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Abstract—Atmospheric nitric acid (HNO3) has a significant impact on the formation of the ozone layer;
therefore, its content is regularly monitored using various local and remote-sensing methods. We use ground-
based measurements of solar IR spectra with a Bruker 125HR Fourier spectrometer to derive information on
the HNO3 content at the NDACC St. Petersburg observational site in Peterhof. The HNO3 time series shows
a pronounced seasonal cycle with a maximum in winter and early spring and a minimum in summer and early
autumn. The averaged seasonal variations in nitric acid vary from –30 to +60% for the 0–15 km layer, from
–25 to +25% for the 15–50 km layer, and from –25 to +30% for total columns. For the 2009–2022 measure-
ment period, no statistically significant trend is found in the time series considered. A comparison of HNO3
stratospheric columns with independent satellite measurements by the MLS and ACE–FTS instruments
shows their qualitative and quantitative agreement; the correlation coefficient between ground-based and sat-
ellite measurements totals 0.88–0.93. Time series on the vertical structure of the atmospheric nitric acid mea-
sured at the St. Petersburg site can be used both to analyze the state of the ozonosphere and to validate satellite
measurements and refine the parameters of atmospheric models.
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1. INTRODUCTION
Nitric acid (HNO3) plays an important role in the

chemistry of stratospheric ozone. It is involved in
ozone-depleting catalytic cycles and in heterogeneous
reactions on the surface of aerosol particles and polar
stratospheric clouds; it is also a reservoir for reactive
nitrogen oxides. According to the toxicity level, the
HNO3 pair is classified as moderately hazardous.
The HNO3 content in the atmosphere is regularly
measured using various local and remote methods
(WMO, 2018). In recent decades, satellite measure-
ments have been used on global and regional scales
using various methods and equipment to determine
the content of HNO3 (Vigouroux et al., 2007; Lin-
denmaier et al., 2012; Wespes et al., 2009; Wolff
et al., 2008; Livesey et al., 2011).

The first long-term ground-based IR spectro-
scopic measurements of the HNO3 content in the
atmosphere at middle latitudes were described in
(Rinsland et al., 1991). Similar measurements were
also carried out at other stations of the international
Network for the Detection of Atmospheric Composi-
tion Change (NDACC); see, for example, (Vigouroux
et al., 2007; Dammers et al., 2017; Shan et al., 2021).
Measurements of the total content (TC) of HNO3 have
been carried out since 2009 at NDACC St. Petersburg

site, located on the campus of Saint Petersburg State
University in Peterhof (Semakin et al., 2013; Timofeev
et al., 2016; Virolainen et al., 2016, 2021). Ground-
based IR spectroscopic measurements are used to study
spatiotemporal variations in HNO3, obtaining estimates
of long-term trends, a comparison with numerical
models of the atmosphere, and the validation of various
types of satellite measurements. In (Virolainen et al.,
2022), we described a new method for determining the
TC and nitric acid content in two layers: in the tropo-
sphere and stratosphere, based on spectroscopic mea-
surements of the Bruker IFS 125HR Fourier spectrom-
eter (hereinafter referred to as FTIR).

In this paper, we present the results of an analysis
of ground-based measurements of HNO3 in Peterhof
obtained using the new methodology for the period of
2009–2022, estimates of the seasonal cycle and long-
term trends, and the results of a comparison of ground-
based measurements with satellite data.

2. FTIR MEASUREMENT OF HNO3 CONTENT 
IN PETERHOF

To interpret FTIR measurements at the NDACC
St. Petersburg station in Peterhof (59.88° N, 29.82° E,
20 m a.s.l.), we used the PROFFIT96 software (Hase
167
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Table 1. Statistical characteristics of HNO3 measurement datasets, measurement errors, and trend estimates at NDACC
St. Petersburg site. Here, x is the average value of the content; σ is its variability; and εrand and εsyst are the average random
and systematic errors, respectively

Layer x ± σ, ×1016 cm–2 εrand, % εsyst, % Trend, % per year

0–50 km 2.2 ± 0.6 3.9 ± 1.9 9.2 ± 1.6 0.23 ± 0.34
0–15 km 0.7 ± 0.4 14 ± 7 15 ± 6 0.25 ± 0.75

15–50 km 1.5 ± 0.3 1.7 ± 0.3 13.0 ± 2.6 0.22 ± 0.22
et al., 2004), which is also used at a number of other
NDACC stations. During the day, the number of mea-
surements of solar spectra ranged from 1 to 20. To
obtain each spectrum, interferograms were accumu-
lated (up to ten pieces) for 12 min, which were then
averaged and converted into a spectrum. All spectro-
scopic measurements were performed with an optical
path difference of 180 cm; nonapodized spectra were
used to solve the inverse problem, corresponding to a
spectral resolution of 0.005 cm–1.

When processing the spectra, pressure and tem-
perature profiles were set according to the NCEP
CPC reanalysis data for each day of measurements
(12 UTC) based on satellite and radiosonde measure-
ments. A priori information about the profiles of the
content of various gases that affect the transfer of
radiation in the spectral ranges under consideration
was taken from the data of the numerical model
WACCM v.6 (WACCM output).

In 2009–2022, about 6000 spectra were measured
in Peterhof during 850 sunny days. Based on various
criteria for assessing their quality, 5182 measurements
were selected, obtained over 779 days in the specified
period. As criteria for assessing the quality of measure-
ments, we used the difference between the measured
and calculated spectra, the number of degrees of free-
dom of the signal relative to the information on the
content of nitric acid in spectroscopic measurements
(DOFS), etc. Details of the scheme for solving the
inverse problem and other features of the analysis of
the measured spectra are presented in (Virolainen
et al., 2022). The results of measurements of nitric
acid at the station St. Petersburg can be found at the
(NDACC database). In our work, we used data from
version V004.

For the measurement period of 2009–2022, the
average DOFS number over the entire dataset was
3.08 ± 0.38, which means that information on three
independent parameters of the vertical structure of
nitric acid can be extracted from the measured spectra.
The minimum of information content falls on the
summer period (DOFS = 2.5–2.8), which may be due
to the large effect of water vapor on the signal in sum-
mer (Virolainen et al., 2022). To make the results con-
sistent with the vertical resolution of the IR method
for any season, we divided the atmosphere into two
layers, 0–15 km and 15–50 km, and considered the
HNO3 TC in the 0–50 km layer.
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3. ANALYSIS OF RESULTS

Table 1 shows the statistical characteristics of the
measured values of the content of HNO3 in three
atmospheric layers: x (average) and σ (variability), as
well as estimates of measurement errors: εrand is the
average random error and εsyst is the average systematic
error. The last column of Table 1 shows an estimate of
the linear trend for 2009–2022 according to the
method described in (Polyakov et al., 2021) for a con-
fidentiality level of 95%.

The means, variability, and errors remained virtu-
ally unchanged compared to the data obtained in
(Virolainen et al., 2022) for the period of 2009–2021.
When adding an additional year of measurements, the
trend estimates changed for the 0–15 km layer (0.25 ±
0.75% per year versus –0.82 ± 0.86% per year) and for
the HNO3 TC 0.23 ± 0.34% per year versus –0.11 ±
0.38% per year, but still remained statistically insignif-
icant. For the 15–50 km layer, the trend estimate
remained the same, 0.22% per year, while the confi-
dential interval decreased to the level of the estimate
itself. Thus, with the addition of further measure-
ments, one can expect a statistically significant esti-
mate of the increase in the content of HNO3 in the
atmospheric layer 15–50 km above St. Petersburg.

An investigation of HNO3 TC trends was carried
out in (Rinsland et al., 1991) at two high-mountain
NDACC observation stations: Jungfraujoch (Alps,
altitude 3.6 km, latitude 46.5° N, longitude 8.0° E)
and Kitt Peak (altitude 2.1 km, latitude 31.9° N, longi-
tude 111.6° W). For the Jungfraujoch station, ground-
based measurements have been used since 1951 using
a diffraction spectrometer, as well as a Fourier spec-
trometer for June 1986 to June 1990. The trend esti-
mates for the period of ⁓40 years were −0.16 ± 0.50%
per year, which indicates the absence of significant
trends. Estimates obtained at high-altitude stations
and near St. Petersburg differ strongly from long-term
trends for Hefei station in China (Shan et al., 2021).
Based on an analysis of three years of measurements
(2017–2019) at the Hefei station, the HNO3 TC trend
was obtained in (–9.45 ± 1.20)% per year. In (Osso-
hou et al., 2019), the variability of surface concentra-
tions of HNO3 is studied in three regions of Africa, and
a significant trend is shown only in the Bomassa
region (1.07% per year).
IC AND OCEANIC PHYSICS  Vol. 59  No. 2  2023
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Fig. 1. Monthly averages of HNO3 content in the 0–50, 0–15, and 15–50 km layers for 2009–2022, as well as their variability,
obtained at NDACC St. Petersburg.
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The 0–15 km layer contains about a third of the TC
of nitric acid, while its natural variability is more than
50%, which may be due to the fact that, depending on
the height of the tropopause and taking into account
the vertical resolution of the FTIR method in the tro-
posphere (10–15 km), when calculating the content of
HNO3 in this layer, it can also take into account nitric
acid from the lower stratosphere (Virolainen et al.,
2022). The natural variability of HNO3 in the 15–50 km
layer is about 20%.

Figure 1 shows the annual cycle of the average
monthly values of the HNO3 content in different lay-
ers of the atmosphere and their variability at the
St. Petersburg station. The maximum values of HNO3
content in the 15–50 km layer are observed in winter
and, in the 0–50 and 0–15 km layers, in early spring.
The minimum content in the 15–50 km layer occurs in
summer, the TC occurs in early autumn, and the con-
tent in the 0–15 km layer occurs in autumn and early
winter. Due to the peculiarities of the climate of
St. Petersburg and the uneven distribution of sunny
days in different months, the number of days over
which averaging was carried out varied from 15–20 in
November–December to 115–118 in April and May,
which can affect the resulting annual variation.

Figure 2 shows the average seasonal cycle of varia-
tions in the content of nitric acid in different layers of
the atmosphere relative to the average values for the
entire period of measurements. The seasonal variation
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
was obtained after subtracting the trend using the
method from (Polyakov et al., 2021). Seasonal varia-
tions are minimal for the 15–50 km layer (up to 25%),
positive for the end of spring, and negative for the mid-
dle of summer. For TC HNO3, the maximum devia-
tion from the average is about +30% in March and
about –25% in September. At Hefei station (Shan
et al., 2021), similar maxima and minima were
recorded for the stratospheric nitric acid content in the
12–40 km layer. The maximum variation in the 0–
15 km layer reaches +60% in mid-March and up to
‒30% in the period from September to December.
A significant spring maximum in this layer can be
caused by dynamic factors, for example, the horizon-
tal movement of air from polar latitudes rich in nitric
acid, or due to changes in the height of the tropopause
and the downward movement of air masses at this time
of the year.

The seasonal cycle of the HNO3 TC registered in
Peterhof agrees well with measurements at various
NDACC stations (Rinsland et al., 1991; Shan et al.,
2021; Semakin et al., 2013), in particular, at the high-
altitude NDACC Jungfraujoch station (Rinsland
et al., 1991). The content of nitric acid in the 0–15 km
layer also has a secondary small maximum in the mid-
dle of summer. The HNO3 content in the 15–50 km
layer begins to grow from the end of summer; at the
same time, the content of HNO3 in the 0–15 km layer
continues to decrease until the onset of winter. Differ-
 Vol. 59  No. 2  2023
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Fig. 2. Seasonal variations in HNO3 content relative to its average value in different layers of the atmosphere obtained at the
NDACC St. Petersburg.
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ences in the seasonal course of nitric acid in the two
considered layers and their causes require additional
analysis and research using modeling data.

4. COMPARISON OF GROUND-BASED
AND SATELLITE MEASUREMENTS 

OF HNO3 CONTENT
One of the main sources of satellite data on the

content of HNO3 is the Microwave Limb Sounder
(MLS) device. It measures the millimeter and submil-
limeter thermal radiation of the planet’s horizon every
24.7 s and provides day and night profiles approxi-
mately every 165 km along the suborbital path. The
vertical resolution of MLS measurements of HNO3
content in the pressure range of 1–215 mbar varies
from 3.5 to 5 km. The horizontal resolution varies
from 250 to 800 km. Estimates of random errors (using
the analysis of measured profile variations) are 0.6–
1.2 ppbv, and systematic errors are 0.1–2.2 ppbv,
depending on altitude (Livesey et al., 2020). For a
comparison with HNO3 measurements in the strato-
sphere at the St. Petersburg station, we selected MLS
profiles at a distance of no more than 500 km away.
To obtain the stratospheric nitric acid content, we
integrated the profiles from the lower boundary of
100 mbar, which approximately corresponds to a
height of 15–16 km.

The second source of satellite data on nitric acid
profiles are instrument data of ACE–FTS. This method
IZVESTIYA, ATMOSPHER
is based on measurements of direct solar IR radiation
at sunrise and sunset over the planet’s horizon. It is
characterized by a vertical resolution of 1–3 km and a
horizontal resolution of 300–500 km at different
heights. The determination of HNO3 profiles is car-
ried out using solar spectra in the spectral intervals of
867–880 and 1691.5–1728.6 cm–1 at altitudes from 5
to 37 km. Systematic measurement errors due to the
use of different spectral ranges are 5–11% (Wolff et al.,
2008; Sheese et al., 2017). One significant difference
between ACE–FTS measurements and MLS mea-
surements is the small number of measurements per
day (⁓30) and the limited spatial coverage of observa-
tions. For example, in the vicinity of St. Petersburg,
ACE–FTS measurements occur only in certain
months; in particular, most measurements occur in
the winter, when the number of FTIR measurements
is minimal. For comparison with ground-based mea-
surements, we also selected ACE–FTS measurements
within a radius of 500 km from St. Petersburg, having
obtained the stratospheric content by integrating over
heights from 15 to 40 km.

Figure 3 shows the time series of measurements of
the stratospheric nitric acid content obtained from the
FTIR measurements, as well as satellite measurements
selected according to the criteria described above. For
comparison with satellite data, we took the average
daily values of FTIR measurements in the 15–50 km
layer. All measurement data are in good agreement
with each other both in absolute values and in the
IC AND OCEANIC PHYSICS  Vol. 59  No. 2  2023
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Fig. 3. Time series of the stratospheric content of HNO3 near the St. Petersburg station according to terrestrial (FTIR) and sat-
ellite (MLS and ACE–FTS) data.
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description of the temporal variability of the strato-
spheric HNO3 content with highs in winter and lows in
summer.

Next, we selected the days in which there were
simultaneous measurements from both ground-based
and satellite data, thus compiling pairs of measure-
ments: ground–satellite. During the period under
review, we received 489 FTIR–MLS data pairs and
55 FTIR–ACE–FTS data pairs. Table 2 shows the
statistical characteristics of comparing datasets of
simultaneous ground-based and satellite measure-
ments of the nitric acid content in the stratosphere
layer of 15 km and higher in the St. Petersburg region:
the averages, variability, average differences and their
standard deviation, and correlation coefficient.

Mean values and natural variations of datasets of
ground-based and satellite measurements of HNO3
matched with each other well. The greatest variability
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 

Table 2. Statistical Characteristics of Comparison of Ensem
ground and satellite data in the area of St. Petersburg: x is th
the difference is presented as the mean difference and standa
relation to FTIR measurements

Device (layer) Number of pairs x ± σ, ×1

FTIR (15–50 km)
MLS (15–50 km)

489 1.51 ±
1.60 ±

FTIR (15–50 km)
ACE–FTS (15–40 km)

55 1.49 ±
1.40 ±
of the measured values of HNO3 observed for MLS
data is about 25%; the variability for other types of
measurements does not exceed 20%. This may be due
to the different horizontal resolution of the methods,
when different air masses fall into the scanned area of
a particular measurement. The systematic difference
between ground-based and satellite data is explained
both by the difference in the vertical grid on which the
original profiles are obtained (for example, MLS data
are shown on a pressure grid, in contrast to FTIR and
ACE–FTS data) and by the spatiotemporal difference
in measurements. In addition, when solving the
inverse problem, various methods used different a pri-
ori information about the average profiles of nitric
acid. Small values of the standard deviation of the dif-
ferences (8.5% for FTIR–ACE–FTS pairs and 9.3%
for FTIR–MLS pairs), as well as high correlations
(0.88–0.93), indicate that the measurements are con-
sistent with each other within the measurement errors,
 Vol. 59  No. 2  2023

bles of Measurements of Stratospheric HNO3 according to
e mean, σ is the variability of datasets of measurements, and
rd deviation of the differences. All relative values are taken in

016 cm–2 Difference, % Correlation coefficient

 0.30
 0.37

–5.4 ± 9.3 0.933 ± 0.006

 0.27
 0.25

5.7 ± 8.5 0.88 ± 0.03
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taking into account the spacetime mismatch, and also
equally describe the variability of the stratospheric
content of nitric acid.

In (Shan et al., 2021), the data of FTIR measure-
ments at the Hefei station were compared with the
data of MLS satellite measurements for different years
from 2017 to 2019. The systematic discrepancy
between data on the stratospheric content of HNO3
was 8–9%; the standard deviation of the differences
was 11–13%. Dimension mappings of ACE–FTS with
the MLS and MIPAS satellite measurements (Sheese
et al., 2017) at altitudes below 30 km showed agree-
ment on average within 10% and a standard deviation
of ⁓7% near the maximum HNO3 content and about
25% at lower altitudes. Above 30 km, ACE–FTS data
exceeds MIPAS data by 10–20%.

4. MAIN RESULTS AND CONCLUSIONS
To obtain information on the content of nitric acid

in different layers of the atmosphere, we used ground-
based measurements of the spectra of solar IR radia-
tion with a high spectral resolution using a Bruker
125HR Fourier spectrometer (FTIR measurements)
at NDACC St. Petersburg site in 2009–2022.

(1) The random error of FTIR measurements of
HNO3 in the layers of 0–15 km (conditional tropo-
sphere), 15–50 km (conditional stratosphere), and 0–
50 km is 14, 2, and 4%, respectively. The 0–15 km
layer contains approximately one-third of the total
HNO3 content.

(2) The variability of the nitric acid content in the
considered layers is 57, 20, and 27% for the tropo-
sphere, stratosphere, and total content. The large vari-
ability in tropospheric HNO3 content is associated
with higher measurement errors, as well as vertical
motions of air masses, when air rich in nitric acid from
the lower stratosphere enters the 0–15 km layer.

(3) Maximum values of HNO3 content in the 15–
50 km layer are observed in winter; they are observed in
early spring in the 0–50 km and 0–15 km layers. The
minimum content in the 15–50 km layer occurs in sum-
mer, the TC in early autumn, and the content in the 0–
15 km layer occurs in autumn and early winter. Varia-
tions in the average seasonal course vary from –30 to
+60%, from –25 to +25%, and from –25 to +30% for
the troposphere, stratosphere and HNO3 TC.

(4) For 2009–2022, there are no statistically signif-
icant trends in the content of HNO3 over St. Peters-
burg in the considered atmospheric layers.

(5) A comparison of FTIR measurements with data
from satellite measurements by the MLS and ACE–
FTS instruments showed that the measurements are
consistent with each other within their errors, taking
into account the spatiotemporal mismatch. All mea-
surement data equally describe the variability of the
stratospheric content of nitric acid. The standard devi-
IZVESTIYA, ATMOSPHER
ation of the differences is 8.5% for FTIR–ACE–FTS
pairs and 9.3% for FTIR–MLS pairs; the correlation
coefficient is 0.88 and 0.93, respectively. The system-
atic difference between ground-based and satellite
data of 5–6% is explained by the methodological
aspects of carrying out various measurements and
their analysis.

ACKNOWLEDGMENTS

Ground-based spectroscopic measurements were per-
formed using the scientific equipment of the Geomodel
resource center at Saint Petersburg State University.

FUNDING

FTIR measurements of nitric acid in various layers of
the atmosphere were obtained with support from the Rus-
sian Foundation for Basic Research, grant no. 20-05-00627.
Comparisons of ground-based and satellite measurements
were made as part of the work of the Studies of the Ozone
Layer and Upper Atmosphere laboratory at Saint Peters-
burg State University, agreement with the Ministry of Edu-
cation and Science of the Russian Federation no. 075–15-
2021-583.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

REFERENCES
Ya. A. Virolainen, Yu. M. Timofeyev, A. V. Polyakov,

D. V. Ionov, O. Kirner, A. V. Poberovskii, and
H. Kh. Imkhasin, “Comparing data obtained from
ground-based measurements of the total contents of
O3, HNO3,HCl, and NO2 and from their numerical
simulation,” Izv., Atmos. Ocean. Phys. 52 (1), 57–65
(2016).

Ya. A. Virolainen, A. V. Polyakov, and Yu. M. Timofeyev,
“Analysis of the variability of stratospheric gases near
St. Petersburg using ground-based spectroscopic mea-
surements,” Izv., Atmos. Ocean. Phys. 57 (2), 148–158
(2021).

Ya. A. Virolainen, Yu. M. Timofeyev, A. V. Poberovskii, and
A. V. Polyakov, “Information content of ground-based
FTIR method for atmospheric HNO3 vertical structure
retrieval,” Opt. Atmos. Okeana 35 (11), 906–911 (2022).

E. Dammers, M. W. Shephard, M. Palm, K. Cady-Pereira,
S. Capps, E. Lutsch, K. Strong, J. W. Hannigan, I. Orte-
ga, G. C. Toon, W. Stremme, M. Grutter, N. Jones,
D. Smale, J. Siemons, et al., “Validation of the CrIS
fast physical NH3 retrieval with ground-based FTIR,”
Atmos. Meas. Tech. 10 (7), 2645–2667 (2017).

H. Hase, J. W. Hannigan, M. T. Coffey, A. Goldman,
M. Hoepfner, N. B. Jones, C. P. Rinsland, and
S. W. Wood, “Intercomparison of retrieval codes used
for the analysis of high-resolution, ground-based FTIR
measurements,” J. Quant. Spectrosc. Radiat. Transfer
87 (1), 25–52 (2004).
IC AND OCEANIC PHYSICS  Vol. 59  No. 2  2023



GROUND-BASED FTIR MEASUREMENTS OF ATMOSPHERIC NITRIC ACID 173
R. Lindenmaier, K. Strong, R. L. Batchelor, M. P. Chip-
perfield, W. H. Daffer, J. R. Drummond, T. J. Duck,
H. Fast, W. Feng, P. F. Fogal, F. Kolonjari, G. L. Man-
ney, A. Manson, C. Meek, R. L. Mittermeier, et al.,
“Unusually low Ozone, HCl, and HNO3 column mea-
surements at Eureka, Canada during winter/spring
2011,” Atmos. Chem. Phys. 12 (8), 3821–3835 (2012).

N. J. Livesey, W. G. Read, L. Froidevaux, A. Lambert,
G. L. Manney, H. C. Pumphrey, M. L. Santee,
M. J. Schwartz, S. Wang, R. E. Cofeld, D. T. Cuddy,
R. A. Fuller, RF. Jarnot, J. H. Jiang, B. W. Knosp, et
al., Earth Observing System (EOS) Aura Microwave
Limb Sounder (MLS) Version 3 Level 2 Data Quality and
Description Document, Version 3.3x-1.0 (Jet Propulsion
Laboratory, California Institute of Technology, Pasa-
dena, Calif., 2011).

N. J. Livesey, W. G. Read, P. A. Wagner, L. Froidevaux,
M. L. Santee, M. J. Schwartz, A. Lambert, L. F. Millán
Valle, H. C. Pumphrey, G. L. Manney, R. A. Fuller,
RF. Jarnot, B. W. Knosp, and R. R. Lay, Version 5.0x
Level 2 and 3 Data Quality and Description Document
(Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, Calif., 2020).

NDACC database. https://www-air.larc.nasa.gov/missions/
ndacc/data.html.

M. Ossohou, C. Galy-Lacaux, V. Yoboué, J. E. Hickman,
E. Gardrat, M. Adon, S. Darras, D. Laouali, A. Akpo,
M. Ouafo, B. Diop, and C. Opepa, “Trends and sea-
sonal variability of atmospheric NO2 and HNO3 con-
centrations across three major African biomes inferred
from long-term series of ground-based and satellite
measurements,” Atmos. Environ. 207, 148–166 (2019).

A. Polyakov, A. Poberovsky, M. Makarova, Y. Virolainen,
Y. Timofeyev, and A. Nikulina, “Measurements of
CFC-11, CFC-12, and HCFC-22 total columns in the
atmosphere at the St. Petersburg site in 2009–2019,”
Atmos. Meas. Tech. 14 (8), 5349–5368 (2021).

C. P. Rinsland, R. Zander, and P. Demoulin, “Ground-
based infrared measurements of HNO3 total column
abundances: Long-term trend and variability,” J. Geo-
phys. Res.: Atmos. 96, 9379–9389 (1991).

S. G. Semakin, A. V. Poberovskii, and Y. M. Timofeev,
“Ground-based spectroscopic measurements of the to-
tal nitric acid content in the atmosphere,” Izv. Atmos.
Ocean. Phys. 49, 294–297 (2013).

C. Shan, H. Zhang, W. Wang, C. Liu, Y. Xie, Q. Hu, and
N. Jones, “Retrieval of stratospheric HNO3 and HCl
based on ground-based high-resolution Fourier trans-
form spectroscopy,” Remote Sens. 13 (11), 2159
(2021).

P. E. Sheese, K. A. Walker, C. D. Boone, P. F. Bernath,
L. Froidevaux, B. Funke, P. Raspollini, and T. von Clar-
mann, “ACE-FTS ozone, water vapour, nitrous oxide,
nitric acid, and carbon monoxide profile comparisons
with MIPAS and MLS,” J. Quant. Spectrosc. Radiat.
Transfer 186, 63–80 (2017).

Yu. Timofeyev, Ya. Virolainen, M. Makarova, A. Pobe-
rovsky, A. Polyakov, D. Ionov, S. Osipov, and H. Im-
hasin, “Ground-Based spectroscopic measurements of
atmospheric gas composition near Saint Petersburg
(Russia),” J. Mol. Spectrosc. 323, 2–14 (2016).

C. Vigouroux, M. De Mazière, Q. Errera, S. Chabrillat,
E. Mahieu, P. Duchatelet, S. Wood, D. Smale, S. Mi-
kuteit, T. Blumenstock, F. Hase, and N. Jones, “Com-
parisons between ground-based FTIR and MIPAS
N2O and HNO3 profiles before and after assimilation in
BASCOE,” Atmos. Chem. Phys. 7 (2), 377–396
(2007).

C. Wespes, D. Hurtmans, C. Clerbaux, M. L. Santee,
R. V. Martin, and P. F. Coheur, “Global distributions
of nitric acid from IASI/MetOP measurements,” At-
mos. Chem. Phys. 9 (20), 7949–7962 (2009).

Whole Atmosphere Community Climate Model (WACCM)
Model Output ds313.6. 
https://doi.org/10.5065/G643-Z138. https://rda-web-
prod.ucar.edu/datasets/ds313.6/#!description.

WMO Scientific Assessment of Ozone Depletion: 2018 (World
Meteorological Organization, Geneva, Switzerland,
2018), Global Ozone Research and Monitoring Project
Rep. No. 58.

M. A. Wolff, T. Kerzenmacher, K. Strong, K. A. Walker,
M. Toohey, E. Dupuy, P. F. Bernath, C. D. Boone,
S. Brohede, V. Catoire, T. von Clarmann, M. Coffey,
W. H. Daffer, M. De Mazière, P. Duchatelet, et al.,
“Validation of HNO3, ClONO2, and N2O5 from the
Atmospheric Chemistry Experiment Fourier Trans-
form Spectrometer (ACE-FTS),” Atmos. Chem. Phys.
8 (13), 3529–3562 (2008).
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS  Vol. 59  No. 2  2023


	1. INTRODUCTION
	2. FTIR MEASUREMENT OF HNO3 CONTENT IN PETERHOF
	3. ANALYSIS OF RESULTS
	4. COMPARISON OF GROUND-BASED AND SATELLITE MEASUREMENTS OF HNO3 CONTENT
	4. MAIN RESULTS AND CONCLUSIONS
	REFERENCES

		2023-05-04T10:33:26+0300
	Preflight Ticket Signature




