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Abstract: Key long-lived greenhouse gases (CO2, CHs, and N20) are perhaps among the best-studied
components of the Earth’s atmosphere today; however, attempts to predict or explain trends or even
shorter-term variations of these trace gases are not always successful. Infrared spectroscopy is a
recognized technique for the ground-based long-term monitoring of the gaseous composition of the
atmosphere. The current paper is focused on the analysis of new data on CO2, CH4, and N2O total
columns (TCs) retrieved from high resolution IR solar spectra acquired during 20092022 at the
NDACC atmospheric monitoring station of St. Petersburg State University (STP station, 59.88°N,
29.83°E, 20 m asl.). The paper provides information on the FTIR system (Fourier-transform infrared)
installed at the STP station, and an overview of techniques used for the COz, CHs, and N20O retriev-
als. Trends of key greenhouse gases and their confidence levels were evaluated using an original
approach which combines the Lomb-Scargle method with the cross-validation and bootstrapping
techniques. As a result, the following fourteen-year (2009-2022) trends of TCs have been revealed:
(0.56 £ 0.01) % yr for CO2; (0.46 + 0.02) % yr~ for CHg; (0.28 + 0.01) % yr~! for N20. A comparison
with trends based on the EMAC numerical modeling data was carried out. The trends of greenhouse
gases observed at the STP site are consistent with the results of the in situ monitoring performed at
the same geographical location, and with the independent estimates of the global volume mixing
ratio growth rates obtained by the GAW network and the NOAA Global Monitoring Laboratory.
There is reasonable agreement between the CHs and N20O TC trends for 2009-2019, which have been
derived from FTIR measurements at three locations: the STP site, Izafia Observatory and the Uni-
versity of Toronto Atmospheric Observatory.

Keywords: trends of greenhouse gases; methane; carbon dioxide; nitrous oxide; remote sensing;
atmospheric FTIR observations

1. Introduction

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N20) are the key long-lived
greenhouse gases (LLGHGs), which have contributed to about 89% of the increase in
global radiative forcing from the pre-industrial times [1]. Radiative forcing by LLGHGs
increased by 49% from 1990 to 2021, with carbon dioxide accounting for about 80% of that
increase [2]. An analysis of the latest data from the GAW WMO (Global Atmosphere
Watch, the World Meteorological Organization) observational network revealed that the
mixing ratios of carbon dioxide, methane and nitrous oxide in the atmosphere continue
to reach the new maximums. The globally averaged surface mixing ratios of LLGHGs
observed in 2021 amounted to 415.7 + 0.2 ppm, 1908 + 2 ppb, 334.5 + 0.1 ppb for CO:, CHs,
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and N20, respectively [1]. These three greenhouse gases are perhaps among the best-stud-
ied components of the Earth’s atmosphere today [3]. Basic information on their im-
portance, atmospheric lifetime and major global sources and sinks is given in Table 1. Alt-
hough most sources and sinks of LLGHGs are known, their relative contributions to the
atmospheric concentrations of LLGHGs still have significant uncertainty, and attempts to
predict or explain observed trends or even shorter-period variations of these gases are not
always successful [1,4-9]. According to NOAA’s GML ESRL data, global growth rates of
both CO2 and N20 have shown a steady increase since the 1960s and the 2000s
(https://gml.noaa.gov/ccgg/trends/gl_gr.html; https://gml.noaa.gov/ccgg/trends_n2o/, ac-
cessed on 23 March 2024). At the same time, for CHs, the dependence of the growth rate
on time has a more complex character: the positive values in the 1980s and in the 1990s
were replaced by almost zero or even negative values in the 2000s, and then an increase
in the CHa growth rate started again in 2007-2008 (https://gml.noaa.gov/ccgg/trends_ch4/,
accessed on 23 March 2024). For COz, the period of 2012-2021 was the decade of highest
growth rate since the 1960s, with the maximum values of 2.95 and 2.84 ppmv/year rec-
orded in 2015 and 2016, respectively (https://gml.noaa.gov/ccgg/trends/gl_gr.html, ac-
cessed on 23 March 2024) [10,11]. The main cause of this growth is assumed to be the El
Nifio phenomenon, the third most powerful since the 1950s (Patra et al., 2017). At present,
however, it is not always possible to confidently separate the contribution to the acceler-
ating growth of LLGHGs in the atmosphere from natural phenomena and from anthro-
pogenic sources. One of the main reasons, as indicated by Patra et al., 2017 [7], is the un-
certainty of trends in anthropogenic regional emissions. Reducing these uncertainties re-
quires not only up-to-date “bottom-up” emission inventories and state-of-the-art chemis-
try and climate models, but also reliable verified greenhouse gas observing systems which
track long-term changes in atmospheric LLGHGs. Additionally, it is necessary to evaluate
“top-down” emissions through inverse modelling. In addition to the above-mentioned
WMO GAW network, which performs in situ measurements of greenhouse gas concen-
trations, the following ground-based and satellite remote observational systems are ac-
tively used now: TCCON (Total Carbon Column Observing Network,
http://www.tccon.caltech.edu/, accessed on 23 March 2024), COCCON (COllaborative
Carbon Column Observing Network, https://www.imk-asf.kit.edu/english/COC-
CON.php, accessed on 23 March 2024), NDACC (Network for the Detection of Atmos-
pheric Composition Change, https://www.ndacc.org, accessed on 23 March 2024) and GO-
SAT (Greenhouse gases Observing SATellite, https://www.gosat.nies.go.jp, accessed on 23
March  2024), IASI  (Infrared  Atmospheric = Sounding  Interferometer,
https://www .esa.int/Applications/Observing_the_Earth/Meteorological_mis-
sions/MetOp/About_IASI, accessed on 23 March 2024), OCO-2/3 (The Orbiting Carbon
Observatory 2/3, https://ocov2.jpl.nasa.gov and https://ocov3.jpl.nasa.gov, accessed on 23
March 2024), TROPOMI (TROPOspheric Monitoring Instrument, https://www.tro-
pomi.eu, accessed on 23 March 2024). It should be noted that the observations of TCCON,
COCCON, and NDACC networks are the core element of validation of satellite measure-
ments [12-15].

This paper is devoted to the analysis of the results of the FTIR (Fourier-transform
infrared) measurements of the main three greenhouse gases (CO2, CHs, and N20), which
have been carried out since 2009 at the atmospheric monitoring station of St. Petersburg
State University (STP station). The main goal of the study is to evaluate a long—term trend
of the atmospheric total column of key greenhouse gases for a midlatitude station located
on the Baltic Sea coast. In order to achieve this goal, the following research problems were
solved:

- the adaptation of retrieval strategies for deriving the total columns of CO2, CHs and
N:0 by FTIR spectra of direct solar radiation has been carried out. During this step,
special attention was paid to the specific features of the SPbU FTIR system and the
weather/climatic conditions of the STP station;
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- the archives of FTIR spectra recorded at the STP station within the period 20092022
were processed, and these activities resulted in obtaining the fourteen-year series of
TCs of key greenhouse gases;

- to evaluate the long-term trend of CO2, CHs and N20O, an original approach for ap-
proximation of the TCs time series has been proposed and implemented. It is based
on the Lomb-Scargle harmonic analysis of uneven time series, a cross-validation
technique for analyzing the optimality of the fitting model and statistical bootstrap-
ping for evaluating the reliability of the obtained long-term trends

The structure of our article is as follows:

- Introduction;

- Section 1: general information on the SPbU atmospheric monitoring station including
geographical, climate and weather features;

- Section 2: a description of the FTIR system installed at the STP station, and an over-
view of the inverse methods and retrieval strategies used to derive the total col-
umns/profiles of the target gases;

- Section 3: Results and Discussion, including the characterization of the retrieval re-
sults and a time series analysis aimed at identifying long-term trends for LLGHG
total columns;

- Conclusions.

Table 1. General information on investigated long-lived greenhouse gases (GHGs).

Chemical
Formula and Importance Atmospheric Lifetime Main Global Sources and Sinks
Name
Long-lived GHG, responsi-
ble for 16% of the radiative .
. . Sources: natural wetlands, agriculture and waste,
forcing, Global Warming Po- . . . o
! fossil fuels, biomass burning [5]; 50-65% of total
CHy, me- tential (100 years) GWP = 9-12 years emissions come from human activities [3]
thane 27-30 [3,16]; [1,17] )

Sinks: chemical loss by OH oxidation, soil uptake

CHa decay leads to the for- 5]

mation of tropospheric O3
and stratospheric H20 [1]

Sources: decomposition, ocean release and respira-
Complex function of ge- tion, fossil fuel combustion, cement production,
ochemical and biologi-  deforestation and other land-use change (land
cal processes [17], can clearing for agriculture, degradation of soils)
reach hundreds of years [9,17]; ~10% of total emissions come from human

Most abundant long-lived
CO, carbon GHG, responsible for 66% of
dioxide  the radiative forcing, GWP =
1,[1,3,16]

[18] activities [19].
Sinks: oceans and land ecosystems [9]
Long-lived GHG, responsi- Sources: oceans, soils, agriculture, fossil fuel and
ble for 7% of the radiative industry, biomass burning [6]; ~43% of total emis-
N20, nitrous  forcing [1], GWP =273 sions come from human activities [1].
) 116 + 9 years [6] ) . ..
oxide [3,16]; Sinks: chemical destruction in the stratosphere (by
stratospheric ozone-deplet- reaction with light and excited oxygen atoms),
ing substance soils uptake [6]

General Information about the SPbU Atmospheric Monitoring Station

The atmospheric monitoring station of SPbU is a mid-latitude observational station
located at 59.88°N, 29.83°E, 20 m asl. It was established in the 1970s
(https://phys.spbu.ru/englishpages/history.html, accessed on 23 March 2024) by the ef-
forts of Saint Petersburg State University (former Leningrad State University). In 2016, the
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atmospheric monitoring station of SPbU joined the NDACC network [20] as the St. Peters-
burg site (https://www.ndaccdemo.org/stations/st-petersburg-russian-federation, ac-
cessed on 23 March 2024). The instruments for atmospheric monitoring are installed in the
suburban Peterhof campus of SPbU, which is located at a distance of ~35 km southwest
from the center of St. Petersburg. The geographiclocation of the observational site of SPbU
is indicated on the map in Figure 1.

St. Petersburg is the second largest city in Russia and the fourth largest city in Europe.
According to the official information, the population of St. Petersburg reached ~5.6 million
in 2023 (http://council.gov.ru/en/structure/regions/SPE/, accessed on 23 March 2024). The
climate of St. Petersburg and its suburbs is classified as humid continental (Dfb—Koppen
climate classification) with moderately mild winters and moderately warm summers
(http://www.pogodaiklimat.ru/climate/26063.htm, accessed on 23 March 2024, in Rus-
sian). The air masses coming from the Atlantic have the greatest influence on the climate
of the region. Highly variable weather, with the frequent changes of Polar and Arctic air
masses, is largely defined by cyclonic activity. On average, the winds of the western,
north-western and south-western directions represent almost 46% (in autumn—about
50%) of all winds. Due to the predominance of westerly winds, most of the observations
at the monitoring station are performed outside the St. Petersburg pollution plume and
represent a regional background. In addition to FTIR observations, cases of air pollution
from both anthropogenic and natural emissions [21] can be detected at the STP station
using the NO2 DOAS measurements [22] as well as in situ monitoring of NOx, Os, CO,
CHs and CO: concentrations in the ambient air [23-25]. Mostly, these observational facili-
ties are provided and maintained by the GEOMODEL Resource Center of the SPbU Re-
search Park (https://researchpark.spbu.ru/en/geomodel-eng, accessed on 23 March 2024).
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Figure 1. The geographic location of the atmospheric monitoring site of SPbU (St. Petersburg site of
the NDACC) is indicated on the map by the red circle. STP is the NDACC acronym for St. Petersburg
site.
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2. Instruments and Methods
2.1. SPbU FTIR System

In January 2009, ground-based Fourier-transform infrared observations of direct so-
lar radiation in the mid infrared (MIR) spectral region had been started in testing mode at
the St. Petersburg site (SPbU). Routine FTIR measurements were launched in March 2009.
In 2016, the FTIR system operated by the Atmospheric Physics Department was certified
as an IRWG (the Infrared Working Group) NDACC instrument (https://www.ndac-
cdemo.org/stations/st-petersburg-russian-federation, accessed on 23 March 2024).

The high spectral resolution FTIR system [26,27] replaced the low resolution (~0.4—
0.6 cm™) solar IR dispersive (grating) spectrometer used at the St. Petersburg site in 1991
2009 for total column (TC) measurements of CHs and CO [28,29].

The FTIR system is installed in the building of the Faculty of Physics of SPbU. It con-
sists of a commercial Bruker IFS 125HR Fourier transform spectrometer (FTS) with a max-
imum spectral resolution Av=0.0019 cm™ and a self-designed solar tracker developed and
assembled at the Atmospheric Physics Department of SPbU [30]. The FTS and precise po-
sitioning sensor of solar tracker are placed in an air-conditioned room. The Bruker IFS
125HR is equipped with LN-cooled InSb and MCT detectors. For routine atmospheric
measurements, we use three broadband optical filters (F1, F2, and F3) with the following
transmittance bands: 2350-5400 cm™ (in combination with InSb detector), 1700-3400 cm™!
(in combination with InSb detector), and 650-1400 cm™ (in combination with MCT detec-
tor).

The routine monitoring of FTS alignment is performed using the laboratory spectra
of a HBr cell (#61) and N20 cell (#3). Since the first HBr spectrum measurement in April
2012, we controlled the state of IFS 125HR approximately once a month. The modulation
efficiency and phase error affecting the instrumental line shape were retrieved from cell
spectra using LINEFIT v.14.5 software [31]. These values obtained using HBr cell during
2012-2022 are given in Figure 2a,b.
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Figure 2. Modulation efficiency (a) and phase error (b) as a function of OPD for the 2012-2022.
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In total, within the period of 20092022, FTIR observations at the St. Petersburg site
have been performed for 1045 days (~19300 single spectra), i.e., ~80 days per year on av-
erage. Between 2009 and 2022, there were four gaps in the FTIR data due to FTS and solar
tracker failures and their subsequent troubleshooting.

Atmospheric FTIR observations use the sun as a light source, and therefore these
types of remote measurements are performed under clear sky conditions or when the
cloud cover has gaps sufficient to record at least a single spectrum. The distribution of
measurement days over a year is uneven for St. Petersburg, due to high cyclonic activity
in autumn and winter, and also due to the significant seasonal dependence of diurnal solar
illumination: from 5 h 51 min (winter solstice) to 18 h 50 min (summer solstice). On the
22nd of December the value of the SZA (sun zenith angle) is larger than 83.50° during
the whole day. Diurnal, seasonal and inter-annual cumulative distributions of the number
of single spectra acquired using all three optical filters (F1, F2, and F3) are given in Figure
3a, Figure 3b and Figure 3c, respectively.
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Figure 3. Diurnal (a), seasonal (b) and inter-annual (c) distribution of the cumulative number of
single spectra acquired at the St. Petersburg site in 2009-2022. All plots: left Y-axis shows the abso-
lute number of single spectra; right Y-axis shows relative value (in percent) which is equal to abso-
lute cumulative number of single spectra normalized to the total number (~19300) of single spectra
measured in 2009-2022.

The typical configuration of the FTIR system, which is used for the GHG monitoring
in the MIR spectral region at the STP station, is given in Table 2. An example of solar spec-
tra recorded at the St. Petersburg site is presented in Figure 4.

Table 2. Typical FTIR system setup for MIR atmospheric measurements of GHG at the St. Petersburg
station.

Detector LN-Cooled InSb

Beamsplitter KBr

Fieldstop, mm 0.8-1.3

Av, cm™ (OPD, cm) 0.005 (180)

Registered spectral range, cm™ 1,700_?)400
(optical filter F2)

Number of scans 4-10

1
20.10.2015
4 — F2,15:21 local time.
0.8 —
8 0.6
c
s
£ ]
[}
s
= 0.4 —
0.2 —
0 —_
1800 2200 2600 3000 3400

Wavenumber, cm
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Figure 4. An example of FTIR solar spectra acquired using F2 optical filter and LN-cooled InSb de-
tector.

2.2. Inverse Methods and Retrieval Strategies

If we consider the ground-based FTIR observations, a solution of an inverse problem
implies deriving quantitative information on total columns (TCs) and/or the volume mix-
ing ratio (VMR) vertical profiles of target gases in the atmosphere from the MIR spectra
of solar radiation. From a physical point of view, the retrieval of a gas VMR profile is
possible due to the dependence of the spectral line shapes of the gas molecules on the
vertical profiles of temperature and pressure in the atmosphere. The formalism for solv-
ing such an ill-posed problem of atmospheric sounding, which requires a certain amount
of a priori information, has been developed by Tikhonov [32] and Rodgers [33,34]. Opti-
mal Estimation (OE) and Tikhonov-Phillips regularization (T-P) are the two most com-
mon algorithms implemented in the retrieval codes SFIT (https://wiki.ucar.edu/dis-
play/sfit4/, accessed on 23 March 2024) [35,36] and PROFFIT [37,38]. Both codes are used
by IRWG NDACC groups for the FTIR spectra processing. The details on the theory of
inverse techniques and practical application to the ground-based FTIR observations can
be found in the papers by Tikhonov [32], Rodgers [34], Pougatchev et al. [35], Rinsland et
al. [36], Hase et al.[37], Sussmann et al. [39], and Garcia et al. [40]. T-P L1 regularization
[41] is used in the TC/VMR retrievals in the cases where the covariance matrix Sa, which
is a critical point for OE, cannot be constructed using reliable independent observations
[42].

The TCs and VMR profiles of atmospheric CH4, N20, CO, HCN, C2Hs, HCl, HF, O,
HNO:s, and CIONOQO: are routinely measured at the St. Petersburg site. Corresponding re-
trieval results for all these trace gases are available at the NDACC database (https://www-
air.larc.nasa.gov/missions/ndacc/data.html, accessed on 23 March 2024) in the form of
HDF files. In addition to the above-mentioned NDACC mandatory list of species, the fol-
lowing gases are measured at the STP site: COz, H20, CFC-11, CFC-12, HCFC-22, H2CO,
CHsOH, HCOOH, C:H: OCS, NHs, NO2 and N2. Data on CFC-11, CFC-12, HCFC-22,
H2CO, OCS can also be found at NDACC database, and the information on other gases
can be provided upon request. In the current work we are focusing on the FTIR monitor-
ing of long-lived greenhouse gases (CHs, N20O, and CO2). All the retrievals of these species
have been conducted by SFIT4 tools (v. 4.09.4.4).

For the greenhouse gases from the IRWG mandatory list (i.e., CHs, N20), the retrieval
of TCs and VMR profiles from high resolution FTIR spectra acquired at the STP site is
mainly based on the IRWG Uniform Retrieval Guidelines [43]. This document contains
the recommended retrieval strategies, which can be used by most of the FTIR sites with
various geographical, climate and weather conditions. For CO2, we use retrieval strategies
which were recently developed by the IRWG community (for details, please, see [44]).

The a priori information, which is homogeneous for all IRWG observational sites,
was constructed for most of the trace gases using WACCM v.6 simulations (Whole Atmos-
phere Community Climate Model, https://ncar.ucar.edu/what-we-offer/models/whole-at-
mosphere-community-climate-model-waccm, accessed on 23 March 2024) [45]. It in-
cludes:

- site-specific a priori VMR profiles of the retrieved and interfering species;
- site-specific a priori covariance matrixes (Sa) for the retrieved and interfering species
(constructed using WACCM v.6 data on variability of VMR profiles).

In our retrievals, all priori information is not time-dependent, i.e., we set it once and
keep it unchanged when processing all the years of measurements (2009-2022), so the de-
tected temporal variations of the target gases are completely based on observations.

A homogeneous input information on atmospheric pressure and temperature profiles,
which is necessary for the forward model calculations, is provided by NOAA/NWS/Na-
tional Centers for Environmental Prediction (NCEP) in the form of daily (at 12:00 UTC)
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profiles of temperature and geopotential heights on 18 pressure levels from 1000 to 0.4 hPa
at NDACC stations (https://www-air.larc.nasa.gov/mis-
sions/ndacc/data. html?NCE12.00UTCP=ncep-list, accessed on 23 March 2024). Spectros-
copy linelists are critical input data for getting reliable retrieval results. HITRAN databases
[4649] and ATM linelists created by G. Toon [50] (NASA Jet Propulsion Laboratory,
http://mark4sun.jpl.nasa.gov/toon/linelist/linelist.html, accessed on 23 March 2024) were
mainly used for this purpose. For each target gas we provided information on spectroscopy
linelists in the third column of Table 3. Information about solar spectral lines according to
[51] is incorporated into SFIT4 processing tools.

Table 3. Overview of retrieval strategies used at the STP FTIR site. Species from the IRWG manda-
tory list are marked by asterisk (*). The designation “L1” in the fifth column denotes the first-order
Tikhonov—Phillips constraint.

11 1 i Regularizati
Target Gas Spectral Intervals, Spec.tros.c OPI¢ " Retrieved Interfering Gases egularization References
Linelist Type

2613.70-2615.40 HITRAN 2000

CHs* 2835.50-2835.80 (with 2001 up- HDO, H20, CO:, NO: T-P L1 [39,43]
2921.00-2921.60 dates)

CO2 2627 10-2627.60 HITRA}I;I 3009 for H-0, HDO, CHs T-P L1 [44]
2629.275-2629.950 ’

2481.30-2482.60

N0 * 2526.40-2528.20 HITRAN 2008 CO2, H20, CHs4, Os T-P L1 [43]

2537.85-2538.80

2540.10-2540.70

3. Results and Discussion

3.1. Characterizing Retrieval Results: Spectral Fitting, Uncertainty Analysis and
Averaging Kernels

To describe retrieval results, the following main characteristics are usually reported
(the examples can be found in the papers [42,44,52-54]:

- the RMS discrepancy between the observed and simulated spectra as a measure of
the quality of spectral fitting (see column 3 of Table 4). The typical examples of spec-
tral fitting for corresponding spectral intervals used in the CHs, CO2, and N20 retriev-
als are given in Figures 5, 6 and 7, respectively;

- the uncertainty (error) budget including the analysis of random, systematic, and
smoothing uncertainties (see columns 7-9 of Table 4);

- the averaging kernels (AVKs) for VMR, the “sensitivity” of the retrievals to the meas-
urements [55] (Figures 8-10), and the value of degrees of freedom for the signal
(DOFS; see columns 5-6 of Table 4), which characterize the vertical sensitivity of the
retrieval. The sensitivity at altitude level i is calculated as the sum of the elements of
the corresponding averaging kernel XxAVKi;

- retrieved total columns (TCs), column-averaged dry-air mole fraction (Xcas) (see col-
umns 2-3 of Table 4). We calculated Xcas by dividing the total column of a target gas
(TCaas) by the dry pressure column (DPC) parameter [44,56]:

. = TCas

GAS ™ DPC 1)
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where maryir—the molecular mass of dry air (28.964 g mol™);
m0—molecular mass of H20 (18.02 g mol?);
Ps—surface pressure (mb), which is taken from NCEP input data used in the retriev-

als;

g(p)—the latitude-dependent gravitational acceleration;
TCr20—the total column of water vapor, which is a result of separate retrieval of H20

TC.
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Figure 7. Spectral fitting in the spectral intervals used for the N20O retrievals (the spectrum was ac-
quired 18 April 2021, 08:20:24 UTC).

Table 4 contains information about the mean (M) values of TC, Xcas, RMS, DOFS,
systematic, random, and smoothing uncertainties averaged over the entire measurement
period (2009-2022); standard deviation (o) is given as a measure of the variability of the
reported values.

The “AVK for VMR” functions and the “sensitivity for TC” functions have gas-spe-
cific altitude dependence (Figures 8-10). Together with the DOFS value (which is equal to
the trace of AVK matrix), they characterize the vertical sensitivity of FTIR observations to
the abundance of a target gas. AVKs characterize the degree of smoothing of the true pro-
file in the retrieval procedure; the sensitivity at each altitude indicates the fraction which
comes to the retrieval from the measurement rather than from the a priori information.
The DOFS value (a number of independent pieces of information) can be interpreted in
our case as a number of atmospheric layers for target gas which can be retrieved inde-
pendently from observations. For DOFS, we show two values in Table 4: the value of DOFS
for the entire atmospheric column and the value of DOFS which was calculated separately
for the troposphere (0-10 km). So, according to Table 4, only the TC value can be obtained
in the case of the CO: retrieval, since the corresponding DOFS < 2.0 (i.e., we have an inde-
pendent piece of information on only one atmospheric layer). Columns in two atmos-
pheric layers can be obtained in the cases of the CHsand N2O retrieval: in the troposphere
where DOFS > 1.0 and in the remaining overlying atmosphere (10-106 km).

The quantitative evaluation of uncertainties based on the formula developed by
Rodgers [33,34] is incorporated into the SFIT4 retrieval tools. This ensures the homogene-
ity of error estimates obtained by different IRWG groups. The error budget for all target
species is given in Table 4, and it consists of the following components:

- the systematic error which originates from the systematic uncertainties of the follow-
ing forward model/input parameters: spectroscopy (line intensity, line broadening
by pressure and temperature, solar line intensity), sun zenith angle (§ZA), curvature
of the spectrum baseline, phase, optical path difference (OPD), field of view (FOV).
The systematic error budget is mainly defined by uncertainties in the spectroscopic
information, i.e., line intensities and broadening factors [40];

- random error, which includes measurement error (due to measurement noise), ran-
dom uncertainties of forward model/input parameters, uncertainties of the parame-
ters of the retrieval algorithm, interference error (due to retrieved interfering gases)
and smoothing error. The dominant inputs into random uncertainty are as follows:
measurement noise, baseline uncertainty, and uncertainties in the input temperature
profile [40,42];

- the smoothing error, which is assumed to be random in our study (with no systematic
component), reflects the uncertainty due to the limited vertical resolution of the FTIR
observations.
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Figure 8. Typical AVKs for the CHs VMR retrievals (ppmv/ppmv) for a number of altitudes (solid
lines, see the legend) and the sensitivity (dashed line) to the CHs abundance as a function of altitude
(the spectrum was acquired 12 April 2023 09:46:57 UTC).
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Figure 9. Typical AVKs for the CO2 VMR retrievals (ppmv/ppmv) for a number of altitudes (solid
lines, see the legend) and the sensitivity (solid line) to the CO2 abundance as a function of altitude
(the spectrum was acquired 19 April 2022 12:24:21 UTC).
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Figure 10. Typical AVKs for the N2O VMR retrievals (ppmv/ppmv) for a number of altitudes (solid
lines, see the legend) and the sensitivity (dashed line) to the N20 abundance as a function of altitude
(the spectrum was acquired 18 April 2021 08:20:24 UTC).

The average values of random and systematic uncertainties, as well as smoothing
errors estimated for all three gases on the bases of the results of the fourteen-year retrievals
at the STP site are of 1-2%, 3-4% and less than 0.5%, respectively (see Table 4, columns 7-
9).

Table 4. Mean values (M) and standard deviations (o) of TC, Xcas, DOFS (“total” —for the entire
atmospheric column, and “tropo” —for the troposphere), and also random, systematic, and smooth-
ing uncertainties. All values were obtained as a result of FTIR spectra processing within the period
2009-2022.

Random Systematic Smoothing
DOFS Uncer- Uncer- Uncer-

Target  TC, molec/cm? Xcas, ppm RMS, % tainty, % tainty, % _tainty, %
Gas Total Tropo
Mz+o M+*o Mz+o Mz+o M+*o M+*o M+*o Mz+o
CHa4 (3.885 = 0.089)-10% 1.807+0.038 0.14+0.03 25+03 13+02 15+09 3.6+0.1 0.5+0.1
CO: (8.79 £ 0.23)-10% 409 + 10 0.14+0.03 14+02 07+01 22+09 34+02 05+04
N:=0 (6.59+0.12)-10®  0.3071£0.0055 0.18+0.06 26+02 1.6+01 12+02 26+0.1 0.2+0.1

3.2. Time Series Analysis: Long-Term Trends of GHG TCs

Figures 11-13 display CH4, CO2, and N20 TC and Xcas time series for 2009-2022 as
measured at the STP FTIR station. Previously, data filtering was carried out. Measure-
ments with high RMS/DOFS values [39] which were beyond the average value of
RMS/DOFS plus 30 were rejected. In addition to the RMS/DOFS criterion, the outliers that
manifested in obviously inadequate (extremely low or extremely high beyond the 30 var-
iability limits) values of the LLGHG TCs were also excluded from the time series. Before
filtering, the LLGHG time series included 6278 single measurements each. After applying
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the above mentioned criteria, the number of single measurements for CHs, CO2 and N20
became 6168, 6103 and 6163, respectively.

We assumed that the analyzed time series of TC can be approximated by a model
function Frc(t) that is the sum of a linear function and a set of N harmonic functions:

N
F.(t)= a+bu‘+Z c,cos(a,t+@) 3)

i=

where t is time; and 4, b, ¢i, @i and @i are the coefficients to be determined.

This is a typical approach which is widely used for the analysis of time series of at-
mospheric trace gases [54]. The TC long-term trend is equal to the coefficient b, which
determines the slope of the linear function (see Equation (3)). To obtain statistical charac-
teristics (the mean value of b, the confidence intervals/uncertainty of b) of long-term trends
for CHs, CO2 and N0, the analysis of TC time series of target gases was carried out in the
following three steps:

1. Harmonic analysis of the time series of LLGHG TCs. For this purpose, time series
were previously detrended using the simple linear regression. After detrending, the
Lomb-Scargle method, which is a modification of Fourier analysis for uneven time
series, was applied [57-59]. The outcome is a set of n periods/frequencies having
peaks (maxima) of spectral density in periodogram.

2. Estimation of an optimal set of N harmonic functions (from the whole set #) which
provides the best approximation. To achieve this goal, we evaluated the performance
of a model Frc(f) on unseen data (cross-validation technique). It involves dividing the
available time series (TC) into multiple subsets, using one of these subsets as a vali-
dation set, and training the model on the remaining subsets (https://www.geeksfor-
geeks.org/cross-validation-machine-learning/, accessed on 23 March 2024). We made
this analysis multiple times, including i most significant harmonic functions at each
step (starting from i =1 and ending with i =n). For each step we determined the RMS
value of the discrepancy between validation set and model function Frc(t). The opti-
mal number N provides the minimum value of the RMS discrepancy between the
model and the validation set. Approximations Frc(t) for 2009-2022, which were con-
structed with the optimal numbers N, are presented in Figures 11-13 by solid lines.

3. Evaluation of the mean value of a trend (coefficient b) and its confidence intervals/un-
certainty. For this purpose, the bootstrapping approach was implemented [54,60]. To
characterize the distribution function for trend (allowing us to estimate the mean
slope b and 1o uncertainty as distribution halfwidth), we used a bootstrap population
of ~400 (a further increase of this number does not lead to any noticeable changes in
the results).

At all stages, data fitting was performed by the least squares method. The Xcas trends
were determined in the same three-step way as for TC.
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Figure 11. (a) The CH4 TC time series (blue dots) and its approximation (orange line); (b) the CHa
Xacastime series (blue dots) and its approximation (orange line).
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Figure 13. (a) The N20O TC time series (blue dots) and its approximation (orange line); (b) the N2O
Xacastime series (blue dots) and its approximation (orange line).

Table 5 presents the estimates of the coefficient b (slope) which characterize the long-
term trends of LLGHGs’ TCs and Xcasin the atmosphere for different periods of time. The
second column of this table shows the mean values of the long-term trends of target gases
with 95% confidence intervals (20) for the fourteen-year (2009-2022) period of FTIR meas-
urements at the STP station observations. The third column (with subcolumns) presents
the results for the eleven-year (2009-2019) observations. If the variability of TC is influ-
enced by atmospheric pressure at the observational site, then the transition from the TC
to the Xacas excludes the influence of atmospheric pressure variations (see Equation (2)).
Xaas is a value widely used in studies of the atmospheric gaseous composition; however,
in our opinion, the long-term processes affecting the GHGs content in the atmospheric
column can be better characterized by the TC trend rather than the Xcas trend. If we take
into account possible (hypothetic) trends in atmospheric pressure, we can conclude that
the TC trend characterizes an increase of the total number of molecules absorbing IR ra-
diation in the column of the atmosphere.

Reasonable agreement of CHs and N2O TC trends for 2009-2019 captured by FTIR
measurements at the STP site of SPbU, Izafia Observatory (10, 28.3°N, 16.5°W, ~2370 m
a.s.l.) [40], and the University of Toronto Atmospheric Observatory (TAO, 43.66°N,
79.40°W, 174 m a.s.l.) [61] can be seen if we compare the third, the fourth, and the fifth
columns of Table 5. Here we should note that STP, IO and TAO are members of the
NDACC network; therefore, FTIR observations and their processing are consistent in gen-
eral for all three sites.

The above-described data analysis algorithm was also applied to the TC time series
of CHs, COz, and N20 simulated by the ECHAM/MESSy Atmospheric Chemistry (EMAC)
model (2009-2019). The EMAC model is a numerical chemistry and climate simulation
system which includes sub-models describing the processes in the troposphere and in the
middle atmosphere and their interaction with oceans, land and anthropogenic impacts
[62,63]. The simulation includes a comprehensive atmospheric chemistry setup for the
troposphere, the stratosphere and the lower mesosphere. The EMAC model profiles of
trace gas concentrations, pressure and temperature were simulated directly for the geo-
graphical location of the STP site. For an accurate comparison of the model (EMAC) and
the experimental (FTIR) trends, an EMAC simulation of the FTIR time series (EMAC TCr-
TiR_AVK) Was created. For this purpose, we generated a set of model profiles for the dates
coinciding with the dates of FTIR measurements, after that, following the Rodgers and
Connor [64] formula (see Equation (4)), model profiles were convolved (smoothed) with
the AVKs of corresponding FTIR measurements as follows:

x=AX-X,)*+X, 4)
where x is the EMAC profile of a target gas; xs is the smoothed EMAC profile of a target
gas; A is the FTIR AVK matrix; x. is the FTIR a priori profile of target gas.

Finally, smoothed EMAC profiles (xs) were used for the calculation of total columns
(EMAC TCrrr_avk). Trend estimations for EMAC TCrrir_avk of LLGHGS are given in the
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sixth column of Table 5. It can be seen that the trends of TC obtained from the FTIR mon-
itoring results and from model simulations for N2O and CO: agree within 30. The largest
difference in the TC trends, amounting to 0.28% yr and exceeding the 3¢ limit, was ob-
tained for CHa.

Table 5. The LLGHGs linear trends (+20) in the atmosphere revealed from the results of FTIR meas-
urements at the STP site in comparison to IO [40] and TAO [61] trends, EMAC model trends, global
VMR trends obtained at the GAW in situ observational network for GHGs (WMO, 2022), and VMR
trends determined using in situ observations of CHs and CO:2 at STP site [65]. The periods for which
LLGHGs trends were estimated are given in the second row of the table.

Mean Trend
2009-2022 2009-2019 2012-2021 2013-2019
Target Gas Global In
FIIRTC,  prrpe  FTIRTC  FIIRTC EMACTG: prp s Situ VMR FTIR Xoas  In Situ VMR
FTIR Xcas (I10) (TAO) TIR_AVK (GAW)
H.
(;: ﬁjl 046£0.02 '\ oo 0434003 0412003 016+00s 047005 051 0.52 +0.04 0.49
°Y 8.8+0.4 e e e B 85+1.0 9.2 9.4+0.7 8.6+0.8
ppb yr!
CO
’ 0.56 +0.01 061+0.02  0.61 0.61 +0.04 0.60
[ ~1 4 - -
Py agxo0s 028002 0922002 5504007 246 25:01 242401
ppm yr-
N20,
o erl 0282001 o 0o 0314003 ) 00000y 030003 031 0.26 +0.04 ]
°Y 082+0.03 e TETTT 091008 1.01 0.8+0.1
ppb yr!

The Xcas trends for 2012-2021 estimated using FTIR measurements at the STP station
and global VMR trends obtained at the GAW in situ observational network for GHGs [1]
are presented in the seventh and eighth columns of Table 5. The ninth and tenth columns
show the trends obtained using FTIR Xcas data and the results of in situ monitoring of
CO2 and CHs VMR at the STP station in 2013-2019, respectively. It should be noted that
the publication by Foka et al.[65] is devoted to the analysis of trends of in situ VMR meas-
urements carried out at the same location where the FTIR observations were performed.
A reasonable agreement (within 20) of the FTIR Xcas trends with the in situ VMR trends
reported in both papers [1,65] was obtained. When comparing trends of Xcas with the
results of the in situ monitoring of VMRS, it should be taken into account that, in contrast
to the in situ measurements which characterize the lowest tropospheric layer (the surface
layer), FTIR measurements characterize processes throughout the atmosphere with the
maximum sensitivity corresponding to the middle and upper troposphere (see Figures 8-
10).

We would like to draw attention to the CO: TC trend over the fourteen-year period
2009-2022, which is equal to 0.56% yr'. This is the lowest trend value among the CO> TC
trends reported in Table 5 for other shorter periods: 0.58% yr for 2009-2019; 0.61% yr
for 2012-2021 and for 2013-2019. Our analysis has shown that the reason for this result
was a significant drop in the growth rate of CO:z in 2022, which was manifested not only
in the CO: TC data obtained at the STP site, but also in the results of the in situ measure-
ments. For example, at the high-altitude Mauna Loa observatory (~3400 m a.s.l.) where
the VMR observations are representative for the free troposphere, the CO2 annual mean
growth rate in 2021 was (2.37 + 0.11) ppm yr, while in 2022 it dropped to (1.81 + 0.11)
ppm yr! (the lowest value since 2008) [10,11].

It should be noted here that most NOAA GML stations are also part of the GAW
WMO network. NOAA GML is the GAW WMO Central Calibration Laboratory
(https://gml.noaa.gov/ccl/scales.html, accessed on 23 March 2024), responsible for main-
taining and distributing the WMO Mole Fraction scale for GHGs concentrations in atmos-
pheric air. It provides the compatibility of GHGs measurements on a global scale and
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ensures the consistency of the trends obtained using GAW WMO observations (given in
Table 5) with the corresponding trends according to NOAA GML data, which we discuss
below. A graphical comparison of the CHs, CO2 and N20 Xcas trends registered at the STP
site over 2009-2022, with the global growth rates of VMR obtained for the same period by
the NOAA Global Monitoring Laboratory (NOAA GML [10,66]), is shown in Figure 14a—
¢, respectively. This figure clearly demonstrates that for CHs and COy, the fourteen-year
Xaas trends (solid dark blue lines) lie within the 95% confidence limits (blue stripes in
Figure 14a,b) of the mean global VMR growth rates (dashed light blue lines) obtained as
a result of VMR in situ measurements carried out in 2009-2022 by the NOAA GML. In
contrast to CHs and COz, the N20 Xaas trend lies inside the 99% confidence interval but
outside the 95% confidence interval (blue shaded area in Figure 14c) of the mean global
growth rates of the N2O VMR.
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Figure 14. The CHai (a), CO:z (b) and N20 (c) Xcas trends (solid dark blue lines) registered at the STP
site (2009-2022) in comparison to the annual global growth rates of VMR (solid light blue lines) and
mean global VMR growth rates (dashed light blue lines) over 2009-2022 obtained by the NOAA
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Global Monitoring Laboratory [10,11,66]. Error bars are the 95% confidence intervals for Xcas trends
and for annual global growth rates of VMR. Blue shaded area is the 95% confidence interval for the
mean global VMR growth rates over 2009-2022.

4. Summary and Conclusions

In this paper, we provide a rigorous assessment of the trend parameters of the total
columns of key atmospheric greenhouse gases derived from multi-year observations at
our FTIR station. Over many years, we made extensive measurements of the COz, CHy,
and N:0 total columns using a high resolution FTS Bruker IFS 125HR at a midlatitude
station located on the Baltic Sea coast.

We applied an original approach for the TC time series analysis, which combines the
Lomb-Scargle method with the cross-validation and bootstrapping techniques. As a re-
sult, the fourteen-year trends of the COz, CHs, and N20 total columns for our FTIR site
were evaluated. We carried out a comparison of our results with the trends obtained by
the numerical modeling, and also by the in situ and FTIR atmospheric monitoring per-
formed at different geographical locations.

The main findings of the paper are as follows:

1.  The retrieval strategies from IRWG NDACC for deriving the CO2, CH4 and N20 total
columns in the atmosphere from high-resolution FTIR spectra of direct solar radia-
tion [39,43,44] have been adapted to the observational conditions at the STP station.
The application of these adapted strategies resulted in the LLGHG TC retrievals with
random and systematic uncertainties, on average, equal to 2.2% and 3.4% for CO,
1.5% and 3.6% for CHs, 1.2% and 2.6% for N2O, respectively. The average values of
the smoothing uncertainty are of 0.5%, 0.5%, and 0.2% for CO2, CHs, and N:O, re-
spectively.

2. The average values of the COz, CHs, and N20 TCs for 2009-2022 observed at the STP
site constitute 8.79-102! molec/cm?, 3.885-10' molec/cm? and 6.59-10'8 molec/cm?, re-
spectively. The average values of Xcas are equal to ~409 ppm for COz, ~1.807 ppm for
CHs, and ~0.3071 ppm for N20O.

3. Anevaluation of the TC and Xcas trends for LLGHGs was carried out using the com-
bined approach for time series analysis. This approach included the Lomb-Scargle
method for harmonic analysis, the least squares method for data fitting, the cross-
validation algorithm to determine the optimal number of harmonic functions, and
the bootstrapping technique to estimate the confidence intervals of trends. The four-
teen-year (2009-2022) trends of TCs and Xcas estimated using such a combined ap-
proach are as follows: (0.56 + 0.01) % yr and (2.28 + 0.05) ppm yr~! for COy; (0.46 +
0.02) % yr and (8.8 + 0.4) ppb yr' for CHy; (0.28 + 0.01) % yr and (0.82 + 0.03) ppb
yr! for N2O;

4.  The TCs and Xaas trends of LLGHGs observed at the STP site are in general agree-
ment with the results of in situ VMR monitoring carried out at the same geographical
location in the period 2013-2019 (Foka et al., in print), and with the independent es-
timates of global VMR growth rates obtained by the GAW network in the period
2012-2021 (WMO, 2022) and the NOAA Global Monitoring Laboratory in the period
2009-2022 [10,11,66]. There is reasonable agreement between the CHs and N2O TC
trends for 2009-2019 at the STP site, at Izafia Observatory [40], and also at the Uni-
versity of Toronto Atmospheric Observatory [61].

5. A comparison of the EMAC model results with the FTIR data shows that for N2O and
CO, the EMAC and FTIR trends of TC agree within 30. The largest difference in the
experimental and model TC trends, amounting to 0.28% yr and exceeding the 3o
limit, was obtained for CHa.
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