed values and is therefore sensitive to systematic bias and differences in variability
amplitude.

 

(a) (b) 

 
(c) (d) 

Figure 7. Scatter plots of trace gas total columns: O3 (a), HCl (b), HNO3 (c), and ClONO2 (d) derived
from FTIR measurements and SOCOLv3 numerical modeling at the SPbU site in Peterhof from 2009
to 2019. The number of paired daily mean observations is 709 for O3, 744 for HCl, 657 for HNO3, and
633 for ClONO2. The red lines represent linear approximations of the data points.

For TOC, both models demonstrate a high degree of agreement with the FTIR obser-
vations, with d equals 0.98 for both EMAC and SOCOLv3. On average, the EMAC model
slightly overestimates the measurement data. However, both models are consistent with
the TOC measurements within the margin of error of the FTIR measurements. The SDD
values are 4–4.3%. Similar consistency is found for the ozone partial columns, although the
model performance differs between atmospheric layers.

In the lower stratosphere (8–18 km), the SDD between measured and simulated ozone
columns is the highest at 11–12%. However, ozone concentration variability in this layer,
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which includes the tropopause where periodic flows of ozone-rich stratospheric air into
the troposphere are observed, is also at its maximum at 35–40%. The SOCOL model
significantly underestimates the measured data (by 12.9%), whereas the EMAC model
underestimates it only slightly (by 1.5%). Due to the high variability of ozone content in
this layer, the correlation coefficient between the experimental and modeled data is high
and the same for both models (0.95), whereas the EMAC d value (0.97) is higher than that
of SOCOLv3 (0.93), consistent with the smaller bias of EMAC.

Table 4. The statistical characteristics of the comparison between FTIR measurements and model
simulations (SOCOLv3 and EMAC) in the vicinity of St. Petersburg from 2009 to 2019. The confidence
intervals are given at the 95% significance level. R—correlation coefficient, d—Willmott index of
agreement, CI—confidence interval.

Trace Gas Days SOCOL EMAC
Bias, % SDD, % R d (95% CI) Bias, % SDD, % R d (95% CI)

O3 709 +0.1 ± 0.3 4.1 0.96 ± 0.02 0.980
(0.976–0.983) −2.1 ± 0.3 4.0 0.96 ± 0.02 0.976

(0.971–0.979)
O3 (8–18 km) 709 +12.9 ± 0.9 11.6 0.95 ± 0.02 0.934

(0.922–0.945) +1.5 ± 0.9 11.8 0.95 ± 0.02 0.967
(0.959–0.974)

O3 (18–25 km) 709 −2.6 ± 0.7 8.8 0.86 ± 0.04 0.91
(0.90–0.92) −2.2 ± 0.5 7.2 0.91 ± 0.03 0.946

(0.939–0.952)
O3 (25–60 km) 709 +0.3 ± 0.5 6.8 0.86 ± 0.04 0.92

(0.91–0.93) −5.5 ± 0.7 9.6 0.70 ± 0.05 0.75
(0.73–0.77)

HNO3 657 +20 ± 2 20 0.60 ± 0.06 0.60
(0.58–0.63) +17 ± 1 16 0.81 ± 0.04 0.70

(0.68–0.72)
HCl 744 +11.6 ± 0.7 9.1 0.77 ± 0.05 0.73

(0.70–0.75) +26.0 ± 0.6 7.6 0.91 ± 0.03 0.52
(0.50–0.54)

ClONO2 633 +6.5 ± 4.5 57 0.61 ± 0.06 0.63
(0.58–0.68) +3.0 ± 4.2 53 0.71 ± 0.06 0.70

(0.64–0.74)

In the middle stratosphere (18–25 km), both models slightly exceed the measured
values, with the EMAC model agreeing somewhat better with the measured data (SDD
of 7.2% versus 8.8%). In the upper stratosphere (25–60 km), where ozone concentration
variability is primarily determined by photochemical reactions of formation and destruction,
the SOCOL model agrees better with the measured data than the EMAC model. The relative
errors (RE) are 6.8% and 9.6%, and the R values are 0.86 and 0.70, respectively. Additionally,
the EMAC model overestimates the measured data by 5.5%, while no systematic differences
are observed between the SOCOL simulations and the measurements. Moreover, in the
25–60 km layer, SOCOLv3 shows a higher d value (0.92) than EMAC (0.75), together with a
lower SDD and a higher correlation coefficient, indicating closer overall agreement with
the observations in this layer.

Overall, in the middle and upper stratosphere, the discrepancy between measurements
and modeling is close to the 6–8% error margin of FTIR measurements in these layers [67],
whereas in the lower stratosphere, the discrepancy exceeds the measurement uncertainty.

For other stratospheric trace gases, both models overestimate the observations: for
HCl and HNO3, up to 20–26%, and SDDs exceed the measurement errors to varying
degrees (see Table 1). For HNO3, the Willmott index is moderate for both models and
is higher for EMAC than for SOCOLv3 (0.70 and 0.60, respectively), consistent with the
higher correlation and lower SDD obtained for EMAC. For HCl, however, the two statistics
provide different information: EMAC has a substantially higher correlation coefficient than
SOCOLv3 (0.91 versus 0.77), indicating a closer correspondence in temporal variability,
whereas the Willmott index is lower for EMAC (0.52 versus 0.73). This difference is
associated with the substantially larger systematic bias of EMAC (26.0%) compared with
SOCOLv3 (11.6%). For ClONO2, EMAC provides both a higher R (0.71 versus 0.61) and d
values (0.70 versus 0.63) than SOCOLv3, although the large SDD values indicate substantial
discrepancies in the magnitude of the observed variability.
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The authors of [65] analyzed previous versions of EMAC and SOCOL models in
comparison with FTIR measurements of HCl and ClONO2 TCs at 17 NDACC sites. In this
study, SDDs with FTIR ClONO2 data equaled 91% and 23% for EMAC and SOCOL models,
respectively; with HCl data, they equaled 8% and 14%, respectively. In the current study,
both models are much more consistent with experimental data for these gases.

Overall, the comparison of R, SDD, Bias, and d indicates that the relative agreement
of the two models depends on the trace gas and atmospheric layer considered. EMAC
generally provides a better description of the temporal variability of HNO3, HCl, and
ClONO2, as reflected by higher correlation coefficients, whereas the Willmott index also
reveals the influence of systematic bias on the overall agreement between simulations and
observations.

3.2.2. Seasonal Cycle and Trend Estimates

Figure 8 illustrates the seasonal variations in ozone and ozone-related gases TCs, as
derived from FTIR measurements and modeling. The seasonal variations were obtained
using the method described in [36]. This method is effective for data presented on an
irregular time grid and when there are long gaps in the data due to a lack of measurements,
such as those caused by instrument malfunctions.

  

(a) (b) 

  
(c) (d) 

Figure 8. Seasonal variations in O3 (a), HCl (b), HNO3 (c), and ClONO2 (d) TCs relative to the mean
with the linear trend subtracted, derived from FTIR measurements and modeling at the SPbU site for
the period from 2009 to 2019.
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Both models reproduce the main seasonal pattern of the TOC. The agreement is
generally better during spring, whereas larger discrepancies are observed in fall and early
winter, when the number of FTIR measurements is smaller. This limited sampling increases
the uncertainty of the seasonal-cycle estimate during these periods.

Both models yield similar values in the spring when describing seasonal variations
in HCl TCs but diverge during the rest of the year. The SOCOLv3 model better describes
the observed variations at the SPbU site in winter, while the EMAC model yields results
closer to the experimental data in fall. At the peak, the amplitude of the variation in the
measurements is greater than in the model data. Moreover, the peak in the model occurs
about a week earlier than in the FTIR data. Additionally, the SOCOL model shows an
additional peak in midsummer that is not observed in the measurement data or the EMAC
model simulations.

A similar shift in the spring maximum and an additional summer feature have previ-
ously been reported for the SOCOLv2 model at several subarctic NDACC stations [65]. This
comparison is included only to place the seasonal behavior identified in the present SO-
COLv3 simulations in the context of earlier model versions and independent high-latitude
observations. The EMAC model also better reproduces the seasonal variation in HCl in
this study.

The maximum seasonal variation is significantly more pronounced in the experimental
data than in the simulated data for the HNO3 and ClONO2 components. The EMAC and
SOCOLv2 models also underestimated the seasonal variation in ClONO2 at the geographi-
cally closest subarctic NDACC stations, Kiruna and Harestua [65]. In addition to having
lower peak values, the peaks in both models describing the seasonal variation in HNO3

occur nearly a month earlier than the IR measurement data. The SOCOL model exhibits a
pronounced secondary peak at the end of summer that is absent in the EMAC model. The
experimental data show a minimum at this time.

Overall, the observed seasonal pattern is reproduced least accurately for HNO3 among
the gases considered.

The seasonal differences for all gases complement the full-period statistical evaluation
presented in Table 4 and the annual trend comparison in Table 5. Because of the uneven
seasonal sampling, we do not provide separate seasonal values of bias, SDD, and R; instead,
the seasonal differences are discussed qualitatively in conjunction with the quantitative
full-period statistics in Table 4.

Table 5. Trend estimates of ozone and ozone-related gases obtained from FTIR measurements and
numerical simulations near St. Petersburg for the 2009–2019 period. Statistically significant estimates
at the 95% confidence level are in bold.

Target Gas Trend, % yr−1

FTIR SOCOL EMAC

O3 +0.17 ± 0.26 +0.24 ± 0.24 +0.20 ± 0.21
O3 (8–18 km) +0.06 ± 0.62 +0.58 ± 0.59 +0.40 ± 0.53

O3 (18–25 km) +0.26 ± 0.27 +0.43 ± 0.29 +0.34 ± 0.23
O3 (25–60 km) +0.18 ± 0.23 −0.04 ± 0.20 +0.02 ± 0.17

HNO3 −0.21 ± 0.48 +0.49 ± 0.40 +0.69 ± 0.33
ClONO2 −2.6 ± 1.5 −1.6 ± 0.6 −1.2 ± 0.5

HCl −0.04 ± 0.30 +1.54 ± 0.24 −0.48 ± 0.33

Table 5 shows trend estimates based on measurement and model simulations in the St.
Petersburg area from 2009 to 2019. A comparison of the data in Table 2, which presents trend
estimates based on FTIR measurements from 2009 to 2026, with the data in Table 5, which
presents the same measurements but from 2009 to 2019, reveals that over the shorter period,
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there is no statistically significant trend in ozone content across the three stratospheric
layers. However, over the longer period, a statistically significant negative trend is evident
in the lower and middle stratosphere and a positive trend in the upper stratosphere. These
results may indicate a change in the stratospheric dynamics in the mid- and high latitudes
of the Northern Hemisphere for specific years during the observation period. This change
is reflected in the ozone content of the stratospheric layers, particularly the decrease in
ozone during winter and spring in 2022, 2023, and 2025 (see Figure A1 in Appendix A.1).

Overall, trend estimates based on model data align well with those based on ob-
servational data. No statistically significant trend was observed in the lower or upper
stratosphere during the 2009–2019 period. However, the model data show a consistent,
statistically significant positive trend in the middle stratosphere (18–25 km). FTIR measure-
ments for this layer also show a positive trend, though it is not statistically significant.

Estimates of linear trends in ozone content in various atmospheric layers derived
from EMAC model simulations from 2002 to 2019 showed a statistically significant in-
crease in ozone content in all three layers (+0.26 ± 0.10% yr−1, +0.18 ± 0.04% yr−1, and
+0.05 ± 0.04% yr−1 in the lower, middle, and upper stratosphere, respectively) and in the
TOCs of +0.14 ± 0.04% yr−1. Comparing these estimates with those in Table 5 reveals a
shift in trends before and after 2009, particularly a slower rate of ozone layer recovery near
St. Petersburg.

A statistically significant trend is observed only for the ClONO2 TCs in both the
numerical simulations and observations, and the trend estimates are consistent within
the confidence interval. Additionally, both models indicate a statistically significant in-
crease in HNO3 TCs, which is not evident in the observations. The trend estimates for
HCl differ substantially between the two models, with SOCOLv3 showing an increase
(+1.54 ± 0.24% yr−1) and EMAC showing a decrease (−0.48 ± 0.33% yr−1). The present
analysis does not allow this difference to be uniquely attributed to chemical or transport
processes because no dedicated sensitivity experiments were performed. The discrepancy
may reflect differences in the representation of atmospheric chemistry and transport, as
well as differences in the meteorological forcing used by the two simulations.

The seasonal dependence of the model–observation relationship was evaluated sepa-
rately from the long-term trend estimates using the seasonal-cycle analysis presented in
Figure 8 for the common 2009–2019 period. The seasonal differences between the mod-
els and FTIR observations indicate that model performance varies throughout the year.
However, because the observations are unevenly distributed in time and the number of
measurements is particularly limited in some seasons, separate seasonal or monthly lin-
ear trend estimates would be associated with larger sampling uncertainty. We therefore
retain the annual trend estimates in Table 5 and use Figure 8 to characterize the seasonal
differences in model–observation behavior.

3.2.3. Short-Term Variability

In addition to evaluating the overall quality of the modeling, examining how models
can describe individual episodes of short-term variability in stratospheric gases is also of
interest.

Detailed results on ozone and related gas variability in the St. Petersburg area for
winter and spring 2014 are reported in [35]. This analysis considered satellite data and
available ground-based FTIR measurements. According to reanalysis data and HF TC
measurements (see Appendix B.1 for details), there were periods when the atmosphere over
St. Petersburg was potentially influenced by the PSV and there were days when chemical
ozone losses were observed.
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To analyze the state of the ozone layer over St. Petersburg, ERA5 reanalysis data on
PSV and temperature at a pressure level of 50 hPa (corresponding to altitudes of 20–25 km,
where PSCs form) were used [60]. When the temperature drops below 195 K, conditions
arise for the formation of type I PSC particles and consequently for heterogeneous reactions
involving them [21].

A significant temperature increase may indicate the onset of a sudden stratospheric
warming event, which can substantially alter stratospheric circulation and influence the
transport of ozone between the stratosphere and troposphere [82]. Consequently, changes
in ozone content may result from changes in the transport and mixing of ozone-rich and
ozone-poor air masses.

Figure 9 shows the temporal variability of ozone (Figure 9a), HCl (Figure 9b), HNO3

(Figure 9c), and ClONO2 (Figure 9d) obtained from FTIR measurements and modeling in
the vicinity of St. Petersburg in March and April of 2014. The FTIR data are presented only
for cloud-free days, whereas the model simulations are presented for each day. For clarity,
the measurement data points are connected by a dashed line. However, it should be noted
that there may be other values between measurements. Therefore, the comparison should
be restricted to the days on which measurements were available.

  
(a) (b) 

  
(c) (d) 

Figure 9. Time series of O3 (a), HCl (b), HNO3 (c), and ClONO2 (d) TCs derived from FTIR measure-
ments and modeling at the SPbU site in spring 2014.

In March 2014, the ratios of HCl and ClONO2 to HF were out of phase (see
Appendix B.1 and [35] for details). During this time, the variability of HNO3 TCs as-
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sociated with chemical reactions correlated with the variability of HCl TCs. Between 8 and
20 March, St. Petersburg was under the influence of PSV (see Appendix B.1) and an increase
in ClONO2 TCs associated with the deactivation of chlorine was observed. The decrease
in HNO3 TCs at that time may be associated with the photolysis of these molecules [4,21],
which results in the formation of NO2 molecules that neutralize ClO molecules during the
ClONO2 formation reaction. From March 20 to 25, a rapid rise in stratospheric temperature
was accompanied by an increase in O3, HCl and HNO3 TCs and a simultaneous decrease
in ClONO2 TCs, which may be due to the mixing of polar and mid-altitude air masses.
This may have been caused by the decomposition of ClONO2 molecules due to photolysis
and a greater relative contribution of the HCl formation reaction [21]. In late March and
early April, the polar vortex approaches St. Petersburg again, causing a sharp decrease in
stratospheric temperature and HNO3 TCs. It is possible that some molecules transition
from the gas phase to the solid phase, resulting in gravitational deposition.

To quantify the model–observation agreement during the March–April 2014 episode,
the bias, SDD, correlation coefficient, and standard deviations of the FTIR and modeled
time series were calculated using only the days on which FTIR observations were available.
The number of paired observations was 27 for O3, 27 for HNO3, 28 for HCl, and 26 for
ClONO2. For O3, the EMAC and SOCOLv3 models yielded biases of −4.0% and +2.5%,
SDDs of 2.7% and 4.0%, and correlation coefficients of 0.96 and 0.91, respectively. The
standard deviations of the observed and modeled O3 columns were 32.5, 30.7, and 34.3 DU
for FTIR, EMAC, and SOCOLv3, respectively.

For HCl, the EMAC and SOCOLv3 biases were +25.1% and +10.6%, with SDDs of
7.6% and 6.9% and correlation coefficients of 0.91 and 0.88, respectively. The standard
deviations of the FTIR, EMAC, and SOCOLv3 HCl columns were 6.16 × 1014, 3.46 × 1014,
and 4.53 × 1014 cm−2, respectively. For HNO3, the corresponding biases were +20.0% and
+27.8%, SDDs were 16.2% and 23.1%, and correlation coefficients were 0.53 and −0.09. The
standard deviations of the FTIR, EMAC, and SOCOLv3 HNO3 columns were 4.28 × 1015,
1.95 × 1015, and 2.57 × 1015 cm−2, respectively.

For ClONO2, the correlation coefficients were high for both models (0.94 for EMAC
and 0.93 for SOCOLv3), whereas the SDDs were 73.7% and 68.5%, respectively. The corre-
sponding biases were −16.6% and −14.1%. The standard deviations of the FTIR, EMAC,
and SOCOLv3 ClONO2 columns were 9.51 × 1014, 2.96 × 1014, and 3.58 × 1014 cm−2,
respectively, indicating that both models substantially underestimate the amplitude of the
observed ClONO2 variability.

These quantitative results support the qualitative comparison shown in Figure 9. Both
models reproduce the short-term variability of O3, although EMAC shows a somewhat
higher correlation with the observations. For HCl, both models reproduce the temporal
pattern well, but the modeled variability is lower than that observed by FTIR. The EMAC
model reproduces the temporal variability of HNO3 better than SOCOLv3, whereas the
SOCOLv3 correlation is close to zero. For ClONO2, both models reproduce the temporal
pattern with high correlation coefficients; however, the much smaller modeled standard
deviations and large SDD values indicate that the amplitude of the observed variability is
not adequately reproduced.

It should be noted that the model grid-cell value corresponding to the SPbU station
represents a spatially averaged atmospheric state over a model grid cell of approximately
2.8◦ × 2.8◦, whereas ground-based FTIR observations have a substantially smaller and
geometry-dependent spatial sensitivity. Consequently, the model–observation comparison
is not a strict point-to-point comparison. Differences may reflect both model errors and
spatial representativeness differences, especially during synoptic events associated with
strong horizontal gradients or localized ozone anomalies.
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A detailed case study of intraday TOC variability on 27 March 2019 and its representa-
tion in the model simulations is presented in Appendix B.2.

4. Conclusions
This study provides an integrated analysis of ozone and ozone-related stratospheric

trace gases over St. Petersburg using long-term ground-based FTIR observations from June
2009 to May 2026, complemented by harmonized FTIR and UV/VIS DOAS total ozone
measurements. The analysis considers long-term trends, seasonal variability, rapid intraday
changes, and chemistry-climate model evaluation.

Over the 2009–2026 observational period, statistically significant negative ozone
trends were detected in the 8–18 km and 18–25 km layers, while no statistically signifi-
cant long-term trend was detected for the total ozone column. Decreases in HNO3 and
several chlorine-containing species were also observed, together with an increase in upper-
stratospheric ozone. The interpretation of these long-term changes indicates an important
contribution from both stratospheric dynamics and changes in ozone-depleting substances.

The combination of FTIR and harmonized DOAS observations enabled the investiga-
tion of rapid intraday total ozone changes that cannot be resolved from FTIR measurements
alone. The 27 March 2019 episode, selected because it exhibited the greatest intraday TOC
variability in the FTIR record, demonstrated the importance of rapid air-mass transport for
local ozone variability.

The model–observation evaluation was restricted to the common 2009–2019 period.
EMAC and SOCOLv3 reproduced the main temporal variability of total ozone and several
ozone partial columns, although their performance differed between atmospheric layers
and trace gases. The analysis of the March–April 2014 episode showed that the models
generally reproduced the main temporal patterns but underestimated the amplitude of
observed variability for several gases. For HCl, HNO3 and ClONO2, quantitative differ-
ences between simulations and FTIR observations remain larger than the corresponding
measurement uncertainties for parts of the record.

The main limitations of the study are the uneven temporal sampling of solar FTIR
observations, particularly the sparse winter measurements; the large uncertainty and lim-
ited availability of ClO retrievals; and the spatial representativeness mismatch between
the model grid cells and ground-based observations. Future work should focus on im-
proving winter and early-spring observational coverage, increasing the sensitivity and
uncertainty characterization of ClO retrievals, extending harmonized multi-instrument
observations, and evaluating higher-resolution or regional models during episodes of
strong synoptic variability.
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RE Relative Error
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SDD Standard Deviation of Differences
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SOCOL SOlar Climate Ozone Links
SPbU St. Petersburg State University
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TrOC Tropospheric Ozone Column
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VIS Visible
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Appendix A
Appendix A.1. Time Series of Ozone and Ozone-Related Gases Measured by FTIR Method at
SPbU Site

Figure A1 shows the time series of the measured daily average ozone total and partial
columns and related trace-gas total columns obtained at the SPbU observational site from
2009 to 2026. The total number of valid FTIR measurement days for the individual gases
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is given in Table 1. The observations are unevenly distributed throughout the year, with
substantially more measurements obtained in spring and summer than in winter. The
seasonal distribution of valid measurement days for each gas is summarized in Table A1.
For example, for O3, 123 observations were available in winter, 376 in spring, 309 in summer,
and 149 in autumn.

The FTIR observations cover the period from June 2009 to May 2026, with mea-
surements available on average for approximately 70 days per year. The observations are
unevenly distributed throughout the year, with most measurements obtained during spring
and summer and substantially fewer observations during winter due to the requirements
of solar observations and local observing conditions (see Table A1). No FTIR measurements
were available in 2024 because of instrumental problems (laser failure) with the Bruker IFS
125HR spectrometer. Due to solar tracking system failure, little data was obtained in 2020
and 2022. These temporal gaps and the uneven seasonal sampling should be considered
when interpreting the seasonal variability and long-term trends.

Stratospheric gases (O3, HNO3, ClONO2, and HCl) exhibit a pronounced seasonal
pattern, peaking in the spring except for ozone columns in 25–60 km due to dynamical [79]
and photochemical factors [4]; however, the seasonal pattern is less pronounced for CFCs
(CFC-11 and CFC-12), peaking in the summer [36].

  

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure A1. Cont.
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Figure A1. Time series of trace gases total and partial columns: O3 TC (a), HNO3 TC (b),
O3 8–18 km (c), ClONO2 TC (d), O3 18–25 km (e), HCl TC (f), O3 25–60 km (g), HF (h), CFC-11 (i),
and CFC-12 (j) measured by FTIR method near St. Petersburg in 2009–2026.

It is well seen that during the spring very high values of stratospheric gases, especially
ClONO2, can be observed. This corresponds to various dynamical processes in winter–
spring stratosphere–tropopause movements and intrusion of PSV into mid-latitudes. HF
TC levels allow distinguishing the variability of stratospheric gases due to dynamical
reasons from chemical processes. In [83], indicators were used to determine the location of
an air mass inside or outside the PSV at the Kiruna subpolar station (67.8◦ N) in the NDACC
network during the winter/spring of 2001. The HF TCs and the ratio of COF2 TC to HF TC
were considered alongside the potential vorticity (PV) value at a potential temperature of
475 K. Despite significant correlations between HF TCs and PV values in other years, the
study showed that, in the year under consideration, the air mass may be located within
the PSV at low PV values (less than 3 K·m2/kg·s). This is more accurately determined
by the HF TC value when it exceeds 2.5 × 1015 cm−2. This value was recommended as
the criterion for determining whether an air mass is located at the edge of the PSV. As
Figure A1h shows, the observed HF TCs exceed this value almost every spring.

Table A1. Number of valid FTIR measurement days for individual trace gases by season during
2009–2026. Winter: December–February, Spring: March–May, Summer: June–August, Autumn:
September–November.

Target Gas Total Winter Spring Summer Autumn

O3 957 123 376 309 149
HNO3 894 123 366 260 145

ClONO2 837 107 351 245 134
HCl 1006 121 416 324 145
HF 1076 126 433 347 170

CFC-11 908 106 370 286 146
CFC-12 595 92 263 119 118

Appendix A.2. Trend Estimate of Trace Gas Columns Related to HF Total Columns

In the Northern Hemisphere, dynamic processes typically dominate the evolution
of ozone concentration in the Arctic and adjacent regions (see, for example, [23]). To
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isolate changes in trace gas concentrations attributable to dynamics from chemical reasons
for subsequent analysis, the total and stratospheric columns of trace gases studied were
normalized to the TCs of HF. Vertical profiles of the mixing ratio of ozone-layer trace
gases generally correlate well with the HF profile in the lower stratosphere, where most of
these trace gases are concentrated. Thus, vertical movements in the stratosphere change
proportionally for both HF and other trace gases [84]. An increase in the HF TCs of 100%,
which is associated with adiabatic subsidence in winter and spring, results in a 6% decrease
in the ozone-to-HF TC ratio, an 11% decrease in the total HCl-and-ClONO2-to-HF TC ratio,
and a 20% decrease in the HNO3-to-HF TC ratio. Meanwhile, a change in the tropospheric
boundary layer height of several kilometers has virtually no effect on these ratios [85].

In addition to trend estimates discussed in Section 3.1.2, we evaluate time series
of ozone and ozone-related stratospheric gases related to HF TCs. Table A2 presents
the estimated trends of ozone and ozone-related stratospheric gases ratioed to HF TCs.
As expected, the statistically significant negative trends in atmospheric gases shown in
Table 2 have intensified due to the increase in HF TCs observed over the period under
consideration.

Table A2. Trend estimates of ratio of ozone and ozone-related gases measured in different atmospheric
layers to HF TCs at SPbU site by FTIR method from June 2009 to May 2026.

Target Gas Layer, km Trend, % yr−1

O3/HF 0–60 −0.44 ± 0.27
18–25 −0.54 ± 0.30

HNO3/HF 0–60 −0.65 ± 0.20
15–60 −0.67 ± 0.18

ClONO2/HF 0–60 −1.4 ± 0.7
HCl/HF 0–60 −0.77 ± 0.16
Cly/HF 0–60 −0.89 ± 0.16

Estimates of long-term trends in the trace gas-to-HF TC ratio can be useful for analyz-
ing short-term variability in stratospheric gases, such as inter- or intra-annual variability,
as well as for analyzing trend estimates across seasons, which are characterized by distinct
chemical and photochemical reactions. For instance, the average ratio of HNO3 to HF
decreases gradually from late fall to spring due to the photolysis of HNO3 molecules.
Meanwhile, the average ratio of O3 to HF depends on heterogeneous reactions when the
air mass is inside the PSV [86]. Preliminary subtraction of long-term trends in the ratio of
stratospheric gas columns to HF TCs improves the accuracy of the results analysis obtained.

Appendix B
Appendix B.1. Case Study: Stratospheric Dynamics in Spring 2014

Figure A2 illustrates the temporal evolution of the HF TC oscillation, as measured
at the SPbU site alongside the PV, derived from ERA5 reanalysis data [60], at a potential
temperature of 475 K for spring 2014. The solid line for PV indicates the edge of PSV [87],
while the dashed line separates air masses inside PSV [88]. The HF TC value correlates
well with the PV value. A study [35] shows that the correlation between PV and HF TC
values was 0.58 ± 0.05 during the 2009–2019 measurement period. Since PV is typically
determined and analyzed at only one atmospheric level, using HF TC values as a dynamic
factor is more justified. HF TC maxima are characteristic of air masses located within the
PSV. Thus, in March–April 2014, three periods of possible PSV intrusion into the air masses
over St. Petersburg were observed.
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Figure A2. Time series of PV at 475 K potential temperature (ERA5 data) and HF TCs obtained from
the FTIR measurements at the SPbU observational station in Peterhof in 2014.

According to the ERA5 reanalysis, during the period under consideration (March–
April 2014), the temperature at 50 hPa remained above 195 K throughout. Only on March
10–12 did it approach the threshold for PSC particle formation [35]. The maximum PV
value (5.6 K·m2/kg·s) at 475 K was recorded on March 11. From March 8 to 13 and from
March 30 to April 4, the air masses over St. Petersburg were on the edge of the PSV. From
March 14 to 20, the air masses were inside the PSV. During this period, two instances of
minor sudden stratospheric warming events (not accompanied by a significant change
in zonal wind direction) were also observed over St. Petersburg. During these events,
the stratospheric temperature rose by 20–25 degrees over the course of several days, from
March 12 to 26. All these features can influence the stratospheric trace gas variability over
St. Petersburg.

Appendix B.2. Case Study: Trace Gas Variability on 27 March 2019

In Section 3.1.4, nine days with pronounced diurnal TOC variability were identified
(Table 3). Among these cases, 27 March 2019 was selected for detailed analysis using ERA5
analysis data because it exhibited the greatest diurnal variability in TOC based on the FTIR
measurements. The purpose of this analysis is to illustrate a particularly pronounced short-
term variability event and to examine its representation in the model simulations; it is not
intended to provide a statistically representative assessment of all high-variability episodes.

The reanalysis data showed that the variability of TOC at the site was caused by
dynamic processes, specifically active air mass transport—the replacement of air masses at
the station containing varying amounts of ozone. Since the simulation data has a temporal
resolution of one hour, we were able to analyze the intraday variability of ozone and related
gases based on simulation and measurement data. We could also assess the quality of the
model’s ability to reproduce diurnal gas variability.

Figure A3 shows the intraday variation in O3 (Figure A3a), HCl (Figure A3b), HNO3

(Figure A3c), and ClONO2 (Figure A3d) based on ground-based FTIR measurements at
the SPbU site and numerical calculations from the EMAC and SOCOL models. Ground-
based solar FTIR measurements do not provide continuous 24 h observations because
measurements require direct solar radiation and are therefore restricted to daylight and
cloud-free conditions. Consequently, Figure A3 should be interpreted as a comparison
of intraday variability during the available daytime observation period rather than as a
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complete 24 h diurnal cycle. The hourly model output is shown continuously, whereas the
observational points are available only during suitable daylight measurement conditions.

The EMAC model shows greater intraday variability in O3 for HNO3 and ClONO2

than the SOCOL model. However, for HCl, the opposite is true. The SOCOL model shows
greater intraday variability in TCs. Both models describe the variability of O3 similarly;
however, the SOCOL model consistently yields higher TOC values than the EMAC model.
For ClONO2, however, the EMAC model yields higher TC values than the SOCOL model.

Overall, the simulation data show a smoothed trend in trace gas TC changes for
all the gases considered. The data fail to capture the sharp changes observed during
the second half of the day. This suggests that the models need further refinement to
describe and predict rapid changes in ozone and related gases, including dynamic processes.
Additionally, the smoother trend observed in the simulation data may be related to the
models’ spatial resolution, which, despite being tied to the SPbU site, is 2.8 by 2.8 degrees,
meaning they present an average picture of a large area.

 

(a) (b) 

 
(c) (d) 

Figure A3. Intraday variability of O3 (a), HCl (b), HNO3 (c), and ClONO2 (d) TCs derived from FTIR
measurements and modeling at the SPbU site on 27 March 2019.
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