10

15

20

25

Earth System
Science

iData

https://doi.org/10.5194/essd-2026-762
Preprint. Discussion started: 6 November 2026
(© Author(s) 2026. CC BY 4.0 License.

en Access
suoIssnasIqg

Long-term time series of ground-based NDACC FTIR trace gases at
Paris between 2011 and 2022

Hao. Fu', Pascal Jeseck®, Christof Janssen®, Corinne Boursier!, Christian Rouillé!, Patrick Marie-Jeanne?,
Julien Rozé!, Tamer Abou Karroum?® and Yao Té!

1Sorbonne Université, CNRS, MONARIS-IPSL, UMR8233, F-75005 Paris, France

Correspondence to: Yao Té (yao-veng.te@sorbonne-universite.fr) and Hao FU (hao.fu@sorbonne-universite.fr)

Abstract. We present long-term atmospheric trace gas measurements at Paris (48°50'04” N, 2°21'02" E; 60 m a.s.l.), using
ground-based remote sensing technique and covering the period 2011-2022. The Fourier Transform Spectrometer of the Paris
station (FTS-Paris) has been operated regularly since 2011 and has been part of the Total Carbon Column Observing Network
(TCCON) since 2014. It recently joined the Network for the Detection of Atmospheric Composition Change — InfRared
Working Group (NDACC-IRWG). Here we describe the instrument setup, the automated operation mode, and the SFIT4
retrieval strategy for ten Paris NDACC-IRWG products: CH4, N2O, CO, CyHg, H2CO, NO,, OCS, HCI, HF and HCN. The
nominal retrieval settings were selected by comparing and evaluating the OEM and TP methods, using spectral fit quality,
vertical profiles, degrees of freedom, averaging kernels, and retrieval errors as criteria. Data quality is assessed through error
characterization, instrument line shape sensitivity study, comparison with previous PROFFIT9 retrievals, and evaluation of
the post-processing filtering criteria. Retrieval noise dominates the random error, while spectroscopic uncertainties are the
main source of the systematic error. Post-processing filtering removes about 2—6% of data, mostly outliers. The 2011-2022
time series show increasing trends for CH4 and N»O, decreasing trends for CO, C,Hg, H.CO, NO; and OCS, and an undefined
long-term evolution for HCI. HF and HCN records only cover the 2018-2022 period and derived trends require caution. The
Paris FTIR measurements have been archived in the NDACC data repository and on Zenodo using the Hierarchical Data
Format version 4 (HDF4).

1 Introduction

Monitoring atmospheric constituents is vital for understanding climate change, air quality, and their impacts on ecosystems
and society. Despite their low concentrations, trace gases such as carbon dioxide (CO2), methane (CH,), ethane (C,Hs), and
nitrous oxide (N2O) play crucial roles in atmospheric chemistry and radiative forcing. Precise continuous observations of these
gases provide crucial information for quantifying emissions, evaluating atmospheric models, and validating satellite
measurements used in global climate assessments. They also provide data support for the development of policies aiming at
sustainable development.
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Fourier Transform Infrared (FTIR) spectroscopy represents a mature and widely deployed technique for atmospheric
observation via ground-based and spaceborne instruments. The measurement of high-resolution solar absorption spectra allows
for retrieving multiple trace gases with high precision. Through forward modelling and retrieval strategies applied to specific
spectral regions targeting different gases, the atmospheric concentrations of multiple trace gases can be retrieved. Long-term
FTIR measurements, in particular, allow the detection of both short-term variations and long-term trends of various species
relevant to climate and air quality (Hase et al., 2004; Kohlhepp et al., 2012; Vigouroux et al., 2018; Wunch et al., 2016; Zhou
etal., 2016).

The FTIR spectrometer in Paris (FTS-Paris) operates within two major international ground-based networks. The Total Carbon
Column Observing Network (TCCON; Wunch et al., 2011) employs near-infrared (NIR) solar spectra to retrieve column
densities of key greenhouse gases (e.g., CO2, CH4, and N20), serving as a primary reference for satellite calibration and
validation. The Network for Detection of Atmospheric Composition Change — Infrared Working Group (NDACC-IRWG, De
Maziere et al., 2018) operates in the mid-Infrared (MIR) region and focusses on the long-term monitoring of stratospheric and
tropospheric components to investigate atmospheric trends, transport, and chemical processes.

The FTS-Paris instrument (Té et al., 2010) has been installed on the Campus Pierre et Marie Curie of Sorbonne Université in
2006. It is located in the heart of the downtown Paris and provides a unique urban perspective. Paris is the third largest
European megacity with more than 2 million inhabitants in the city of Paris covering an area of 105 km? and with about 12
million inhabitants in the greater Paris area (ile de France region) that covers about 12 000 km2. Similar to other megacities,
large emissions of anthropogenic pollutants and greenhouse gases are expected. The city lies on the Seine River in a general
fault basin with low surrounding hills, which can favour accumulation of pollutants under certain meteorological conditions.
Regular atmospheric observations based on the FTS-Paris instrument have been performed since 2011 (T¢é et al., 2010, 2012),
covering the spectral ranges of both networks.

FTS-Paris has joined the TCCON network in 2014 and is part of the NDACC-IRWG since 2024. Within the TCCON network,
FTS-Paris data have contributed to a series of studies focusing on greenhouse gases and carbon cycle processes. For instance,
these measurements supported the validation of satellite observations, for example OCO-2 (Orbiting Carbon Observatory;
Taylor et al., 2022) or TROPOMI Sentinel-5P (Sha et al., 2021) and were utilised to quantify carbon dioxide emissions from
northern forest fires through the assimilation of TROPOMI and TCCON observations (Voshtani et al., 2025). Furthermore,
data from FTS-Paris have been employed in recent assessments of global methane fluxes (Tsuruta et al., 2025) and
investigations into interannual variations in global satellite-observed carbon dioxide (Guan et al., 2023).

In the frame of NDACC, FTS-Paris data have been employed to investigate several key trace gases retrieved from mid-Infrared
spectra, including CO, C,Hg, H.CO, and OCS. These datasets have facilitated analyses of seasonal variations across multiple
FTIR sites (Té et al., 2016), coordinated multi-species assessments during COVID-19 lockdowns across NDACC stations
(Ortegaetal., 2023), and contributed to global OCS trend analyses across different atmospheric layers (Hannigan et al., 2022a).
For H,CO, FTS-Paris data have been incorporated into the following studies: a unified FTIR study (Vigouroux et al., 2018),
OMI Collection 4 product evaluation (Ayazpour et al., 2025), satellite validation of OMPS-NM data (Kwon et al., 2023),
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European weekly VOC (Volatile Organic Compound) flux estimation based on TROPOMI H,CO (Oomen et al., 2024), and
bias correction of OMI H.CO data (Mdller et al., 2024).

All previous FTS-Paris NDACC-related studies were based on retrievals using the PROFFIT9 software (Hase et al., 2004),
employing earlier versions of spectral databases (e.g., Hlgh-resolution TRANsmission (HITRAN) 2008 (Rothman et al.,
2009)) and previous prior models 41-year Whole Atmosphere Community Climate Model from 1980 to 2020 (WACCMBS,
Marsh et al., 2013). While both PROFFIT9 and SFIT4 are officially recognised inversion tools by the NDACC-IRWG, the
majority of NDACC sites currently utilise SFIT4, which has been updated from its predecessor SFIT2 (Hase et al., 2004;
Pougatchev et al., 1995; Rinsland et al., 1998). To ensure consistency and minimise potential systematic differences with other
sites, we have transitioned to use SFIT4 for FTS-Paris spectra inversions. This paper presents, for the first time, NDACC-Paris
results obtained using SFIT4 v1.0.21, which incorporates the updated HITRAN 2020 (Gordon et al., 2022) spectral database
and the latest NDACC-IRWG a priori profile set, commonly referred to as IRWG7, which is derived from 61-year Whole
Atmosphere Community Climate Model from 1980 to 2040 (Gettelman et al., 2019).

The paper is organised around the construction and evaluation of the Paris NDACC-IRWG data product. Section 2 describes
the station, instrument configuration, and automated operation. Section 3 summarizes the retrieval principles needed to
understand the subsequent choices. Section 4 then gives the reproducible retrieval recipe: the forward model inputs, the
inversion strategy, the use of representative OEM and TP examples, and the data quality checks that support the routine
product. Section 5 presents the automated SFIT4 processing and the 2011-2022 timeseries. Section 6 provides summary and

conclusions.

2 Description of the Paris station
2.1 Description of the FTS-Paris spectrometer

The FTS-Paris instrumentation has been well described in previous studies (Koshelev, 2018; Té et al., 2010, 2012). We
therefore give only a short account with focus on recent modifications and improvements. The Bruker Optics IFS 125HR
(FTS-Paris; 48°50'04” N, 2°21'02" E; 60 m a.s.l.) (Té et al., 2010) is a Michelson interferometer (Griffiths and de Haseth,
2006), installed on the 5 floor of the Qualair station in central Paris (https://qualair.fr/), an experimental research platform
dedicated to observing the chemical and dynamic variability of the atmosphere using complementary in situ measurements
and remote sensing observations. The spectrometer is coupled to a dedicated sun tracker on the rooftop, as shown in Fig. 1.
The sun-tracker consists of two plane mirrors that rotate along an azimuth and elevation axis driven by two stepper motors.
The first mirror can rotate around the horizontal axis to follow the elevation position of the Sun and the second is fixed on the
base plate, which can rotate around the vertical axis to follow the azimuth of the Sun. The arrangement of the two mirrors
guarantees that the solar light is always reflected downward with a constant direction into the spectrometer, independent of the
solar position. A dome from Astroplast (www.lichtbauelemente.de) shields the sun-tracker from environmental factors like

rain and wind when it is not in use. To start sun tracking, the system calculates the expected position of the sun using local

3
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coordinates and astronomical ephemerides data. Fine tracking is then accomplished by a charge-coupled device (CCD) camera
and a feedback loop software, called Camtracker (Gisi et al., 2011), which keeps the sun image centre on the centre of the

spectrometer input collimator iris (see right panel of Fig. 1). The whole system achieves a high pointing accuracy, within 1

arcminute and compensates the apparent daily trajectory of the sun.

Figure 1: Left: a photo of the sun-tracker and its protective dome of the FTS-Paris instrument, top right is a schematic setup of the
tracker reproduced from Gisi et al. (2011, Fig. 3). Right: Camtracker image capturing the sun image centre through the spectrometer
input collimator iris centre.

The mid-infrared spectra are recorded by passing the light through an entrance aperture of 0.8 mm before a calcium fluoride
(CaF,) beam splitter onto a liquid-nitrogen cooled InSh detector combined with one of 4 possible optical filters to cover the
spectral region from 1850 to 5000 cm™, see Table 1. Table 1 summarizes the spectral acquisition settings, the retrieved
NDACC-IRWG species, and the instrumental setups. The optical filter NDACC11 has been used throughout at the beginning
of our NDACC-IRWG activities. Other optical filters (NDACCO01, NDACCO02 and NDACCO5) have been installed in June
2018. Until March 2015, NDACC-IRWG solar spectra were acquired with a spectral resolution of 0.0035 cm™ (258 cm of
maximum optical path difference, MPD). Since then, the resolution has been reduced to 0.005 cm™ (MPD 180 cm). As the
instrument has operated in both NDACC-IRWG and TCCON configuration, the photoconductive mercury—cadmium telluride
(MCT) detector covering 650-1300 cm™ is no longer used for NDACC activities, because TCCON measurement require a
CaF;, beam splitter which cuts the radiation below 1200 cm™. The recording scheme is the following: 8 TCCON, 8 TCCON
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LowRes?, 2 NDACC11, 2 NDACCO05, 2 NDACCO02 and 2 NDACCO1 spectra. The acquisition of one NDACC spectrum takes
around 3 minutes. A full sequence of TCCON and NDACC measurements takes around 35 minutes. Figure 2 shows an example
of spectra measured with the different optical filters.

CHp4 +—o| Cay’ ——NDACC 01
o | _— HCl2 ——NDACC 02
o~
——— NDACC 05
CoHh | = NDACC 11
“ . CH,!
n
o T HCN!23
> N:OI.Z,,‘,A
% N,123
_S COI.Z.]
82
E
HF!
o
o
. Il ,
=] s
T T | T T T T
4500 4000 3500 3000 2500 2000 1500

Wavenumber cm-1

Figure 2: Example of the solar spectra measured with the FTS-Paris using 4 different filters. Standard NDACC-IRWG products
are indicated together with the micro-windows used for the retrieval. The upper index attached to the molecular formula represents
the micro-window where the gas is retrieved.

Table 1: Description of FTS-Paris atmospheric spectra in NDACC-IRWG range and history.

NDACC optical filters

NDACC11 NDACCO02 NDACCO05 NDACCO01
Spectral region (cm™) 1850-3200 2600-4200 1400-2600 3500-4800
Focal length (mm) 418.00
Aperture Setting (mm) lor1.15
Beam splitter setting CaF2
Scan time (s) 143.66
Number of scans 2
Resolution (cm™) 0.005
NDACC retrieved species CO, C2Hg, HCI, CH4, N2O CcoO HCN HF

NDACC 11 setup list

Resolution Aperture Setting Field of

Setup (cm™) (mm) View

Start End Scan time (s)

1 TCCON LowRes indicates a measurement at lower spectral resolution (0.5 cm™) corresponding to EM27/SUN spectrometer,
in order to compare with collocated EM27/SUN measurements.

5
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(FOv,

mrad)
16/10/2007 14/10/2009 204.63

1 0.0035 1.0 2.3923
16/02/2010 04/03/2013 204.63
02/04/2013 24/09/2013 204.64

2 0.0035 0.8 1.9139
21/10/2013 13/04/2015 71.86
15/04/2015 28/12/2017 205.27

3 0.005 0.8 1.9139
20/06/2018 03/06/2024 143.66
4 0.005 1.0 2.3923 03/06/2024 Up to now 143.66

NDACCO01, 02 and 05 setup list

0.005 0.8 1.9139 20/06/2018 03/06/2024 143.66
0.005 1.15 2.7512 03/06/2024 Up to now 143.66

2.2 Description of the automation software

In order to optimize spectra acquisition for both, the TCCON and NDACC-IWRG configurations, we have developed the
FTSpectRA software (Rozé et al., 2024) that allows for automatic operation of the FTS-Paris since May 2024. The FTSpectRA
software based on a state machine is written in Python for easy distribution and maintenance and its goal is to minimize manual
intervention. It controls the whole instrumentation chain and comprises four main modules: a security device interface, a sun-
tracking system interface, a spectrometer interface, and a pyranometer interface (see Fig. 3), which will be described in the
following.

The sun-tracker installed on the rooftop requires protection from rain and heavy winds. This protection is provided by a dome,
which opens during measurements (Fig. 1, left panel). To automate the dome operation, independent sensors monitor the solar
flux, the mechanical positioning of the sun-tracker and the rainfall. A dedicated MCU (Microcontroller Unit) board (Fig. 3,
orange box) manages the communication with these sensors via a RS232 serial interface, ensuring safety through built-in
checks and redundancies. For instance, the dome remains locked unless the sun-tracker is in its parking position, because the
actuator that controls opening or closing the dome could damage the sun-tracker if it is not in parking position during opening
or closing. A Kipp & Zonen SMP3-A pyranometer (Kipp & Zonen, 2023) provides solar radiation flux data. By comparing
the measured flux with a model (Aigner et al., 2023; Duchon and O’Malley, 1999; Meyers and Dale, 1983), the system (Fig. 3,
green box) determines whether to start measurements. SMP3-A pyranometer acquisitions run continuously. Averaged readings
and hysteresis are used to reduce sensitivity to brief cloud bursts and prevent on-off oscillations near the model threshold.
Both, the averaging window and the number of pyranometer measurements (greater or lower than a threshold) to trigger
opening or closing of dome are configurable (hysteresis). FTSpectRA will open the dome to start measurements even during
relatively short periods of favourable conditions. It will halt them as soon as rain is detected or the solar flux is under the
threshold.

However, the Camtracker software lacks an API, making external interfacing challenging. We solved this problem by running
Camtracker commands via the operating system. The key challenge was to retrieve the system status which is sent to

Camtracker via User Datagram Protocol (UDP) messages. To obtain the status information, we implemented a method to sniff

6
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and decode the UDP frames using scapy (https://scapy.readthedocs.io/en/latest/), therefore enabling real-time system state
monitoring. FTSpectRA also launches measurements using Bruker’s OPUS software (Fig. 3, blue box) via its HTTP-based
Application Program Interface (API). This API allows external control, enabling FTSpectRA to execute OPUS macros. To
150 enhance reliability, we have also established direct communication between FTSpectRA and the spectrometer control server.
This ensures system recovery in case of an OPUS crash. OPUS itself does not provide a signal to the spectrometer to stop
acquisition if it fails, therefore leaving the instrument in an unknown state after a software crash. We have therefore
implemented a reset mechanism.
Before the introduction of FTSpectRA (between May 2020 and May 2024), measurements were available on (31 + 11) % of
155 the annual operational days, where operational days denote days without any instrumental failure, and the reported
uncertainties represent the observed standard deviations. After the implementation of FTSpectRA (June 2024 to June 2026),
this fraction increased to (56 + 5) %. This corresponds to an approximately 81% relative increase compared with the pre-

FTSpectRA period. This improvement in operational efficiency allows us to achieve a greater number of measurements per
year.

=" Sun tracker

| CamTracker R 8ok
ruker

Ny

Spectrometer T
Bruker IFS-125HR | A————IN{ N
'~ P Opus |
N Tl /

4P  Serial communication - RS232 -
+— — — = Run via 0S command

Pyranometer
Kipp&Zonen
SMP3-A

......... -~ HTTP protocol
PP #  Opus API
———() sniffing [4]
160 4TTTT77»  External communications

Figure 3: Operation scheme of the FTSpectRA software indicating the interactions with different interfaces. The orange box is the
security device interface, the yellow box is the sun-tracking system interface, the blue box is the spectrometer interface and the green
box shows the pyranometer interface.

3 Principles of atmospheric retrieval

165 The primary objective of our measurements is to derive the concentration of target trace gases within the atmosphere by
analysing observed solar absorption spectra. Each spectrum contains the absorption characteristics of the atmospheric
constituents, enabling the extraction of total columns or vertical profiles of the absorbing target gases. FTS-Paris spectra
(example in Fig. 2) represent the spectral radiance L(v, z) entering the instrument after transmission through the atmosphere.
The radiance can be described by the radiative transfer equation (Garcia et al., 2021; Rodgers, 2000):

170 L(v,z) =LWv,0)t(v,0,2) + ¢ 1)
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where L(v, 0) is the incoming solar radiance at the top of the atmosphere, and t(v, 0, z) is the atmospheric transmittance
between the surface and altitude z. The term e’ represents the contribution from atmospheric emission along the path, which
depends mainly on the temperature. This contribution is negligible for ground-based solar absorption measurements, because
the thermal emission from the atmosphere is extremely weak compared to the direct solar radiation.

The transmittance (v, 0, z) can be written as

©(v,0,2) = exp[— [ % kilv. TzNfilv, p(2), T(z)]pi (z')dz'] )
where k;[v, T(z")] is the line strength of species i at wavenumber v, which depends on the temperature T (z") through the
population of the molecular energy levels, f;[v,p(z"), T(z")] describes the spectral line shape function that characterizes how
the absorption is distributed around the line centre. The shape and width of this function depend on the local pressure and
temperature at altitude z'. Finally, p;(z") is the number density of species i at altitude z'.

By integrating these physical quantities within a radiative transfer framework, the measured absorption spectrum can be
quantitatively correlated with the vertical distribution of the atmospheric absorbers. Equation (2) forms the basis for the
inversion procedure, where the forward model calculates a theoretical spectrum from atmospheric state parameters, which is
then compared and fitted to the observed spectrum. In this retrieval procedure, the measured spectrum is represented as the
simulation result with an additional error:

y=F(xn)+e, (3)
where y represents the measurement vector L(v, z) and F(x, n) denotes the simulated values from the forward model in Egs.
(1-2). The unknowns include a state vector x and a parameter vector n, which describe the atmospheric state and the
instrumental parameters, respectively. & signifies the measurement error. The problem described by Eq. (3) is ill-posed,
meaning that multiple atmospheric states x can result in nearly identical spectra y. To address this, a cost function is used to
constrain the calculation results:

C(x) = [y — F(x,m)]"S5' [y — F(x, )] + [x — x,]"S5* [x — x,], (4)

The cost function € (x) consists of two terms. The first term represents the difference between the measured spectrum (y) and
the simulated spectrum for a given atmospheric state (x). S, is the measurement covariance matrix of y — F(x,n). The
second term is the regularization term, which constrains the atmospheric state (x) towards the most likely state (x,), also
called the a priori profile, whereby the kind and strength of the constraint are defined by the a priori covariance matrix (S,).
The convergence is reached by numerically minimizing the cost function in Eq. (4). The (i + 1)" iteration of the minimization
procedure yields the approximated atmospheric state vector X;,;:

X1 —xq = Gi[y — F(x,n) + K;(%; — x,)], ®)
where x, is the a priori atmospheric state, ; is the retrieved atmospheric state vector at the i" iteration, K; = K(X;) is the
Jacobian matrix evaluated at X;, K; describes the sensitivity of the simulated spectrum to changes in the state vector x. G; is
the gain matrix which describes the sensitivity of the retrieved state to changes in the measurement vector y. To characterize

the relationship between the retrieved results and the actual atmospheric state due to the imperfect vertical profile resolution
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of the ground-based remote sensing FTIR instrument. This relationship is theoretically characterised by the averaging kernel
(AVK) matrix A4, which is calculated by A = GK. It captures how the retrieval depends on changes in the atmospheric state:
X—x, =Ax —xg), (6)
Each element of the AVK matrix A represents the sensitivity of the retrieved parameter in a specific atmospheric layer with
respect to the true state vector in the different layers.

Furthermore, the retrieval error can be decomposed into smoothing error, model parameter error, and retrieval noise as:
X—x=A-L)x—x,)+GK,(n—n) + Gg, (7)

dF (x,n)

where (A — I,,)(x — x,) describes the smoothing error, I,, is the identity matrix, K,, = _ represents the Jacobian

n=n
matrix with respect to forward model parameters n, such as temperature profiles, spectroscopic parameters and interfering
species, 71 denotes the corresponding parameter values adopted in the retrieval, GK,,(n — 1) describes how uncertainties in
these parameters propagate into the retrieved state, and the term G represents the retrieval noise (Rodgers, 2000).

In the NDACC-IRWG retrieval, two different retrieval methods are commonly used: the Optimal Estimation method (OEM)
or the Tikhonov-Phillips regularization method (TP) (Garcia et al., 2021; Yamanouchi et al., 2023). OEM is a Bayesian
retrieval technique. It is based on the principle of combining measurements with prior knowledge to find the most probable
atmospheric state. TP is a mathematical technique for solving ill-posed inverse problems by adding a regularization term to

the cost function. In this work we have tested and used both methods.

3.1 Optimal Estimation method

The optimal estimation method (OEM) is based on Optimal Estimation Theory as developed by Rodgers (2000). The OEM
approach is based on the solution of Egs. (3-6) as outlined above. The optimal solution is given by:

Ripr =%+ (S2'+ K[ SSK) KT S (y — FR)) — S22 (R — x4)], (8)
where i represents the iteration number, S, is the observation covariance matrix, which accounts for the observational
uncertainties and errors, which is given by:

S, =021, ©)
where | is the identity matrix, and o represents standard deviation of noise in the residuals of the spectral fit. When the retrieval
is completed by fitting the spectra within the selected micro-windows, the best estimate of the vertical profile of the target gas,

X, is obtained.
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3.2 Tikhonov-Phillips regularization

The Tikhonov-Phillips regularization (Phillips, 1962; Tikhonov, 1963) is an alternative retrieval approach. Similar to OEM, it
uses the forward model F to map the atmospheric state vector x into the measurement vector y. Following Sussmann et al.
(2011), the inversion is formulated as a regularised least-squares problem, :

IF(x) = yII* + I (x — x) 1%, (10)
where the first term represents the least squares between modelled and measured states, and the second term represents the
regularization term, given by the Tikhonov matrix I'. This latter term is used to constrain the solution and thereby avoid
oscillating profiles base on the a priori x,. For the nonlinear retrieval used here, the TP solution is obtained iteratively.

The regularization matrix I' is a real matrix with m rows and m columns, with m being the vertical altitude grid of the site

(Sussmann et al., 2011), in fact, it can be scaled with a tuning parameter «a:

r=alllL, € R™™, (11)
Here we set m = 48 and L, designates the discrete first derivative operator:
-1 1 0 - 0
=% "t 1~ € RmM-D*m, (12)
0 - 0 -1 1
Similar to Eq. (8), a TP iteration is given by:
Ripr =%+ T+ K[STK) KIS (y — F(R)) = TR — %)) (13)

The TP method constrains x such that a constant profile is favoured for the difference (x — x,), indicating that a shifted a
priori is the preferred solution. Evidently, the solution will depend on the choice of the regulation strength «. The process of

determining « is detailed in section 4.2.3.

4 The nominal retrieval strategy

Spectra with insufficient signal quality (a signal-to-noise (SNR) below 50) are excluded from the retrieval. The SNR is
calculated from predefined signal and noise intervals for each NDACC filter, see Appendix Table Al. The retrieval of the
atmospheric spectrum to obtain the trace gas abundance needs many parameters. The nominal retrieval strategy includes the
choice of these parameters and the selection of methods or tools used to optimise the quality and the accuracy of the retrieved
results. Two retrieval codes are relevant and recommended in this context: SFIT4 (Pougatchev et al., 1995; Rinsland et al.,
1998), and the PROFFIT9 code developed by Hase et al. (2004). Both have been used within the NDACC-IRWG network for
long-term analyses and satellite validations (e.g., Buchholz et al., 2017; Garcia et al., 2021; Kohlhepp et al., 2012; Vigouroux
etal., 2018; Yamanouchi et al., 2021). An intercomparison of SFIT2 (the predecessor of SFIT4) with PROFFIT9 on O3, HNOs3,

HDO and N0 has shown that differences between retrieved total columns derived from high-resolution ground-based solar

10
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FTIR spectra using either code is below 1% (Hase et al., 2004). The radiative transfer code is usually based on two separated

models: the first model is the "forward" model followed by the "inversion™ (second) model.

4.1 Forward model

The forward model calculates the solar absorption spectrum that is compared with the measured FTS-Paris spectrum during
the retrieval. In Egs. (1)-(3), the measured radiance is mainly controlled by the incoming solar radiance, the atmospheric
transmittance along the optical path, and molecular absorption by the target and interfering species. For each target gas, the
micro-windows (MW) listed in Table 2 are the selected wavenumber intervals following previous recommendations (Garcia
etal., 2021; Hannigan et al., 2022a; Harrison et al., 2010; Kohlhepp et al., 2012; Ortega et al., 2025; Sun et al., 2023; Sussmann
et al., 2011; Té et al., 2016; Vigouroux et al., 2018; Yamanouchi et al., 2023; Zhu et al., 2024). These intervals contain
absorption lines of the target species, but they can also include absorption from interfering gases that must be fitted
simultaneously. The spectroscopic parameters define how the absorption is represented in the forward model. The line position
fixes the centre of each transition, the line intensity controls its absorption strength, and the line shape parameters describe
how the absorption is distributed around the line centre as pressure and temperature vary with altitude. In SFIT4 calculations,
the absorption line shape is modelled using a standard Voigt line profile. HITRAN 2020 is used as the current spectroscopy
where appropriate (Gordon et al., 2022; Hannigan and Mahieu, 2023), replacing the older HITRAN 2008 spectroscopy used
in previous NDACC-IRWG retrievals (Garcia et al., 2021; Rothman et al., 2009; Yamanouchi et al., 2023). Dedicated
spectroscopy is retained for species for which it improves the retrieval: pseudo-lines are used for C;Hg (Franco et al., 2015;
Harrison et al., 2010), while ATM2020 is used for CH4 and H,O (Chesnokova et al., 2020; Gordon et al., 2022; Ortega et al.,
2019), as summarised in Table 2.

The a priori profiles are based on the updated WACCM®6 model results covering the time period from 1980 to 2040 (Gettelman
et al., 2019), referred to within NDACC-IRWG as IRWG7. Temperature and pressure profiles are taken from the National
Centers for Environmental Prediction (NCEP) from the surface to 56 km and merged with IRWG7 above this altitude. These
profiles affect both molecular number density and pressure- and temperature-dependent line shapes. Finally, instrumental
parameters, including the spectral resolution and the instrument line shape (ILS), are included to make the simulated and
measured spectra comparable. An ideal ILS is assumed in the Paris retrieval, and the impact of this assumption is evaluated in
Sect. 4.3.2.

Table 2: Summary of the retrieval strategy for different species at the Paris NDACC-IRWG site

Target Micro-windows

Interfering species A Priori Linelist Column or Profile Method
Gas [em™]
[1] 2976.66-2977.059 Pseudo-line for CoHe*,
Profile for C2He, column
CaHe [2] 2983.20-2983.500 H:0, Os, CHsCI, CH4 IRWG7 HITRAN 2020 for the for th " TP, 0=100
or the res
[3] 2986.45-2986.850 rest, except for 03"
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Profile for HF, column
HF [1] 4038.81-4039.07 H20, HDO, CH4 IRWG7 HITRAN 2020 OEM
for the rest
[1] 2727.73-2727.83 O3, HDO
Profile for HCI, column
HCI [2] 2775.70-2775.80 O3, HDO IRWG7 HITRAN 2020 OEM
for the rest
[3] 2925.80-2926.00 CHa, NO2
[1] 2481.30-2482.60 CHa, CO2
[2] 2526.40-2528.20 CH4, CO2 Profile for N2O, column
N20 IRWG7 HITRAN 2020 TP, 0=1000
[3] 2537.85-2538.80 HDO for the rest
[4] 2540.10-2540.70
[1] 2057.70-2058.00 O3, CO2, OCS
Profile for CO, Oz and
Cco [2] 2069.56-2069.76 O3, CO2, OCS IRWG7 HITRAN 2020 OEM
N20, column for the rest
[3] 2157.50-2159.15 0Os, CO2, N20, H20
[1] 3268.05-3268.40 H20, C2H2
Profile for HCN, column
HCN [2] 3287.10-3287.35 H20, CO2, C2H2 IRWG7 HITRAN 2020 for th TP, =200
or the rest
[3] 3299.40-3299.60 H»0, H2'80
[1] 2613.70-2615.40 HDO, CO2
[2] 2835.50-2835.80 HDO Profile for CHa, column
CHa IRWG7 ATM 2020 TP, 0=3000
[3] 2903.60-2904.03 NO2 for the rest
[4] 2921.00-2921.60 HDO, NO2, H20
[1] 2763.42-2764.17
Profile for H.CO, HDO
[2] 2765.65-2766.01
H2CO HDO, COg, O3, N20, CH4 IRWG7 ATM 2020 and CHg4, column for the TP, a=1000
[3] 2778.15-2779.10 )
res
[4] 2780.65-2782.00
CHa, H20, O3z, CzHes, Profile for NO2 and CHa,
NO2 [1] 2914.30-2914.85 IRWG7 ATM 2020 TP, a=100
H.CO, OCS, CHsD, HDO column for the rest
[1] 2030.75-2031.06 COq, O3
HIPPO
[2] 2047.85-2048.24 03, CO2 .
(<14 km) and Profile for OCS, CO and
OCs [3] 2049.77-2050.18 0Oz, H20, CO, CO¥0 HITRAN 2012 OEM
ACE-FTS O3, column for the rest
[4] 2051.18-2051.48 Qs, H20
(>14 km)

[5] 2054.33-2054.67

03, H20 H2'80

4.2 Inversion model

#1 C2Hs spectroscopy taken from Franco et al. (2015)

#2 03 Hitran2020 spectroscopy modified by Chelin personal communication

After the forward model has been defined, the inversion step estimates the atmospheric state vector x that best reproduces the

measured spectrum. The simulated spectrum F(x, n) is convoluted with the ILS and then compared with the measured spectrum

12



295

300

305

310

315

320

Earth System
Science

iData

https://doi.org/10.5194/essd-2026-762
Preprint. Discussion started: 6 November 2026
(© Author(s) 2026. CC BY 4.0 License.

en Access
suoIssnasIqg

according to Eq. (3). The inversion is a constrained estimate of the atmospheric state within the measurement and modelling
uncertainties.

Following Rodgers (2000), the inversion is formulated as a constrained optimisation problem. The optimal estimate of X is
obtained by minimizing the cost function Eq. (4) which balances two requirements: the simulated spectrum must fit the
measurement, and the retrieved state must remain physically consistent with the a priori information Xa.

In the Paris retrieval strategy, the inversion procedure is applied after defining the forward model inputs listed in Table 2.
Water vapour is treated separately before the target gas retrievals, as described in Sect. 4.2.1, while the choice between OEM
(see Sect. 4.2.2) and TP (see Sect. 4.2.3) constraints for retrieval named "in profile" for the target gases is discussed in Sect.

4.2.4. Retrieval "in column" corresponds to a scaling of the whole a priori profile.

4.2.1 Pre-retrieved H20 profile

Water vapour is one of the most important interfering species for Paris retrievals. Its vertical distribution is highly variable and
spatially inhomogeneous, especially in the troposphere and at humid sites of low-altitude. Model or meteorological profiles,
such as IRWG?7 or NCEP+IRWG?7, are therefore not always expected to represent the local water vapour state at the time of
each measurement with sufficient accuracy. To obtain an H,O profile that is representative of the water vapour state at the
time of the analysed spectrum, we perform a dedicated H,O retrieval before the target gas retrieval. Here, we follow the FTIR
water vapour strategy of Ortega et al. (2019), with the updates used in the present Paris SFIT4 setup. H2O is retrieved with
OEM method from 4 micro-windows in the 2600-2940 cm™ region: 2611.40-2613.40, 2659.00-2661.00, 2819.00-2819.80,
and 2929.80-2931.40 cm™, see Fig. A7. These windows include H,O and HDO absorption lines and also contain the interfering
species CH4, CO2, N2O and HCI. H,O, HDO and CH, are treated as profile retrieval using the OEM method while CO,, N,O
and HCI are using column retrieval. In our implementation, the initial H,O a priori profile is the NCEP+IRWG7 profile,
temperature and pressure are taken from NCEP up to 56 km and merged with IRWG7 above this altitude. ATM 2020
spectroscopy is used for H,O while the spectroscopy of the other gases is taken from HITRAN 2020. The product of this
dedicated H,O profile retrieval is what we refer to as the pre-retrieved H,O profile. This is then used as the H,O a priori in the
target gas retrieval whenever H,O is included as an interfering species.

To evaluate whether this pre-retrieved H,O profile improves the representation of H,O absorption in the Paris spectra, we
performed a controlled sensitivity test using one of the NDACC11 spectra measured at Paris on 6 August 2020. The same H,0
retrieval setup was applied three times, using IRWG7, NCEP+IRWG?7, and the pre-retrieved H,O profile as the a priori profile,
respectively. A scaling retrieval was used deliberately for this comparison, where the vertical shape of each a priori profile is
kept fixed. This test examines whether the fixed shape of each a priori can reproduce the measured H,O amount. Among the
three tests, the pre-retrieved H2O profile gives the lowest root-mean-square of the spectral fitting residuals (FITRMS),
indicating that the pre-retrieved profile provides a more suitable spectral representation of H,O absorption than the two other

profiles for this particular spectrum. This result is consistent with Ortega et al. (2019), who showed that retrieval performance
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improves when site- and time-specific H,O information is used. In the routine retrieval processing, the H,O profile retrieved
from each spectrum is therefore used as the H,O a priori profile for the retrieval of other species from the same spectrum

whenever H,O is an interfering species, replacing the default IRWG7 profile.

Table 3: H20 scaling retrieval results using three different a priori profiles for the NDACC11 spectrum measured on
2020-08-06 at 11: 52:15 UTC

FITRMS i Total column [molecules cm™2]
H20 IRWGT7 0.388 1.919 7.22319E+22
H20 NCEP+IRWG7 0.383 1.872 7.21081E+22
H2O pre-retrieved 0.323 1.339 7.58102E+22

4.2.2 Implementation of the OEM method at Paris

At the Paris site, the vertical profile is computed on a 48-layer grid extending from 60 m to 106 km altitude, based on the
IRWG7 model. Temperature and pressure profiles from the NCEP were from the surface up to 56 km and then merged with
IRWG7 above 56 km until the top of the layer grid. The constraint S, matrix is determined using diagonal elements
corresponding to the ratio of the standard deviation to the mean volume mixing ratio (VMR) of the IRWG7 model at each
layer.

The OEM iteratively refines the target gas VMR profile by minimizing the discrepancies between measured and simulated
spectra while balancing measurement information with a priori constraints. The method accounts for retrieval uncertainties
and incorporates physical constraints through prior knowledge. However, the quality of OEM strongly depends on the choice
of a priori information and associated constraints.

Taking CO as an example, Fig. 4 presents a representative fit between measured and simulated spectra in the three micro-
windows that were used. The quality of the fit can be seen from the residuals (difference between simulated and measured
spectra) which are well within the measured noise. HITRAN 2020 spectroscopy was used for CO and all interfering species,
except for H2O. A priori profiles of all species were taken from the IRWG7, while the H,O profiles were pre-retrieved, see
Sect. 4.2.1. During the retrieval tests, the original diagonal constraints of S, derived from IRWG7 were found to provide
excessive flexibility in the upper atmosphere, particularly above 30 km where the standard deviation of the IRWG7 CO profiles
is about 250% higher than in the troposphere. Under these conditions, the inversion may produce unrealistically large VMR
values and oscillatory structures in the retrieved upper-atmospheric profile, despite having negligible impact on the retrieved
total column. Because CO is a tropospheric gas, the diagonal elements of S, above 30 km were artificially reduced by a factor
of 10 to strengthen the constraint in this altitude range and improve the retrieval sensitivity in the troposphere. This adjustment

stabilised the retrieved CO vertical profile while the retrieved total column remained nearly unchanged. After applying the
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stronger constraint, the degrees of freedom (DOF), defined as the trace of the averaging kernel matrix (see Rodgers (2000)

decreased from approximately 3 to 2. The final retrieved CO profile is presented in Fig. 5.

The corresponding OEM fitted spectra and vertical profile figures for other gases (HF, HCI and OCS) using the same approach

are provided in Appendix Al.
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Figure 4: Measured (blue) and fitted (orange) spectrum in the 3 CO MWs recorded on 6 of August 2020 at Paris. The residuals are

shown in purple.
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Figure 5: A priori (red) and retrieved (blue) CO profiles of the spectrum shown above. Left: volume mixing ratio in linear scale.
Right: volume mixing ratio in logarithmic scale.

4.2.3 Implementation of the TP method at Paris

Following the theoretical framework presented in Sect. 3.2, we now detail the procedure for selecting the TP regularization
strength . Unlike the OEM method, which primarily relies on the a priori covariance S, matrix to constrain the solution, the
TP method restricts the retrieval by tuning the parameter @. To determine the optimal «a, we evaluate its impact on several
retrieval output metrics: the DOF, the retrieved total column, FITRMS, and ¥? (which quantifies the uncertainty-weighted
difference between observed and simulated spectra), and the total error (representing the combination of measurement and
smoothing errors).

Using CH4 as an example (see Fig. 6), we perform a systematic sensitivity test across a wide range of a values. OEM retrieval
provides an approximate DOF of 2.5 for CH, in Paris. The optimal « is determined by identifying the point where the DOF,
total column, FITRMS, and y? stabilize, while simultaneously minimizing the total error.

As shown in Fig.6b, at lower « values (e.g., @ < 1000), the retrieval is under-constrained. In this range, the measurement
error £ dominates and the total column exhibits a high sensitivity to minor a variations. Correspondingly, the retrieved VMR
profiles display obvious oscillations (Fig. 6a). The left panel of Fig. 6 illustrates this behaviour directly: for very small «, the
retrieved CH, profile departs strongly from a smooth vertical structure and shows alternating positive and negative deviations
with altitude. These oscillations are not interpreted as atmospheric features, but as a symptom of an insufficiently constrained
retrieval. As a increases, the vertical structure becomes progressively smoother, while the main profile shape remains
consistent. For @ = 3000, further increases in « lead only to small changes in the retrieved profile. This indicates that the

solution has become stable with respect to the regularization strength. Conversely, high a values over-constrain the retrieval,
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resulting in an increase in the smoothing error, and a profile shape that changes only weakly relative to the a priori, approaching
a scaling-like retrieval.

At a = 3000, the retrieval output metrics enter a plateau. The unconstrained profile oscillations are limited, yielding a smooth
VMR profile without overly degrading the measurement information. The total column, FITRMS and ¥ stabilize. Consistently,

the DOF decreases from the unconstrained state and stabilizes at approximately 2.5, which is similar than that obtained from
an OEM retrieval.
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Figure 6: Sensitivity of CH4 retrievals using Tikhonov-Phillips regularization strength « at Paris. Panel (a) shows the retrieved CH4
VMR profiles for different a values, while panel (b) presents the corresponding retrieval diagnostics, including total column,
FITRMS, 2 (or CHI2Y), and total error. The selected value a = 3000 is coloured as red dots.

Figure 7 represents spectral fits for CH4 across four selected micro-windows using the TP optimised configuration. The
spectroscopy and a priori profiles employed here follow the same configuration as the CO retrievals, with the exception that
the CH4 spectroscopy has been taken from ATM?2020. In addition to the spectral fits, an example of the retrieved CH, vertical
profile is shown in Fig. 8. The retrieved profile generally follows the vertical structure of the a priori profile, but shows
moderate enhancements in the lower and middle troposphere. The largest difference appears below 20 km, where most of the
column sensitivity is expected from ground-based absorption measurements. Above the stratosphere (60 km), the retrieved
and a priori profiles remain close, indicating that the retrieval is mainly constrained by the a priori where the measurement

sensitivity is limited. The same profile is also shown on a logarithmic VMR scale to highlight the agreement over the full
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altitude range. The corresponding TP fitted spectra and vertical profile figures for the other gases (N0, C;Hs, HCN, H.CO
and NOy) retrieved using this approach are provided in Appendix A2.

The TP method is particularly useful for unstable inverse problems or when prior information is limited (Steck, 2002), as it
enforces smoothness and other constraints on the solution. It is flexible, capable of operating without strong initial guesses,
and can be implemented efficiently. More details can be found elsewhere (Phillips, 1962; Tikhonov, 1963; Sussmann et al.,
2011; Vigouroux et al., 2018).
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Figure 7: Measured (blue) and fitted (orange) spectrum in the 4 CH4s MW?’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.

18



415

420

425

430

https://doi.org/10.5194/essd-2026-762
Preprint. Discussion started: 6 November 2026
(© Author(s) 2026. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIqg

2020-08-06 11:52:15 Gas: CHa

—— Apriori —— Apriori

100 —— Retrieval —— Retrieval
80

t

= 60

w

L

=

£

I 40
20

0 250 500 750 1000 1250 1500 1750 2000 101 102 103
VMR [ppb] VMR-Log Scale [ppb]

Figure 8: A priori (red) and retrieved (blue) CHa profiles of the spectrum shown above. Left: volume mixing ratio in linear scale.
Right: volume mixing ratio in logarithmic scale.

4.2.4 How to choose between OEM and TP

Following the theoretical descriptions and examples of the OEM and TP methods, we systematically evaluate both strategies.
For each target gas, the optimal constraints are determined following the examples detailed in Sect.4.2.2 and 4.2.3, respectively.
The choice between OEM and TP is driven by evaluating the FITRMS, the DOF, retrieved total column variations, and
retrieved vertical profiles. The AVKs are provided in Fig. A19 only to document the vertical sensitivity of the final nominal
retrievals, not as the basis for choosing between OEM and TP. During these tests, all other parameters (such as the spectroscopy
listed in Table 2 and the a priori profiles) have been fixed in order to isolate the impact of the inversion method alone. In
certain specific cases, one method (OEM or TP) is more suitable than the other. However, in most cases, the two methods
yield fairly similar results. Choosing one method over the other is not straightforward and sometimes depends on the user’s

sensitivity and interpretation of the results obtained.

For C;Hs, both OEM and TP yield similar FITRMS, and DOFs (~1.0), see Table 4. However, the OEM vertical profile
occasionally exhibited a subtle "S"-shaped feature in the lower atmospheric layers (Fig. 9, sky-blue dashed curve), a behaviour
not observed at most NDACC-IRWG sites. To avoid this possible "S"-shaped feature over the long-term time series, TP
emerges as the preferred method for C,Hs. Conversely, OEM is preferred for CO to limit overfitting at high altitude (> 30 km).
As shown in Table 4, the DOF for CO using OEM indicates two independent pieces of information while TP gives three
independent pieces of information. The last independent half or point corresponds to an altitude above the stratosphere (~60
km), with a negligible air density. The resulting DOF from OEM: are more consistent with previous studies, where CO DOF

retrieved from FTS instruments are typically below 3, for example, CO is 2.0+0.2 (1) at St Denis and 2.3+0.2 (1o) at Maido
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(Zhou et al., 2018), 2.5 £0.3 at Eureka (Viatte et al., 2014), 2.2 at Jungfraujoch and 2.7 at Wollongong (Té et al., 2016). For

this reason, OEM has been selected for CO at the Paris site.
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Figure 9: Vertical profile of ethane using different inversion methods: OEM (sky-blue), TP100 (blue), result from FTS-Paris
spectrum 2020-08-06 11:52:15 UTC. Left: vertical profiles of ethane from 0.06 to 106 km; right: vertical profiles of ethane from 0 to
20km.

Gases with weak absorption signatures (absorptance of 1-2%, see Figs A13 and A17), such as HCN and NO-, are highly
sensitive to retrieval noise. For these species, OEM and TP yield similar FITRMS, while there are sizable differences in the
retrieved total column of -7% and -27% for HCN and NO,, respectively. The retrieved DOF for HCN are comparable between
two methods, whereas NO2 shows DOF lower than 1 (0.611) when using OEM, as shown in Table 4. Additionally, applying
OEM resulted in DOF consistently below 1 for over 30% of the spectra. TP is better suited for these gases at Paris, providing
more stable results than the OEM method. Moreover, for NO», the TP method is also consistent with the retrieval strategy of
Vigouroux et al. (2018).

HF, HCI and OCS have peak sensitivity in the upper troposphere and stratosphere. We find that the OEM method performs
better than TP in these cases. OEM also provides greater flexibility in representing the vertical distribution in the stratosphere
without imposing additional smoothing on the profile, while TP smooths the profile by reducing stratospheric sensitivity and
redistributing retrieval sensitivity toward troposphere. For this reason, we prefer to use OEM method for both HF and HCI.
Specifically for OCS, OEM yields a higher DOF (~2.1) compared to TP (~1.5) and no significant differences can be found in
the RMS or in the total columns, capturing vertical gradients more effectively and ensuring consistency with the approach of
Hannigan et al. (2022a).

For gases such as N2O, CH4, and H.CO, both OEM and TP produced comparable results, yielding similar RMS, DOF, and

total columns (differences below 3%), as presented in Table 4. To maintain consistency with the harmonization with the
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standardised NDACC-IRWG retrieval strategy (Angelbratt et al., 2011a; Sussmann et al., 2011; Vigouroux et al., 2018), the
TP method was applied for these gases, since no significant differences were found between the TP and OEM methods at

Paris.

In summary, OEM and TP methods do not provide significantly different total columns, with differences below 3% except for
HCN (7%) and NO; (27%). For these very weak absorption line species (less than 1%), another possibility to retrieve their
abundance is scaling the entire a priori vertical profile, because the information contained in the spectrum may be limited.
However, in this study, we aim to extract as much information as possible about the vertical distribution of these species, even
at low absorption levels. The TP method is a good alternative. By individually assessing profile stability, we established a
customised nominal retrieval strategy for each species observed by the Paris site. The final adopted strategies and
corresponding spectroscopy databases are summarised in Table 2. The spectral fitting results, corresponding a priori and

retrieved vertical profiles for all gases, except CO and CHa, using nominal retrieval strategies are illustrated in Appendix A.

Table 4: Comparison of OEM and TP methods applied to different trace gases, spectra are NDACC11 recorded at 2020-08-06
11:52:15, NDACCO01 same day at 11:57:25 and NDACCO02 same day at 12:02:36

Gas Spectra Method E’/T)A]S [D]O F Total Column [molecules cm?]  Relative difference [%0]
OEM 0.447 1.067 1.383E+16

C2Hs NDACC11 1.08
TP100* 0.444 1.137 1.398E+16
OEM 0.348 1.696 1.584E+15

HF NDACCO1 0.13
TP100 0.343 1.830 1.586E+15
OEM 0.163 1.757 3.547E+15

HCI NDACC11 1.49
TP100 0.163 2.116 3.600E+15
OEM 0.318 2.984 6.775E+18

N20 NDACC11 0.04
TP1000 0.319 3.087 6.778E+18
OEM 0.867 2.009 1.663E+18

CcO NDACC11 -0.84
TP100 0.866 3.023 1.649E+18
OEM 0.380 1.366 5.478E+15

HCN NDACCO02 -6.83
TP200 0.379 1.464 5.104E+15
OEM 0.204 2.625 3.958E+19

CHa NDACC11 0.33
TP3000 0.204 2.494 3.971E+19
OEM 0.205 0.987 1.735E+16

H.CO  NDACC11 -1.56
TP1000 0.204 1.008 1.708E+16
OEM 0.157 0.611 1.165E+16

NO2 NDACC11 -26.73
TP100 0.155 1.164 8.536E+15

OoCs NDACC11 OEM 1.288 2.075 8.996E+15 2.63
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TP500 1.289 1.457 9.233E+15

*TP100, 100 is the « constrain

4.3 Retrieved data quality control

The retrieval strategy described above has been adopted as nominal setup for Paris and should be usable and reproducible for
other sites. This section evaluates the main uncertainty sources and processing checks. The quality chain includes (i) random,
systematic, and smoothing error characterization, (ii) the sensitivity of the retrievals to the instrument line shape, (iii) a
comparison between SFIT4 and the previous PROFFIT9 processing, and (iv) post-processing filters applied to remove low

quality or outlying retrievals.

4.3.1 Error characterization

Retrieval errors have been characterised following the framework of Rodgers (2000). As shown in Eq. (7), the error can be
decomposed into three components: the retrieval noise, the smoothing error and the error in the parameters of the forward
model. Tables 7 and 8 list the calculated random and systematic uncertainties, respectively. The atmospheric temperature
profiles have an uncertainty of about 2 K for the vertical range from the surface to 30 km, and 6 K above. The total temperature
uncertainty was assumed to be equally divided between random and systematic components. In addition, as shown in Table 5,
spectroscopic uncertainties from HITRAN 2020 (Gordon et al., 2022) were considered, including the uncertainties in line
intensity, the temperature dependence of the line width (which affects the temperature sensitivity of absorption feature and is
different from temperature profiles uncertainty) and the air-broadening of the line width (which influences the line shape).
Table 6 summarizes the partitioning of the random and systematic components for each parameter used in SFIT4. All these
error inputs were specified for the SFIT4 retrieval, which provides the corresponding output error components. Tables 7 and
8 present the random and the smoothing errors and the systematic errors obtained from representative spectra recorded on
August 6, 2020. In SFIT4, the total random error primarily consists of contributions from retrieval noise, retrieval parameters,
interfering species and temperature profiles, while the systematic error mainly includes uncertainties in line intensity,
temperature dependence and air-broadening of the line width and systematic temperature profile errors. The smoothing error,

see Equation (7), is treated separately from the random and systematic error components in the SFIT4 calculation.

Table 5: Input uncertainty from the spectroscopy database and temperature profile that used by SFIT4 error calculation.

Gas Temperature Lineintensity Temperature dependence of line width Air-broadening of line width
CzHs 4% 4% 4%
HF  2-6K 2% 10% 2%
HCI 2% 10% 5%
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N20 2% 5% 10%
Co 2% 5% 10%
HCN 10% 5% 10%
CHs 3% 10% 5%

H.CO 10% 10% 10%
NO2 5% 10% 20%
OCS 2% 5% 5%

Table 6: Partitioning of the uncertainties between random and systematic contribution.

Uncertainty Random/Systematic
Retrieval noise 100/0
Retrieval parameters 100/0
Interfering species 100/0
Temperature profile 50/50
Line intensity 0/100
Temperature dependence of line width 0/100
Air-broadening of line width 0/100

Most trace gases exhibit total random errors below 4% (see Table 7), except OCS, NO,, and HCN, which show only weak
absorption signals. Weak absorption lines provide smaller spectral sensitivities, i.e. smaller elements in the Jacobian matrix
K, and therefore less measurement information to constrain the retrieved state. As a result, spectral residuals and retrieval
noise are more strongly propagated into the retrieved profile through the retrieval noise term Ge in Eq. (7), leading to larger
retrieval noise. NOy, in particular, shows a high total random error of 22.7%, driven primarily by its retrieval noise of 21.2%.
Regarding total systematic uncertainties (Table 8), most species have errors below 6%, with the exceptions of C,Hg, NO»,
H,CO, and HCN, which are primarily affected by spectroscopic uncertainties concerning the line intensity and the air-
broadening parameter. The smoothing errors (Table 7) for NDACC-Paris species are generally below 4%, except for NO,
which exhibits a much higher value of 45%. This elevated smoothing error arises because NO, has the weakest spectral
absorption among all gases measured by FTS-Paris and utilizes only one micro-window. Since this micro-window primarily
captures stratospheric information while failing to resolve tropospheric NO,, the retrieval cannot construct an effective
retrieved vertical profile, resulting in a large smoothing error for NO- (see Eq. (7)).

Tables 5-8 summarize representative retrieval performance for the Paris setup. These examples show that most routine
retrievals meet the expected NDACC-IRWG standard, while also identifying the species for which weak absorption or

spectroscopy uncertainties dominate the error budget.

Table 7: Random error output from the measurement examples.

Gas Retrieval Retrieval parameters (%) Interfering Temperature  Total random  Smoothing error
noise (%) species (%0) profile (%) error (%) (%)

CHs 0.34 0.34 0.34 0.34 0.34 0.52

HF 1.85 0.49 0.14 0.84 2.09 1.50
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HClI  3.03
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Table 8: Systematic error output from the measurement examples.

Gas

Line intensity Temperature dependence of

Air-broadening of Temperature

Total systematic

(%) line width (%) line width (%) profile (%) error (%)
CHs  8.16 0.66 7.71 0.26 11.25
HF 1.96 0.12 0.14 1.59 2.53
HCI 1.96 0.30 0.90 0.61 2.26
N0 5.00 0.27 2.78 0.06 5.73
CO 1.90 0.14 2.17 0.86 3.01
HCN  10.40 0.61 4.79 1.83 11.73
CH,4 3.01 0.01 1.65 0.52 3.47
H.CO  10.00 0.28 8.02 0.69 12.84
NO; 5.10 0.28 531 3.23 8.04
OCSs 1.90 0.01 2.03 1.07 2.98

4.3.2 Impact of the instrument line shape on the gas retrieval

As introduced in Section 4.1, the ILS must be considered in the forward model. Since the Paris data were retrieved by assuming

the line shape to be that of an ideal instrument, this section aims at evaluating the impact of this approximation by comparing

the retrieval results using a realistic ILS with the results obtained from the ideal ILS.

Hase et al. (1999) have developed the LINEFIT software that can characterize the instrument line shape based on the

measurement of a cell with a known quantity of HBr gas. LINEFIT takes into account the Field Of View (FOV), the spectral

resolution, and the Signal to Noise Ratio (SNR) of the gas cell spectrum to determine the ILS of the instrument corresponding

to the actual optical alignment. For an ideal instrument, the instrument line shape is given by a sinc function, which is

determined as the Fourier transform of the boxcar apodization function (Bell, 1972). The real ILS is characterized by two

parameters: modulation efficiency (ME) which is characterizing how the modulation intensity is maintained as a function of

the Optical Path Difference (OPD), and phase error (PE) which is capturing the deviation of the measured interferogram phase

from the ideal zero phase. The ideal ILS is considered to have ME and PE values of 1 and 0 as a function of the OPD,

respectively.
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Figure 10: Two examples of FTS-Paris instrument line shape measurements from 2016-02-15 (blue) and 2020-07-15 (red): (left)
instrument line shape, (top, right) modulation efficiency, and (bottom, right) phase error of the IFS125HR FTIR in Paris, retrieved
from the HBr cell #80 with a maximal optical path difference of 180 cm.

Starting from 2016, ILS measurements of FTS-Paris spectrometer have been performed using the HBr cell #80 every 6 months.
Examples of such measurements are shown in Fig. 10, with the blue curves corresponding to an ILS close to the ideal case
(max. 3% deviation of ME along the OPD), and the red curves indicating the most extreme case of all ILSs measured ever
since, with a maximum deviation of the ME up to 8%. The deviation above 5% necessitated a realignment of the instrument
in order to fulfil the requirements of the TCCON network for a maximal OPD of 45 cm.

We used spectra recorded on August 6, 2020 and the most extreme ILS from July 15, 2020 for the study of the ILS sensitivity.
Despite the degraded ME (8%), the comparison with results using the ideal ILS (see Table 9) shows that the total columns of
all gases differ by less than 1%. Other ILS measurements at Paris have revealed smaller deviations from the ideal case. We
can thus assume that the impact on the total columns is smaller in these cases and conclude that using an ideal ILS introduces
a bias of less than 1%. This finding is consistent with a previous study of Whaley (2014), who reported a minimal impact of
the ILS on total columns amounts. For the time being, we use an ideal ILS for the retrieval of FTS-Paris solar spectra in

nominal configuration.

Table 9: Impact of using a measured ILS instead of an ideal ILS on retrieval results, spectra from 2020-08-06 at 11: 52:15, 11:57:25
and 12:02:36 UTC.

Gas Ideal ILS Real ILS Difference *

25



560

565

570

575

Earth System
Science

iData

https://doi.org/10.5194/essd-2026-762
Preprint. Discussion started: 6 November 2026
(© Author(s) 2026. CC BY 4.0 License.

en Access
suoIssnasIqg

Total column (molecules Total column (molecules

em?) RMS (%) em?) RMS (%) (%)
co 1.663E+18 0.867 1.669E+18 0.875 +0.4%
HCl 3.547E+15 0.163 3.542E+15 0.163 -0.1%
HCN 5.478E+15 0.380 5.454E+15 0.380 -0.4%
N20 6.778E+18 0.319 6.732E+18 0.314 -0.7%
C2Hs 1.398E+16 0.444 1.412E+16 0.443 +1.0%
HF 1.584E+15 0.348 1.582E+15 0.346 -0.1%
CHs 3.979E+19 0.205 3.961E+19 0.202 -0.5%

*Relative total column difference = (Real ILS — Ideal ILS)/Ideal ILS*100

4.3.3 Comparison of PROFFIT9 vs SFIT4 retrieval results

Previously published data retrievals from FTS-Paris were performed using the PROFFIT9 code for gases including CO, CzHs
and H,CO. Té et al. (2016) retrieved CO relying on the HITRAN 2008 spectroscopic database (Rothman et al., 2009), while
the retrieval of C;Hs used pseudo-lines provided by G. C. Toon (Harrison et al., 2010). The HCO retrievals followed the
harmonized retrieval strategy from Vigouroux et al. (2018), based on the ATM 2016 database. A priori profiles for these gases
were derived from the WACCM version 6 climatology spanning 1980-2020 (Marsh et al., 2013). Similar to the nominal
configuration introduced in Section 4.1, the daily meteorological parameters, including temperature and pressure profiles were
provided by NCEP (0-56 km) merged with WACCMB®6 (higher than 56 km). CO and C,Hs were retrieved using the OEM
technique, while H,CO was retrieved using scaling method provided by PROFFIT9.

So far, only a small number of groups have employed both PROFFIT9 and SFIT4 retrieval codes, and no quantitative
comparison between PROFFIT9 and SFIT4 has been published. Hase et al. (2004) compared PROFFIT9 and SFIT2. We
therefore compare the two retrieval software packages and the different database updates in order to reveal potential differences
and their implications. The main differences between the two configurations are listed in Table 10. The goals of the comparison
are (i) to determine the differences introduced by the two retrieval codes when the same configuration is used and (ii) to
quantify the total column differences introduced by each individual parameter. In particular, the following factors are analysed:
(a) The difference between nominal configuration (NC) using SFIT4 and the previous setup (PF) using PROFFIT9 code

(b) The difference between SFIT4 and PROFFIT9 using the same setup (PF).

(c) The difference due to updates in the spectroscopic database: HITRAN 2008 vs. HITRAN 2020 for example.

(d) The impact of the WACCM Model Versions: WACCM®6 (41 years, 1980-2020) vs. IRWG?7 (61 years, 1980-2040).

(e) The effect of using pre-retrieved H,O profiles (Ortega et al., 2019).
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(f) The changes due to updates of the nominal setup retrieval strategy: CO remained OEM (Sect. 4.2.2), CoHg changed from
OEM to TP (Sect.4.2.3), and H,CO changed from scaling to TP.

Table 10: Configurations used in the two retrieval codes.

Parameter PROFFITY Configuration SFIT4 / Nominal Configuration
Spectroscopic database HITRAN 2008 or ATM2016 HITRAN 2020 or ATM 2020
T, P, a priori model and Sa NCEP+WACCMS6 (1980-2020) NCEP+IRWG7 (1980-2040)

The comparison is quantified in terms of relative differences in total column (TC) evaluations of CO, C;Hs and H,CO between
a particular setup and a reference setup, for example the nominal setup in SFIT4 and the PROFFITO retrieval using the previous
setup in the case (a):

ATC = (TCspiranc — TCprorrire)/TCrroFFiTo- (14)
Here, TCsrir4 nc denotes the total columns from SFIT4 using nominal configuration, and TCpgorrire are the total columns
from PROFFITO.

The difference between the two codes (b), i.e. using the PROFFIT9 configuration (PF) within the SFIT4 code yields total
column differences relative to PROFFIT9 of -0.30% for CO, +4.06% for C.Hs and -0.96% for H,CO. The total column CO
and H,CO difference between two codes are in agreement with the finding from Hase et al. (2004) who found that deviations
between the codes are smaller than 1% (C.Hs, however, had not been investigated in this paper).

The relative total column differences (c) to (f) were computed as:

ATCspira i = (TCspirapri — TCsrirapr)/TCspira_pr (15)

AT Cgpyr4 ; is the total column difference between TCspyry pr ; aNd TCgpiry pr, Where TCspyry pr denotes the gas total column
retrieved by SFIT4 using the PROFFIT9 configuration and i runs over the cases (c) to (f), with one parameter updated at a
time from (c) to (f).

AT Cgpyr4 i 0f CO, CoHg and H2CO is shown for the different cases (c) to (f) in Table 11. According to Eqs. (14)-(15), ATC 4
should be the sum of the individual of AT Cggry ; for cases (c) to (f). The sums of individual contributions agree well with
difference the value for case (a) for CO (-0.69% compared to -0.61%) and C,He (6.41% compared to 6.86%) H,CO, however,
shows a larger discrepancy, with a sum of -1.56% being about half of ATC(,) = -3.03%. This discrepancy could be due to the
implementation of the PROFFIT9 setup for SFIT4 which is not entirely equivalent. The PROFFIT9 configuration, the
interfering species HDO and CHj were retrieved using a vertical constraint function which is not available in SFIT4.
Consequently, the H2CO AT Csgr4 5y OF -0.96% does not consider this difference, the summation from (b) to (f) should not
completely reflect ATC .

As presented in Table 11, after excluding the differences between the two retrieval codes (b), the main contributions to the

total column difference are the update of IRWG7 model and the spectroscopic database. Notably, the application of the pre-
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retrieved H,O profiles introduces a difference of around 1.5% in C;Hg (1.66%) and H,CO (1.51%) retrievals, while its impact
on CO is marginal (0.03%). As discussed in Section 4.2, pre-retrieved H,O profiles are expected to better capture daily
variations than the NCEP+IRWG7 model. These differences are larger for C,Hg and H,CO than for CO, because the CO
absorption lines are strong in the selected retrieval micro-windows, whereas the absorption lines for CoHs and HoCO contribute
only about 5% and 2% to the spectral intensity within their retrieval micro-windows, respectively. Consequently, the larger
discrepancies in the C>,Hg and H>CO retrieval is primarily due to the influences of interfering species. CoHs, for example, is
primarily impacted by H,O, whose absorption lines contribute roughly 50% of the spectral intensity within the C,Hg retrieval
micro-windows (Fig. A11). H,CO is mainly impacted by CH. and HDO, whereas HDO lines contribute 10% in H,CO retrieval
micro-windows (Fig. Al5).

Table 11: Total column difference between PROFFIT9 and SFIT4, and the different updates for SFIT4. Evaluation of
CO covers all data from 2019, C2Hs and H2CO have been retrieved from 2020.

ATC CO CaoHe* H.CO**
(a) SFIT4_NC vs PROFFIT9 -0.61% 6.86% -3.03%
(b) SFIT4_PF vs PROFFIT9 -0.30% 4.06% -0.96%*
(c) SFIT4_PF by changing to HITRAN 2020 0.14% -1.74% 2.92%
(d) SFIT4_PF by changing to IRWG?7 (A priori + Sa) -0.56% 2.10% -5.58%
(e) SFIT4_PF by changing to pre-retrieved H20 profiles 0.03% 1.66% 1.51%
(f) SFIT4_PF by changing the retrieval strategy 0% 0.33% 0.55%
Sum: (b)+(c)+(d)+(e)+(f) -0.69% 6.41% -1.56%

*The C2Hs retrieval uses pseudo lines for both configurations, but interfering gases change from HITRAN 2008 to 2020.
**The H2CO Spectroscopy is changed from ATM2016 to ATM2020, and comparison of (b) is slightly different for H.CO, see text.

4.3.4 Post-processing data filters

The data have undergone network standards quality control procedures with outlier filtering to ensure reliability for trend
analysis and scientific interpretation. The results obtained from the SFIT4 software inversions are filtered using several
parameters before being included in the HDF format data file. In fact, the SFIT4 software allows users to enable certain
parameters and apply broad limits for others to filter out bad data, such as negative values for the total and partial columns of
the gas under study and H,O, acceptable SZA values, acceptable DOF range, maximum FITRMS and retrieval convergence
status. For the Paris site, we have added a second post-filtering by mixing certain parameters and adjusting the threshold values
to reflect the specific conditions at Paris site in order to screen outliers and intend to remove spectra or retrievals with clear
quality problems while retaining the natural variability of each species. The filtering method is based on three parameters: the
FITRMS, 2, and the DOF of the target gas. In addition to these filters, we tested the FITRMS/DOF-ratio following the methane
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retrieval strategy of Sussmann et al. (2011). In that study, the ratio was introduced because both, the FITRMS and the DOF of
CH4, showed a seasonal cycle. We do not apply this ratio as a filter for the other gases, for which the FITRMS and DOF
thresholds are used as two independent quality filters.

Filter parameter thresholds are listed in Table 12. They were selected empirically for each species from the observed
distributions of the retrieval quality parameters and from inspection of the time series. The aim was to place the limits outside
the normal retrieval range, so that isolated outliers are removed while coherent short-term or seasonal atmospheric variability
is not compromised.

The expected behaviour of each filtering parameter was considered separately. FITRMS is expected to remain within the main
low-residual range for a stable retrieval, but its absolute value is not directly comparable across species because it depends on
the selected micro-windows, absorption depths, interfering species, and residual structure. The CO FITRMS limit and the CH4
FITRMS/DOF criterion should therefore not be interpreted as equivalent normalized constraints, even though both species
have strong absorption features. The %? threshold checks whether the residual remains broadly consistent with the assumed
retrieval noise. The DOF filter retains retrievals below the species-specific upper thresholds listed in Table 12. As described
previously, the additional FITRMS/DOF < 0.25% threshold is introduced for CH. to be consistent with Sussmann et al. (2011).
For HF and HClI, the different FITRMS and y? limits reflect the different spectral constraints for the two isolated-line retrievals:
HF is retrieved from a single MW, whereas HCI is retrieved from three MWs (see Figs. Al and A3). The HCI spectral fit is
therefore better constrained and more stable, allowing stricter FITRMS and y? thresholds of 1% and 2, respectively. The DOF
thresholds are similar for the two species, with moderate limits of 3 for HF and 3.5 for HCI. HF also uses a larger daily variation
threshold than HCI. This choice is based on the larger scatter observed for the single micro-window HF retrievals. The
threshold is kept intentionally tolerant so that the filter removes only pronounced outliers and does not discriminate possible
short-term variability. For species with weaker absorption features or stronger sensitivity to spectral interference, such as HCN,
H,CO, NO; and OCS, the thresholds are adjusted to avoid rejecting most of the available retrievals while still removing clear
outliers. For example, HCN uses a relatively loose FITRMS threshold of 10% because of its weak and variable signal, whereas
NO- uses a stricter FITRMS threshold of 0.5% to control the spectral fit quality.

The daily variation filter is calculated from the relative difference between each retrieved total column and the daily median.
A retrieval is retained when this difference is below the species-specific limit in Table 12. For long-lived and stable products
such as CH4 and N2O, only small within-day variations are expected, so narrow limits are sufficient to remove isolated retrieval
outliers. Larger limits are used for species with weaker absorption features, stronger spectral interference, or larger short-term
atmospheric variability.

In summary, the thresholds listed in Table 12 should be understood as broad, species-specific outlier filters. They were chosen
to be as non-restrictive as possible while still excluding retrievals with clear spectral-fit problems, inconsistent noise behaviour,
or isolated departures from the daily variation. The rejection fractions remain small for all species, between 1.9% and 5.5%,

indicating that the filters remove only a limited number of outliers, while retaining the majority of retrievals.
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Table 12: Species-dependent post-retrieval filtering thresholds for Paris NDACC-IRWG retrievals. Retrievals are retained only
when FITRMS, ¥?, DOF, and daily variation are below their respective thresholds.

Species FITRMS (%) i DOF Daily variation (%) Total data filtered out (%)
C2He 4 4 3 18.0 2.6
HF 5 4 3 30.0 3.0
HCI 1 2 3.5 18.0 2.5
N20 15 2 5 5.0 3.3
CcO 5 5 3.5 18.0 2.8
HCN 10 1 3.5 80.0 3.3
CHq 1 2 35 5.0 55
H2CO 1 3 15 100.0 19
NO2 0.5 2 25 100.0 3.6
0oCs 8 1 4 15 1.9

5 The FTS-Paris NDACC-IRWG time series
5.1 Automated SFIT4 processing

To make the Paris product reproducible and to enable faster re-analysis (with less human action) of the data-processing
workflow over the full record, the routine SFIT4 processing is automated with our Sfit4Proc software that has been developed
in Python. The workflow converts raw spectra into Hierarchical Data Format (HDF) products using the nominal retrieval
settings described in Sect. 4. Users define the SFIT4 control file for the selected gas and configure the processing period,
optical filter, and a priori options through a configuration file (sft4.ctl) for Sfit4Proc. This design keeps the retrieval recipe
explicit while allowing the same processing chain to be applied consistently to all species and evaluation periods.

A key strength of Sfit4Proc is its ability to parallelize large-scale retrievals. Running 12 threads in parallel, a full retrieval
cycle from 2011 to 2022 for a single gas takes approximately 40 hours, whereas the same process took more than a week when
executed manually and without parallelization. We validated the automation procedure by comparing its output to manually
retrieved results, confirming that automated results are consistent with the usual processing.

The retrieved results are then used to study seasonal variations and annual trends discussed in Sect. 5.3. Mean total columns,
SNRs, DOFs, and retrieval errors for CHa, N2O, CO, C;Hg, H.CO, NO2, OCS, HCI, HF and HCN are given in Table 13. The
mean random and systematic errors are consistent with the discussion in Sect. 4.3.1, see Tables 7 and 8. Results of the DOF
are also comparable to those of Table 4. The SNR is computed directly from the spectra. It is obtained as the ratio of the signal
in the retrieval micro-windows (See Table 2) to the noise level determined from spectral regions out of the optical band, see
Table Al.
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Table 13: Summary of the FTS-Paris NDACC-IRWG retrieval products: mean total columns, mean SNR, mean DOF, mean random
and systematic errors. Mean values are calculated over 2011-2022, except for HF and HCN, which cover 2018-2022. The errors were
calculated during the retrieval using SFIT4_1.0.21 algorithm.

. Mean total column Mean Random Mean Systematic error
Species +16 (molecules cm?) Mean SNR+1o Mean DOF=+lo error (%) (%)
C2Hs (2.20 £ 0.58) E+16 205.16 + 74.49 1.32 +0.18 4.62 10.51
HF (1.62 £ 0.21) E+15 240.15 +100.13 1.96 +0.27 1.91 2.58
HCI (3.66 + 0.40) E+15 380.33 +114.26 212 +0.31 2.26 2.35
N2O (6.67 £ 0.10) E+18 281.26 +87.29 3.52 +0.28 0.30 5.71
CcOo (2.06 £ 0.30) E+18 164.86 + 60.74 2.07 £0.27 1.16 3.17
HCN (4.97 £ 1.21) E+15 169.03 £ 85.77 1.43+£0.27 17.13 11.50
CHa (3.89 £ 0.07) E+19 399.65 + 100.76 2.80+£0.26 0.73 3.35
H2CO (8.63 £ 5.20) E+15 390.26 + 107.79 1.04 £0.04 6.63 16.88
NO2 (1.14 £ 0.40) E+16 416.61 +112.35 1.39+0.22 20.58 9.16
OCS (9.92 + 0.53) E+15 97.27 + 38.08 2.44 +0.33 3.74 2.95

5.2 Seasonal and annual trend fit model

The temporal evolution of the total columns is represented with a linear term and periodic oscillation. The full record for most
products is available from 2011 onwards, while HF and HCN cover shorter periods because required filters have become
available only later. The fit model is:

P() = Co+ Cy xt + C, * cos(2m(t — ty) — @o), (16)
where t is time expressed in fractional years, t, is the first day of the time series in fractional year and the coefficients C,, C;,
C, and ¢, are obtained from an unconstrained linear least square fit to the total column data. C, is the initial column value, C,
is its slope, C, is the amplitude of the seasonal variation, and ¢,/(2m) is the fraction of the year indicating the seasonal
maximum (Rinsland et al., 2000, 2001). The record is not continuous, because unfavourable meteorological conditions and

documented instrumental issues (see description in metadata of NDACC-Paris (https://ndacc.larc.nasa.gov/stations/paris-

france) can create gaps in the observations. The fit is therefore applied to the available measurements to estimate annual trends

and the amplitude and phase of the seasonal cycle. The interpretation of the fitted trends is given in Sect. 5.3.

5.3 Trends and seasonal variations

Figure 11 shows the Paris total column time series of all species, together with their fitted seasonal and trend components
obtained from Eq. (16). The coloured points denote individual FTIR measurements grouped by season, while the solid black
curves show the fitted seasonal cycle and the dashed black lines show the corresponding linear trend. The grey points and red
fitting curves for CH4, show the TCCON record used as an independent check. The detailed discussion of the individual gases

focussing on the seasonality and the long-term trends starts with species that show increasing trends over 2011-2022, followed

31



715

https://doi.org/10.5194/essd-2026-762

Preprint. Discussion started: 6 November 2026

(© Author(s) 2026. CC BY 4.0 License.

Open Access

Earth System
Science

Data

suoIssnosIq

by species with decreasing trends, before turning to the records of gases that have only been measured over a much shorter

period.
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Figure 11: Total column time series of 10 NDACC-IRWG gases at Paris from 2011 to 2022. Each dot represents an FTIR
measurement, with colour coding for the meteorological seasons: green for MAM, red for JJA, orange for SON, and blue for DJF.
The solid black curves show the fitted seasonal cycles, and the black dashed lines show the corresponding linear trends. The grey
dots in the CH4 panel represent FTS-Paris TCCON measurements, with the seasonal fit and linear trend shown in red.

Species with positive trends: CH4 and N2O

For NDACC-IRWG CHg, the fitted seasonal amplitude is small but well resolved, 2.12x10'7 molecules cm?, with a 2o
uncertainty of 8.79x10% molecules cm, corresponding to (0.54 + 0.02) % of the mean column. Such a weak relative
modulation is expected for a long-lived greenhouse gas where the total column is dominated by the hemispheric background.
The fitted phase shows higher columns in November-January and lower columns in May-July. The CH, total columns exhibit
a statistically significant positive trend of (0.53 + 0.01) %/yr. The independent TCCON CHy, record at Paris gives a similar
trend of (0.58 + 0.01) %/yr for 2015-2021 (Té et al., 2025), and both datasets display a comparable seasonal cycle (Fig. 11).
The mean column difference between the FTS-Paris NDACC-IRWG and TCCON CH. measurements is -2.23%, which could
be explained by differences in spectroscopy, a priori profile constraints, empirical airmass corrections, and retrieval strategies
(Laughner et al., 2024). Published FTIR trends at Izafia ((0.43 + 0.03) %/yr, 2009-2019), Toronto ((0.41 + 0.03) %/yr, 2002—
2019), Hefei ((0.56 £ 0.15) %/yr, 2014-2017), Maido (0.51 + 0.04) %/yr, and other NDACC sites are also positive, supporting
the consistency of the Paris CH4 product (Bader et al., 2017; Garcia et al., 2021; Tian et al., 2018; Timofeyev et al., 2016;
Yamanouchi et al., 2021; Zhou et al., 2018).

For N0, the fitted seasonal term is similarly small, with an amplitude of 4.82x10® molecules cm, and an uncertainty of
1.60x10% molecules cm2, equivalent to (0.72 + 0.01) % of the mean. This weak variability is expected for an even longer-
lived greenhouse gas. The phase is similar to CH4 with a November-January Maximum and a May-July minimum. The N,O
total columns show a positive trend of (0.34 + 0.01) %/yr over 2011-2022. This value is consistent with documented FTIR
trends at 1zafia (0.31 + 0.03) %/yr for 2009-2019 (Garcia et al., 2021), Toronto (0.28 + 0.02) %/yr for 2002-2019 (Yamanouchi
et al., 2021), and the 12 NDACC stations analyzed by Barret et al. (2021), which reported rates between 0.28 and 0.36%/yr
over 2008-2018.

Species with negative trends: CO, CzHs, H2CO, NOz2 and OCS

CO has one of the clearest seasonal cycles among the Paris products. The fitted amplitude reaches 3.01x10” molecules cm,
with an uncertainty of 3.36x10%° molecules cm™, or (14.60 + 0.16) % of the mean. The January-March maximum and July-
September minimum are expected for CO at northern mid-Ilatitudes, reflecting higher winter-to-spring columns under weaker
OH removal, followed by more efficient photochemical loss in summer (Té et al., 2016). Between 2011 and 2022, CO at Paris
exhibits a decreasing trend of (—0.80 = 0.04) %/yr. This decrease is consistent with published FTIR trends at Eureka ((—0.84
+0.23) %/yr, 2006-2020), Thule ((—0.76 + 0.17) %/yr, 1999-2022), Toronto ((—0.90 £+ 0.07) %/yr, 2002-2019), Lauder ((—0.94
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+0.29) %/yr, 2007-2017), Kiruna ((—0.61 £ 0.16) %/yr, 1996-2006), Zugspitze ((—1.00 £ 0.24) %/yr, 1996-2006), and Arrival
Heights ((—0.92 + 0.46) %/yr, 1997-2009), while the magnitude differs among sites because of differences in period, latitude,
altitude, and regional emissions (Angelbratt et al., 2011b; Bader et al., 2017; Garcia et al., 2021; Smale et al., 2019; Wizenberg
et al., 2024; Yamanouchi et al., 2021). The Paris result therefore falls within the range of decrease rates reported for northern

hemispheric FTIR CO. Overall, CO trends have remained consistently negative across both recent and historical datasets.

C2He follows the same winter-high/summer-low phase as CO, but with a stronger relative modulation. The fitted amplitude is
6.17x10% molecules cm™?, with an uncertainty of 6.04x10® molecules cm, corresponding to (28.08 * 0.27) % of the mean.
The C;Hs record shows an overall decrease of (—0.37 + 0.01) %/yr over 2011-2022. This weak negative long-term trend is
compatible with the broader picture from published northern hemispheric FTIR studies, which report strong regional and
temporal variability and a transition from early-2010s increases to later stagnation or decline (Angot et al., 2021; Franco et al.,
2016; Friedrich et al., 2020; Garcia et al., 2021; Sun et al., 2021; Wizenberg et al., 2024; Yamanouchi et al., 2021; Zhu et al.,
2024). A separate global NDACC ethane breakpoint analysis (Friedrich et al., 2026) identified an increase before 2013

followed by stagnation or slight decline thereafter.

The seasonal behaviour of H,CO differs from CO and C;Hs as expected for a short-lived species with strong photochemical
production. The fitted maximum occurs in June-August and the minimum in December-February, with an amplitude of
5.27x10% molecules cm and an uncertainty of 8.14x10%* molecules cm?, representing (61.10 + 0.94) % of the mean. This
large relative cycle is consistent with VOC oxidation during the summer season and the short lifetime of H,CO (Luecken et
al., 2018; Vigouroux et al., 2018). Without additional modelling, however, it cannot be interpreted as a regional source trend.
H>CO total columns over Paris show a negative trend of (-1.58 + 0.23) %/yr from 2011 to 2022. Published FTIR records also
report negative trends at several urban or continental sites, including Toronto ((-0.43 + 0.25) %/yr, 2002-2019), Hefei ((-2.31
+ 0.01) %l/yr, 2015-2021), Zugspitze ((-0.77 + 0.77) %l/yr, 1995-2017), Saint Petersburg ((-0.39 + 0.33) %/yr, 2009-2017),
Mexico City ((-0.96 + 0.51) %/yr, 2013-2016), and Wollongong ((-1.88 + 1.08) %/yr, 1996-2016). Given its relatively short
lifetime, the spatial distribution of H,CO is highly inhomogeneous, with peaks near the sources. Trends vary from site to site
and some sites close to the ocean show even positive trends, such as Izafia and Saint-Denis (Zhu et al., 2024; Yamanouchi et
al., 2021; Lieschke et al., 2019; Vigouroux et al., 2018).

The NO; annual cycle is weaker than that of the short-lived carbon species, but remains visible in the fit. Its amplitude is
9.35x10% molecules cm, with an uncertainty of 7.92x10% molecules cm?, equal to (8.22 + 0.70) % of the mean. The fitted
maximum occurs in May-July and the minimum in November-January. NO, shows the strongest relative decline among Paris
products. The total columns decrease by (-3.80 + 0.15) %/yr. This decrease agrees with a post-2011 decline in stratospheric
NO; reported by Garcia et al. (2021), and with earlier satellite-derived trends at Paris of about -4%/yr for 2002-2012 (Schneider
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etal., 2015). Other ground-based and satellite studies also report decreasing NO- over parts of Europe and East Asia, although
the magnitude depends strongly on the column type, region and period (Diémoz et al., 2021; Han, 2019).

The seasonal cycle of OCS is modest compared to that of the reactive carbon species. The fitted amplitude is 3.60x10%
molecules cm, with an uncertainty of is 8.08x10*? molecules cm?, corresponding to (3.63 + 0.08) % of the mean. The phase
shows higher columns in April-June and lower columns in October-December. The magnitude of the seasonality is consistent
with OCS being a relatively long-lived sulfur species with distributed sources and sinks. Being outside the scope of this paper,
we do not attempt to discuss the detailed partitioning between biospheric uptake, oceanic sources, and stratospheric processes
at Paris. The FTS-Paris OCS total columns show a decreasing trend of (-0.59 + 0.02) %/yr from 2011 to 2022. This is consistent
with the recent slowdown and decline discussed by Hannigan et al. (2022a), who reported two tropospheric trend periods, with

increases before 2016 and likely decreases afterwards.

Halogen reservoir records: HCl and HF

Stratospheric components such as HF and HCI provide critical information on the atmospheric halogen load. As long-lived
and stable chemical species in the stratosphere, they serve as dominant reservoirs of stratospheric fluorine and chlorine,
(Mahieu et al., 2008, 2014; Steffen et al., 2019) and can serve as conservative tracers (Akishina et al., 2024). HCI is a major
chlorine reservoir linked to ozone depletion, whereas HF is a stable fluorine reservoir and tracer of halogenated organic source
gases (Chipperfield et al., 1997).

The HCI seasonal cycle is well defined despite the weak long-term trend. Its amplitude is 2.63x10* molecules cm2, with an
uncertainty of 6.23x10% molecules cm2, or (7.17 = 0.17) % of the mean. Maxima are found in April-June and minima in
October-December. This is consistent with previously reported FTIR HCI seasonal cycles, for which lower-stratospheric
dynamical variability and tropopause height changes have been identified as important drivers, rather than local source
seasonality (Kohlhepp et al., 2012; Rinsland et al., 1991; Yin et al., 2020). The HCI total column over Paris shows a non-
significant trend of (—0.03 £ 0.04) %/yr from 2011 to 2022. This weak trend is consistent with the slight negative or near-
stagnant HCI trends reported at Toronto ((—0.21 + 0.19) %/yr, 2002-2019), Izafia ((—0.11 £ 0.04) %/yr, 1999-2019), and St.
Petersburg ((—0.26 £ 0.21) %/yr, 2009-2023) (Akishina et al., 2024; Garcia et al., 2021; Yamanouchi et al., 2021). The
levelling-off relative to previously reported negative trends can be linked to the change of sources: Reductions of
chlorofluorocarbons (CFCs) under the Montreal Protocol decreased the chlorine load, whereas hydrochlorofluorocarbons
(HCFCs) and related substitutes continued to contribute chlorine and fluorine during later periods (Zhou et al., 2016).

The shorter HF record gives a seasonal amplitude of 1.37x10%* molecules cm2, with an uncertainty of is 7.39x10*? molecules
cm?, equivalent to (8.42 + 0.46) % of the mean. The April-June maximum and October-December minimum are close to those
found for HCI. This agreement is consistent with the common stratospheric character of the two halogen-reservoir columns;

although the shorter Paris HF record means that the fitted amplitude and phase should be reported as descriptive rather than
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climatological parameters. The HF time series starting in 2018 shows a clear positive trend of (2.84 + 0.22) %/yr. This is
similar to earlier FTIR observations from other sites. The Toronto Atmospheric Observatory has observed a rise of (0.59 +
0.11) %/yr between 2002 and 2019 (Yamanouchi et al., 2021), and Izafia recorded a (0.98 + 0.27) %/yr increase from 1999 to
2019 (Garcia et al., 2021). Akishina et al. (2024) also reported positive trends for St. Petersburg ((0.59 + 0.27) %/yr, 2009-
2023), Kiruna ((0.67 = 0.35) %/yr, 2009-2023), and Harestua (0.43 £ 0.27) %/yr, while trends over earlier periods were weaker
or ambiguous (Kohlhepp et al., 2012).

Short-record case: HCN

Even though the observational record is very short, HCN shows a clear and substantial seasonal cycle, with an amplitude of
1.11x10% molecules cm and an uncertainty of is 3.79x10® molecules cm™, representing (20.16 + 0.69) % of the mean. The
fitted maximum occurs in June-August and the minimum in December-February. Such a large relative seasonal term is not
unexpected for HCN, given its sensitivity to biomass burning plumes and episodic long-range transport reported in previous
FTIR studies (Viatte et al., 2013; Zeng et al., 2012; Zhu et al., 2024). The FTS-Paris HCN record shows a positive, but
statistically uncertain trend of (0.51 + 0.43) %/yr from 2018 to 2022 (Fig. 11). In contrast, negative trends were reported at
Toronto (-0.51 + 0.21) %/yr, 2002-2019 and Hefei (-2.31 = 0.09) %/yr, 2015-2021 (Zhu et al., 2024; Yamanouchi et al.,
2021). Earlier measurements from 1999 to 2009 also show negative trends at Fort Lauder (-0.62 + 0.31) %/yr and Arrival
Heights (-0.75 £ 0.38) %/yr (Zeng et al., 2012).

6 Summary and conclusions

The SFIT4 processing at FTS-Paris provides a quality-controlled urban NDACC-IRWG product record for CO, CzHs, CHa,
N20, HF, HCI, HCN, H>CO, NO and OCS. The record covers 2011-2022 for most species and 2018-2022 for HF and HCN,
with species-specific retrieval settings in accordance with NDACC-IRWG recommendations and adapted to observing
conditions at Paris. The use of updated spectroscopy, IRWG a priori information, and pre-retrieved H,O supports a consistent
retrieval framework for long-term analysis and future network intercomparisons.

The retrieval tests lead to a nominal configuration, with OEM retained for HF, HCI, CO, and OCS, and TP retained for N,O,
CzHg, CH4, HCN, H2CO, and NO-. This configuration should be understood as the most appropriate retrieval strategy for the
Paris spectra and observing conditions, rather than as a universal prescription for other sites or implementations. Different
spectral conditions, target gas sensitivities, noise levels, and profile constraints, may demonstrate another preference for either
OEM or TP in terms of effectiveness and stability. The preferred strategy should therefore be selected following site-specific
tests for each species. The associated quality assessment defines the strengths and limitations of the product. Random errors
are mainly driven by retrieval noise, while systematic errors are mainly linked to spectroscopy. The ILS approximation impacts
total columns by less than 1%. About 2-6% of the observations are removed by the post-processing filtering on average. The

comparison with previous PROFFIT9 products shows differences below 1% for CO and H,CO and about 4% for C,Hs. This
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article also presents an investigation of updating to the latest a priori profile and spectroscopy database. The main change is
due to the updated a priori model, which introduces biases of —5.6% for H,CO and +2.1% for C,He. The spectroscopic update
contributes +2.9% to H,CO and —1.7% for C,Hsg. Using pre-retrieved water vapor contributes about +1.5% to columns of H,CO
and C,Hs, whereas the change in retrieval strategy accounts for less than 0.6% of the total column difference. CO shows the
most stable results of the three gases, with each update contributing less than 0.6% in absolute value. Unlike CO and C;Hs, for
which calculated and theoretical error summations agree closely, H,CO shows a slightly larger discrepancy, mainly because
SFIT4 could not fully reproduce the vertical constraints for interfering species HDO and CH4 used in the previous PROFFIT9
setup.

While CH4 and N2O exhibit positive trends over the 2011-2022 period, CO, C;Hg, H2CO, NO, and OCS decrease. HCI remains
close to stagnant over the same period. HF shows a clear positive tendency over the short 2018-2022 record. The positive HF
trend observed at Paris, which is larger than those already published and covering longer periods, calls for observations from
other sites over the same period to assess whether our observation reflects a recent general change. HCN also has a shorter
record with a positive but statistically uncertain trend. These tendencies are presented as Paris site results, rather than as a new
multi-site assessment. Comparisons within NDACC are therefore limited to previously published site studies, and both, the
HF and HCN products must be interpreted cautiously because of their relatively short record.

Hannigan et al. (2022a) reported a positive global OCS trend from 2008 to 2016 followed by an inflection and less certain
behaviour afterwards. The decrease in OCS total columns observed at Paris during 2011-2022 is consistent with this suggested
decline. A more comprehensive global analysis combining observations from multiple sites is however needed to clarify the
timing, magnitude, and geographical extent of these changes. Attributing their causes will require public multi-site products
and comprehensive chemistry-transport modelling and is beyond the scope of this paper. Published FTIR studies also report
contrasting trends. Overall, the NDACC-Paris dataset fills an important gap in high-precision, ground-based observations of

atmospheric trace gases in the Paris region and provides a reference for future validation and network studies.

Code and data availability

The SFIT4 retrieval code is available at https://wiki.ucar.edu/spaces/sfit4/overview (Hannigan et al., 2022b). The Paris FTIR

data are regularly archived in the NDACC repository at https://www-
air.larc.nasa.gov/pub/NDACC/PUBL IC/stations/paris/hdf/ftir/, and the data presented in this work are available on Zenodo at
https://doi.org/10.5281/zenodo.23359690 (Té et al., 2026).
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Appendix A: Additional material

Appendices Al and A2 provide the retrieval output examples from raw spectra obtained at around 12:00 UTC, 6 August 2020
for the gases not shown in the main text. The main text uses CO and CHj for illustrating the OEM and the TP retrievals,
respectively. The appendix figures keep the same format, showing the retrieval micro-windows and the corresponding retrieved

vertical profiles, so that the retrieval of these remaining species is well illustrated and accessible.

Al OEM retrieval examples

This appendix presents the retrieval micro-windows and vertical profiles for all gases (HF, HCI, OCS and H-0) retrieved with

the OEM method except for CO which is discussed in Sect. 4.2.2 of the main text.
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895 Figure A4: A priori (red) and retrieved (blue) HCI profiles of the spectrum shown above. Left: volume mixing ratio in normal scale.
Right: volume mixing ratio in logarithmic scale.
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Figure A5: Measured (blue) and fitted (orange) spectrum in the 5 OCS MW’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.
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Figure A7: Measured (blue) and fitted (orange) spectrum in the 4 H2O MW’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.
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Right: volume mixing ratio in logarithmic scale.

A2 TP retrieval examples

This appendix presents the retrieval micro-windows and vertical profiles for all gases (N2O, CzHs, HCN, H.CO and NOy)

retrieved using the TP strategy except for CH4 which is discussed in Sect. 4.2.3 of the main text.
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Figure A9: Measured (blue) and fitted (orange) spectrum in the 4 N2O MW’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.
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Figure A10: A priori (red) and retrieved (blue) N2O profiles of the spectrum shown above. Left: volume mixing ratio in normal

scale. Right: volume mixing ratio in logarithmic scale.
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Figure A11: Measured (blue) and fitted (orange) spectrum in the 3 C2Hs MW’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.
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930 Figure Al4: A priori (red) and retrieved (blue) HCN profiles of the spectrum shown above. Left: volume mixing ratio in normal
scale. Right: volume mixing ratio in logarithmic scale.
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Figure A15: Measured (blue) and fitted (orange) spectrum in the 4 H2CO MW’s recorded on 6 of August 2020 at Paris. The residuals
are shown in purple.
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Figure Al16: A priori (red) and retrieved (blue) H2CO profiles of the spectrum shown above. Left: volume mixing ratio in normal
scale. Right: volume mixing ratio in logarithmic scale.
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Figure A17: Measured (blue) and fitted (orange) spectrum in the NO2 MW’s recorded on 6 of August 2020 at Paris. The residuals

are shown in purple.
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Figure A18: A priori (red) and retrieved (sky-blue) NO2 profiles of the spectrum shown above. Left: volume mixing ratio in normal

scale. Right: volume mixing ratio in logarithmic scale.
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945  Figure A19: Averaging kernel (AVK) for the VMR profile retrieval of each gas at Paris using the final retrieval strategy. The plot
shows AK rows indicating the sensitivities to anomalies in different altitudes (colours) of the true atmosphere. The AVK matrix has
no unit, but is calculated for volume mixing ratios (ppmv/ppmv). Total column AVK (black) and Sum of AVK (blue).

Appendix B: SNR pre-retrieval filtering

950 Asdiscussed in Section 4, spectra with SNR below 50 are excluded before the retrieval. The SNR is calculated from different
signal and noise intervals for each NDACC filter, which are listed in Table Al.
Table Al: SNR calculation intervals for NDACC filters at Paris NDACC-IRWG site.

Optical filters Signal interval (cm) Noise interval (cm™)
NDACC 01 4162.0 to 4162.4 3700.0 to 3750.0
NDACC 02 3160.0 to 3161.0 3700.0 to 3750.0
NDACC 05 2143.0 to 2143.5 2300.0 to 2350.0
NDACC 11 2610.0 to 2612.0 2300.0 to 2300.5
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