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ABSTRACT

Successive regulations on the production and consumption of chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) have led to the use of hydrofluorocarbons
(HFCs) as substitution products. Consequently, these potent greenhouse gases are now
controlled under the Kigali Amendment (2016) to the Montreal Protocol. HFC-134a is the
preferred substitute to CFC-12 as a refrigerant and is the most abundant HFC in the
atmosphere today. This work presents the first retrievals from ground-based Fourier
Transform InfraRed (FTIR) high-resolution solar absorption spectra, recorded at the
Jungfraujoch station as part of the Network for the Detection of Atmospheric Composition
Change (NDACC). To verify these retrievals, the FTIR time series was compared to three
other datasets: a simulation of the TOMCAT 3-D chemical transport model, the Fourier
Transform Spectrometer on board the Atmospheric Chemistry Experiment (ACE-FTS) L2 v5.2
retrievals, and the Jungfraujoch in-situ surface observations conducted within the Advanced
Global Atmospheric Gases Experiment (AGAGE) network. The overall trends of HFC-134a
(2004 — 2022) were analyzed to assess the relative growth rates of this atmospheric
compound. These trends are 7.34 = 0.16 %l/year (FTIR), 7.12 = 0.05 %/year (TOMCAT), 7.29
+ 0.16 %l/year (ACE-FTS), and 6.61 + 0.05 %/year (in-situ). The relative trends are in good
agreement, so these novel FTIR retrievals are validated. Consequently, this strategy could be
implemented at other NDACC sites to achieve a quasi-global detection of this species using
the FTIR remote sensing technique.
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1. Introduction

Since the discovery of the implication of chlorofluorocarbons (CFCs) in
stratospheric ozone depletion by Molina and Rowland (1974) [1], the Montreal Protocol
on Substances that Deplete the Ozone Layer (1987) has aimed to limit the production
and consumption of CFCs and other Ozone-Depleting Substances (ODSs) to protect
the ozone layer and allow it to recover. The industry has therefore developed and
produced substitutes for CFCs, the hydrochlorofluorocarbons (HCFCs). These
substances have shorter atmospheric lifetimes and convey less chlorine atoms on a
per molecule basis, which is why they are characterized by smaller ozone depletion
potentials (ODPs). Still, HCFCs contribute to stratospheric ozone depletion, which led
to their ban. Consequently, hydrofluorocarbons (HFCs), which are chlorine- and
bromine-free molecules that do not affect the ozone layer, have been introduced to
replace both CFCs and HCFCs [2]. Nevertheless, all these substances are strong
infrared (IR) radiation absorbers and hence contribute to the Earth’s radiative forcing
[3]. As HFCs are very potent greenhouse gases, they were included in the list of
substances controlled by the Kyoto Protocol (1997), but no emission limits were
established. Therefore, the Kigali Amendment (2016) to the Montreal Protocol came
into force in 2019 to gradually reduce the global production and use of long-lived HFCs
[4]. HFCs are mainly used in refrigeration systems, air conditioning, and foam-blowing
as well as firefighting agents and propellants [4]. In the last years, the consumption
and emissions of CFCs have decreased. While HCFC consumption and emissions
have stabilized in recent years, those of the HFCs continue to rise [4]. Since 2000,
global HFC emissions estimated from atmospheric observations show a significant
gap to the total CO2-eq HFC emissions reported by Annex | countries to the United
Nations Framework Convention on Climate Change (UNFCCC) in 2019 (Fig. 2-2 in
[5]). Unfortunately, this gap between estimated and reported emissions has been
broadening in the recent years. This difference could be explained by emissions from
non-Annex | countries and/or by unrecorded emissions, considering that many
countries still do not report to the UNFCCC or remain not monitored by atmospheric
observations [4]. The total CO2-equivalent emissions (based on 100-yr time horizon
Global Warming Potential, GWP) by HFCs in 2020 has been estimated to be 1.22 +
0.05 Gt CO2-eq yr? [4].

1,1,1,2-Tetrafluoroethane or CH2FCFs (HFC-134a) has replaced CFC-12 as
the preferred refrigerant and is the most abundant HFC in the atmosphere [4]. Its total
atmospheric lifetime is 13.5 years (14.1 years in the troposphere and 313 years in the
stratosphere) [6]. The large difference between the tropospheric and the stratospheric
lifetimes is due to the reaction with tropospheric OH, the main atmospheric sink for
HFC-134a (responsible for 99% of its atmospheric degradation) [2]. Atmospheric HFC-
134aloss produces COF2, HF and trifluoroacetic acid (TFA; CFsCOOH). This is a toxic
breakdown product that accumulates in water reservoirs through wet deposition.
However, it is known that the environmental impact of TFA still needs to be
investigated [7]. It is estimated that HFC-134a emissions started in the early 1990s as
the atmospheric HFC-134a levels began to rise in the mid-1990s. This is based on
global in-situ measurements by NOAA (National Oceanic and Atmospheric
Administration) [8; 9]. The GWP of HFC-134a is 1470 (100-yr) and it is the largest
contributor to radiative forcing from HFCs with 44% of their total contribution (44.1
0.6 mW m-) in 2020, which is about 30% more than in 2016. The share of HFC-134a
in total HFCs emissions in 2020 is about 30%, which is an increase of about 20% since
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2016 [4]. Global emissions of HFC-134a estimated by the Advanced Global
Atmospheric Gases Experiment (AGAGE) and NOAA networks are, 247 + 28 Gg yr?
(or 364 + 41 Tg CO2-eq yr?) and 243 + 27 Gg yrt (or 358 + 39 Tg CO2-eq yrl),
respectively in 2020 [4].

In this work, we describe the first retrieval strategy from ground-based Fourier
Transform InfraRed (FTIR) solar absorption spectra, and we analyze the HFC-134a
atmospheric abundances above the Jungfraujoch station. To evaluate this first HFC-
134a FTIR time series, we compare our retrieved total columns (presented as dry air
mole fractions) to surface air measurements (AGAGE), satellite data (ACE-FTS
instrument on board SCISAT) over Europe and TOMCAT model simulations for the
period from January 2004 to December 2022. In Section 2, we describe the FTIR, in-
situ and satellite observations as well as the 3-D chemical transport model. In Section
3, we describe the retrieval strategy, and in Section 4, we present the results and
discuss the trend analysis for the different datasets. Finally, we conclude this study in
the section “Summary and conclusions”.

2. Measurement methods and datasets

2.1 NDACC FTIR observations at the Jungfraujoch station

The FTIR spectra used in this study were recorded under clear-sky conditions
at the Jungfraujoch research station (46.55°N, 7.98°E) in the Swiss Alps at 3580 m
above mean sea level (a.m.s.l.). The Jungfraujoch station is located between the
Monch (4107 m) and the Jungfrau (4158 m) summits, in a very dry area compared to
other NDACC stations, due to the high altitude and the proximity of the Aletsch glacier
[10]. Spectra have been recorded since the early 1950s by the team of the Institute of
Astrophysics of the University of Liege (Belgium). The high-resolution FTIR
measurements began in 1984 [11] and are now conducted as part of the Network for
the Detection of Atmospheric Composition Change (NDACC) [12]. The retrievals
presented in this article were obtained from a subset of high-resolution infrared (IR)
solar absorption spectra recorded with a Bruker IFS-120HR spectrometer, modified by
the team, and in operation since the early 1990s. These observations were made with
a HgCdTe (mercury cadmium telluride, MCT) detector and they cover the 700 — 1400
cm! spectral range with a spectral resolution of 0.0061 cm™, that is a maximum optical
path difference (OPD) of 82 cm.

2.2 AGAGE in-situ observations at the Jungfraujoch station

In addition to measurements by FTIR, fully independent observations of HFC-
134a at Jungfraujoch are also available through in-situ measurements using
preconcentration gaschromatography — mass spectrometry (GCMS) [13]. As part of a
suite of ~50 halogenated substances, high-precision HFC-134a measurements have
been conducted within the AGAGE network [14]. At Jungfraujoch, measurements
began in 2000 using a GCMS-ADS (adsorption/desorption) system [15] followed by
Medusa-GCMS technology in 2008 [14; 16]. For the Medusa-GCMS, 2 L samples are
preconcentrated on a first trap and held at ~ —160°C. The samples are desorbed at
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100°C and cryofocussed on a second trap before injection into the GCMS. The
measurement of one sample takes about 70 minutes. After each pair of air samples,
a calibration gas (quaternary standard) is measured to track and correct for MS signal
drift. Measurement precision for HFC-134a is about 0.3% (1-0). The HFC-134a
measurements are fully intercalibrated within the AGAGE network and are reported as
dry-air mole fraction in pmol mol~* (parts-per-trillion, ppt) on the Scripps Institution of
Oceanography (SIO) calibration scale SIO-05 with an estimate accuracy of ~2%. For
the present study, only baseline measurements (deemed representative for a broad
atmospheric region) were used, based on a statistical filtering algorithm [17; 18].

2.3 ACE-FTS observations

The ACE-FTS instrument on board the Atmospheric Chemistry Experiment
(ACE), also known as SCISAT, is the main instrument of this Canadian satellite [19].
SCISAT was launched into low Earth circular orbit by NASA in August 2003. Since
February 2004, this satellite has been collecting data of the atmospheric pressure,
temperature, and several molecular abundances [20]. ACE-FTS is a Fourier
Transform Spectrometer (FTS) that records up to 30 IR transmittance spectra per day
at sunrise and sunset by solar occultation. The locations of the occultations are
determined by the orbit of the satellite and its relative position to the Sun [2]. This
instrument operates in the range from 750 to 4400 cm™ with a spectral resolution of
0.02 cm™ [20]. The signal-to-noise ratio (SNR) ranges from about 100:1 to about 400:1
[21]. The vertical resolution averages about 3 km and each occultation analyzes the
atmosphere from 150 km down to the cloud tops, or down to 5 km at best under clear-
sky conditions [2]. Five micro-windows (MW) are used for the HFC-134a retrievals:
MW1 = 828.78 — 829.28 cm; MW2 = 1090.20 — 1090.60 cm?; MWz = 1103.04 —
1105.84 cml; MWa = 1949.93 — 1950.28 cm?; and MWs = 2623.63 — 2624.28 cm?
[20]. For this study, we used ACE-FTS Level 2 v5.2 retrievals of the HFC-134a
molecular abundances, expressed as volume mixing ratios (VMRS), from 5.5 km to
15.5 km for a latitude band around the Jungfraujoch station (40-50°N). We limited the
ACE-FTS measurements to 15.5 km because the vertical profile decreases
meaningfully above this altitude [19; 2]. Further information on the ACE-FTS version
5 retrievals can be found in Boone et al. (2023) [21].

2.4 The TOMCAT/SLIMCAT chemical transport model

To help interpret the observations, we used output from a simulation of the
TOMCAT/SLIMCAT (hereafter TOMCAT) three-dimensional (3-D) chemical transport
model (CTM) [22]. The simulation used here had a horizontal resolution of 2.8° x 2.8°
with 32 levels from the surface to ~ 60 km. The model was forced using meteorology
from European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS
reanalyses [23] and was integrated from 1979 until 2022. The model contained a
detailed treatment of stratospheric chemistry including interactive calculation of
photochemistry (OH, photolysis) relevant for HFCs.

The model run was constrained by specifying the monthly mean global mean
surface VMRs of the long-lived source gases. For species such as CFCs and HCFCs

4



O 00 N O Ul &b WN -

=
o

11
12
13

14
15
16
17

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40
41
42
43

these are taken from the Scientific Assessment of Ozone Depletion (2018) [24]. For
HFCs, including HFC-134a, the global mean surface VMRs are taken from the NOAA
Annual Greenhouse Gas Index (data obtained from
https://gml.noaa.gov/aggi/aggi.html). This boundary condition constraint means that
the model does not simulate the spatial and short-term temporal variation in the
surface concentration of HFC-134a. The model does, however, simulate the relative
HFC-134a profile shape through atmospheric transport and loss processes. For
comparison with observations the simulated model profile was sampled daily (at 0 UT)
at the location of Jungfraujoch.

3. HFC-134a total column retrievals

3.1 Retrieval strategy

Since the main absorber in the infrared domain is water vapor, the dry
conditions of the Jungfraujoch station facilitate the detection, retrieval, and analysis of
trace gases with very weak spectral absorptions, such as HFC-134a. The application
to other NDACC sites has yet to be tested.

We investigated all the significant HFC-134a features included in the pseudo-
line list produced by G. C. Toon from the Jet Propulsion Laboratory
(https://mark4sun.jpl.nasa.gov/), which is based on six laboratory absorption cross-
section datasets from Clerbaux et al. (1993) [25]; Highwood and Shine (2000) [26];
Nemtchinov and Varanasi (2004) [27]; Sharpe et al. (2004) [28]; Gohar et al. (2004)
[29]; and Harrison (2015) [30] (https://mark4sun.jpl.nasa.gov/data/spec/Pseudo/HFC-
134a PLL.compressed.pdf). However, only two were suited for the inversion of our
ground-based solar atmospheric spectra: 1104.300 — 1105.585 cm™ and 1182.0 —
1186.4 cm. In this work, we will only present the results for the first window since the
second one shows a strong water vapor absorption between about 1185.0 cm™ and
1186.4 cm1, which masks the main absorption of HFC-134a, even at Jungfraujoch. In
addition, the HFC-134a absorption in the second window is smaller and more
unstructured than in the first window. Please, consult Figure 1 in the supplementary
materials for more information about the second spectral window. The first window
range was also used by the ACE-FTS team for the HFC-134a retrievals [20]. To
maximize the absorption depth of our target molecule and the information content,
only the subset of observations with an apparent solar zenith angle (SZA) between
60° and 85° was fitted. For this work, we did not filter the observations according to
water vapor or ozone columns since there is no dependency to the air mass, or the
H20 or Os total columns (Figure 2 in the supplementary materials). However, some
filtering could be necessary in more humid sites or in sites located at lower altitudes
than Jungfraujoch.

For the retrieval of the HFC-134a total columns, we adopted a Tikhonov L1
regularization with an a-parameter of 50. The simulations and retrievals of the total
columns were performed using the SFIT-4 v1.0.18 algorithm, which applies the
Optimal Estimation Method (OEM) of Rodgers, 2000 [31]. The layer scheme spanned
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Figure 1. Spectral window for HFC-134a. Panel A displays the observed — calculated
residuals, in %, from the simulation to the spectrum recorded on May 25, 2016. The root-
mean-square of the fitting residuals is 0.27%. Panel B shows the simulation of the 1104.300
— 1105.585 cm™ spectral window for spectra recorded by the Bruker IFS-120HR FTIR
instrument at the Jungfraujoch station at an apparent solar zenith angle of 77.2° and a
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maximum optical path difference of 82 cm. The signal-to-noise ratio for this spectrum is 952.
The main interfering species (O3, CO», H20, the ozone isotopologues, HCOOH, CH., CFC-12,
and HCFC-22) are shifted vertically for clarity. Be aware of the scale of the vertical axis in
Panel C, where the HFC-134a absorption is magnified.

The simulated interfering species are COz2, H20, O3, some ozone isotopologues
(03667, 03668, and 03686), formic acid (HCOOH), CH4, CCl2F2 (CFC-12), and
CHCIF2 (HCFC-22). These interfering molecules were also used for the HFC-134a
ACE-FTS retrievals by Fernando et al. (2019) [20]. The spectroscopic parameters for
the interfering species were obtained from the HITRAN2020 database [32] and the
empirical pseudo-line list created by G. C. Toon for the unresolved features of the
halocarbons  (https://mark4sun.jpl.nasa.gov/pseudo.html). The  spectroscopic
parameters of water vapor  were obtained  from the  ATM20
(https://mark4sun.jpl.nasa.gov/specdata.html) compilation.

A priori profiles of the interfering species were obtained from the Whole
Atmosphere Community Climate Model (WACCM, version 6; [33]) climatological
profiles over the period 1980 — 2040, except for water vapor. A priori profiles of water
vapor were supplied by the ERA-Interim [34] and ERA-5 [23] meteorological
reanalyzes complemented with WACCMv6 monthly means for the uppermost
atmospheric layers. Since HFC-134a is not included in the WACCM simulations, we
used the ACE-FTS vertical distribution for 2006 [2] as a priori profile for HFC-134a for
the upper troposphere and lower stratosphere (5 — 15 km). The lower tropospheric a
priori profile was considered constant from the lower limit of ACE-FTS HFC-134a
profile (5 km). In the same way, the middle stratospheric a priori profile was considered
constant from the upper limit of ACE-FTS HFC-134a profile (15 km). Using another
year profile, for example 2018 [2], as a priori has no measurable effect on the retrieved
FTIR products.

Panel B in Figure 1 shows a simulation of the 1104.300 — 1105.585 cm*
spectral window. The observed spectrum (obs) is displayed in black and the simulated
spectrum (fit) is shown in orange. Each individual molecule is shown in the colors
indicated in the legend. As can be observed, the main interferences in this window are
due to ozone (in dark green). The absorption feature of HFC-134a (in red, Panel C)
peaks around 1104.55 cm™ and 1105.24 cm-?, surrounding the water vapor absorption
(in light turquoise) in the center of the window. Even though the interferences from the
other molecules appear very weak, we cannot ignore them since the absorption of our
target molecule represents only about 1% (Panel C), so any small contribution from
other species can be important for the retrievals. Panel A shows the fitting residuals
(observed — calculated) from the simulated spectrum to a spectrum obtained on May
25, 2016. The residuals are close to the noise level, except around some of the most
intense ozone absorption lines. The root-mean-square (RMS) of the fitting residuals is
0.27% and the H20 total column is 7.3 x 102! molec. cm for this example. This
spectrum is a good representation of the whole time series (2004 — 2022), as the
median and mean RMS are 0.27% and 0.28%, respectively, and the median and the
mean H20 total columns are 5.4 x 102! molec. cm? and 6.8 x 10! molec. cm?,
respectively. This spectrum was recorded with a maximum OPD of 82 cm at a solar
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zenith angle of 77.2°, which is at the median of the SZA of the whole spectra used in
this study.

3.2 Uncertainty analysis of the measurements

The main sources of error affecting the retrievals of the total columns are listed
in Table 1. This uncertainty budget was calculated for one year of spectra (2014),
taken as an example in the middle of the time series. The random and systematic
components are presented separately. To create the random component of the error
covariance matrix, we used a constant relative standard deviation of 18%, based on
ACE-FTS L2 v5.2 HFC-134a retrievals [21], for each level of the grid (1 km-levels
between 5.5 and 15.5 km; between 40 and 50°N) which represents the average
relative standard deviation for four months of the ACE-FTS time series (April — July
2012). The systematic part was produced using the mean relative difference between
the ACE-FTS L2 v5.2 HFC-134a retrievals and the TOMCAT simulations in the lowest
model layer for the same four months. The model simulations were used for this
estimation as no other satellite observations are currently available. A constant relative
difference of 10% was used for each layer of the grid. This value is similar to the
systematic component used for HCFC-22 by Prignon et al. (2019) [35]. The correlation
width of the HFC-134a profile was assumed to be 3 km. The random uncertainty for
the SZA was set to £0.1°, while the systematic uncertainty was assumed to be +0.03°.
The relative systematic uncertainties of the spectroscopic parameters of HFC-134a
(line intensity, temperature, and pressure) were set to 5%, according to the empirical
pseudo-line list produced by G. C. Toon.

Table 1. Mean relative uncertainties (%) for one year (2014) concerning the HFC-134a total
column retrievals for the Jungfaujoch station.

Relative uncertainty (%)

Error type and source Mean Standard deviation
Random components

Measurement 6.7 2.2
Temperature 4.3 1.0
SZA 0.8 0.3
Interfering species 5.5 1.9
Smoothing 1.0 0.1
Retrieval parameters 0.3 0.2
Total random 9.8 2.8
Systematic components

HFC-134a line intensity 4,99 0.01
Temperature 7.1 1.9
SZA 0.3 0.1
Total systematic 8.9 15
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The mean total random and systematic uncertainties are 9.8 £ 2.8 % and 8.9 +
1.5 %, respectively. The error budgets for 5 years before and after 2014 were also
calculated. For 2009, the total random and systematic uncertainties are 14.5 + 3.8 %
and 13.3 £ 3.0 %, respectively, while for 2019, they are 8.5+ 2.5 % and 7.1 £ 1.1 %,
respectively. These results highlight the challenge to retrieve HFC-134a from ground-
based FTIR solar absorption spectra in the early 2000s, while the atmospheric load
only started to develop in the mid-1990s. Consequently, we decided to show here the
HFC-134a total columns above Jungfraujoch from 2004 to 2022, spanning the same
period as the ACE dataset. As shown in Table 1, the random error is mainly
determined by the uncertainties of the measurement, the temperature, and the
interfering species, while the systematic error is mainly influenced by the uncertainty
of the spectroscopic parameters. The other sources of uncertainty only contribute less
than 1% to the total error (random and systematic). These relative uncertainties are
determined by dividing the measurement uncertainty by the absolute total column
value.
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Figure 2. Mean layer averaging kernels and first eigenvector. The left panel shows the mean
layer averaging kernels for mixing ratios computed for the spectra recorded at the
Jungfraujoch station from January 2007 to December 2009. The ticks on the color bar are the
individual layer averaging kernels represented in the graph. The first eigenvector is shown in
the right panel and its eigenvalue is1.0.

The mean layer averaging kernels provide the information content of the
retrieval processing required to characterize the relative weighting between the a priori
and the true vertical profiles to the retrieved vertical distribution [31]. Figure 2 shows
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the mean layer averaging kernels (left panel) and the first eigenvector (right panel)
calculated for the spectra recorded above the Jungfraujoch station in 3 years (2007 —
2009). The thick black line indicates the total column averaging kernel scaled by 0.1
(from 3.58 km, the station altitude, up to 40 km), while the colored lines show the
different individual layer averaging kernels, indicated by the vertical color bar. The
degrees of freedom for signal (DOFS) inform on how much information can be
extracted from the retrievals. The mean DOFS of the entire time series is 1.0, so the
retrievals provide one useful piece of information. The 100% of the information
characterizing the troposphere comes from the retrievals and not from the assumed a
priori, as indicated by the first eigenvalue (A1 = 1.0).

We also analyzed the effects of the misalignment of the Bruker 120HR
spectrometer between July 2011 and December 2012, because the retrieved total
columns presented a discontinuity in this period, with a local maximum that was not
observed in the other datasets. For this purpose, we retrieved an effective apodization.
Nevertheless, this perturbation did not show consistent effects on the retrieved total
columns. This effect was also observed in the partial columns of other species
retrieved at the Jungfraujoch station during the same period, such as HCFC-22 [35].

4. Results and discussion

In this section, we present the HFC-134a time series obtained after the retrieval
of the total columns, as well as the trend analyzes and seasonality. Since these are
the first HFC-134a retrievals from ground-based FTIR solar absorption spectra, we
compare our results with other three independent datasets, described in Section 2.

4.1 Time series of HFC-134a above the Jungfraujoch NDACC site

With the aim of keeping good spectra, we did not consider data with a fit RMS
higher than 0.6 (considering that the mean fit RMS is 0.3). We also removed data from
July 2011 to December 2012 due to the low reliability of the retrievals, as explained in
the section above. Before filtering, we had 5019 spectra for the whole time series
(January 2004 — December 2022), i.e. 1542 daily measurements. After filtering, we
retained specifically 1382 daily observations (196 months). To use the same units and
to easily compare the four independent time series, we show here the FTIR dry air
mole fractions (xHFC-134a) instead of the retrieved total columns. These xHFC-134a
were determined by dividing the HFC-134a total columns by the dry air pressure
column (DPC), which can be obtained as described in Barthlott et al. (2015) [36], and
Pardo Cantos et al. (2022) [37]. The water vapor columns used to calculate the xHFC-
134a were obtained using a dedicated retrieval strategy for water vapor, described by
Sussmann et al. (2009) [38].

4.2 Comparisons with independent datasets

Figure 3 shows the annual means of the four different datasets from January
2004 to December 2022. As orange dots, the xHFC-134a from FTIR measurements
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at the Jungfraujoch station; in blue up-pointing triangles, the HFC-134a surface
volume mixing ratios derived from TOMCAT model simulations; in purple squares , the
HFC-134a VMRs from ACE-FTS for a latitude band between 40 and 50°N (centered
around the Jungfraujoch station location) and averaged over an altitude range
between 5.5 and 15.5 km; finally, the green down-pointing triangles show the in-situ
HFC-134a mole fractions measured at the Jungfraujoch station within the AGAGE
network. The error bars show the standard deviation around the annual means. The
mean relative standard deviations are 9.5% for the FTIR annual XHFC-134a averages,
commensurate with the random uncertainty shown in Table 1; 2.3% for the annual
means of the TOMCAT model surface VMRs; 10.9% for the ACE-FTS HFC-134a
VMRs; and 3.4% for the in-situ baseline mole fractions.

140+ 2 Annual TOMCAT HFC-134a VMR |
i Annual ACE-FTS v5.2 HFC-134a VMR Y
+  (40-50°N; 5.5-15.5km) \ P
<+ = Annual AGAGE baseline ¥ -
120 Y HFC-134a mole fractions
Annual FTIR xHFC-134a
1007 T
o 80T T
o
60T T
40+ T
201 T
t } t } } } i t + t : } : t } } } }
2005 2010 2015 2020
Year

Figure 3. Atmospheric HFC-134a annual means derived from the different datasets. As
orange dots, the Jungfraujoch FTIR xHFC-134a data; as blue up-pointing triangles, the
TOMCAT HFC-134a lower-most model level VMRs; as purple squares, the ACE-FTS L2 v5.2
HFC-134a VMRs; and as green down-pointing triangles, the in-situ baseline HFC-134a mole
fractions at Jungfraujoch. The vertical error bars depict one standard deviation. The respective
linear trends are indicated by the straight lines.

For the FTIR time series, some periods must be emphasized. First, the 2021
annual mean is higher because the spectrometer was out of operation from January
to May 2021, so this annual mean only includes the second half of the year, when the
atmospheric HFC-134a content is higher, as shown in Figure 4. In addition, the quality
of the spectra from 2021 is less accurate as the maintenance of the Bruker 120HR
spectrometer could not be performed frequently enough due to travel restrictions. The
second period to note extends from July 2011 to December 2012. This one-and-a-
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half-year data was suppressed because of the low quality of the retrievals during this
period, as explained in Section 3. Consequently, the 2011 xHFC-134a annual mean
is slightly lower because we only considered the first half of the year, when the
atmospheric HFC-134a burden is lower.

The FTIR and TOMCAT model time series are in good quantitative agreement.
In fact, the mean relative systematic difference between TOMCAT VMRs and FTIR
XHFC-134a monthly means is 5.3%, which is covered by the systematic uncertainty of
the retrievals shown in Table 1. This mean relative systematic difference between the
two datasets was determined by dividing the difference of the mean TOMCAT and
FTIR values by the mean TOMCAT VMR. While the two datasets almost overlap for
the earlier years, they diverge slightly later on. Still, the respective trends are
consistent when the associated statistical uncertainties are considered. The ACE-FTS
time series seems to be down shifted compared to the FTIR series, while the in-situ
baseline HFC-134a time series is higher than the FTIR time series. However, we
should not forget that the ACE-FTS observations mainly represent the upper
troposphere, as only a subset of the measured profiles reached down to 5.5 km. While
the in-situ measurements are representative of the surface mole fractions, the FTIR
observations are less sensitive in the first few kilometers of the atmosphere, and they
reach a maximum around 10 km to then decrease rapidly above, as shown in Figure
2. The differences between the four datasets may have several causes including the
time required for vertical transport and mixing. The systematic uncertainty reported in
Table 1 could also explain part of the bias between the in-situ and the remote sensing
datasets.

4.3 Trend analyses and seasonality

We analyzed the linear trend of the entire FTIR time series (2004 — 2022). The
trends and their uncertainties were estimated using the autoregressive wild bootstrap
method developed by Friedrich et al. (2020) [39] with a 95% confidence interval. The
absolute and relative linear trends are gathered in Table 2. These trends were
calculated using the monthly means, even if only the annual means are shown in
Figure 3 for reasons of clarity. The relative trends were calculated by dividing the
absolute trend by the mean value (dry air mole fractions, or VMRS, or baseline mole
fractions) of the whole time series.

Table 2. Relative and absolute trends derived for the FTIR xHFC-134a at Jungfraujoch, the
TOMCAT surface HFC-134a VMRs, the AGAGE HFC-134a mole fractions at Jungfraujoch,
and the ACE-FTS HFC-134a VMRs, for the 2004 — 2022 period.

Source Trend (pptyr!)  Relative trend (% yr?)
XHFC-134a FTIR 552+0.12 7.34 £0.16
TOMCAT surface VMR 5.32+0.04 7.12 +£0.05
ACE-FTS v5.2 HFC-134a VMR 5.02+0.11 7.29£0.16
AGAGE baseline mole fractions 5.38 £ 0.04 6.61 £ 0.05
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We found that the HFC-134a atmospheric concentration according to the FTIR
measurements above the Jungfraujoch site increased by 5.52 + 0.12 ppt per year, or
a relative increase of 7.34 + 0.16 % per year. Regarding the other time series, a rise
of 7.12 + 0.05 % per year (TOMCAT), 7.29 + 0.16 % per year (ACE-FTS), and 6.61 *
0.05 % per year (in-situ) was observed. Therefore, the FTIR, TOMCAT and ACE
relative trends agree when we weigh the uncertainties. The in-situ relative trend is
slightly lower by about 8%.

Other studies have already analyzed the atmospheric HFC-134a trends
(Montzka et al. (2015) [9], Fernando et al. (2019) [20], Harrison et al. (2021) [2]). The
Scientific Assessment of Ozone Depletion [4] reports an increase in global HFC-134a
from 85.5 + 0.3 ppt in 2016 to 109.8 £ 0.2 ppt in 2020 in the upper troposphere. A
study by Bernath et al. (2021) [40] describes a global trend for the ACE-FTS Level 2
v4.1 HFC-134a retrievals (2004 — 2020) of 5.71 + 0.07 ppt per year, that is 6.86 + 0.22
% per year, which is in line with our results.

2.0t
1.5+
1.0+
0.5
0.0
—0.5-
-1.0r

ppt

—1.54
—2.01

X, KY ¢
v S ¥ ¢

Figure 4. Seasonal cycle of xHFC-134a as derived from the FTIR observations at the
Jungfraujoch station. The minimum atmospheric HFC-134a is at the end of spring, while the
maximum occurs at the end of the summer.

Finally, we analyzed the seasonal cycle of xHFC-134a (Figure 4), which
exhibits minimum abundances at the end of spring (May-June), and maximum load at
the end of summer (August-September). A local minimum is present in November, and
a local maximum in February. It is important to note that the seasonal cycle peak-to-
peak amplitude is relatively weak, around 3.5 ppt, that is 4.5%. This behavior is also
captured by the TOMCAT seasonal cycle, where the maximum occurs in early
September and the minimum in early April. The annual cycle of the in-situ baseline
HFC-134a mole fractions at Jungfraujoch shows a minimum at the end of winter and
a maximum load during the spring and summer. These in-situ baseline measurements
can account for the regional emissions and their main sink is oxidation by the OH
radical. However, the FTIR measurements are also influenced by the tropopause
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height and the atmospheric circulation. Above the Jungfraujoch site, the mean
tropopause height is around 11.3 = 2.2 km (2-0) [41, 42]. On the one hand, the
tropopause above Jungfraujoch sinks in fall and winter and reaches a minimum height
at the beginning of March. On the other hand, the tropopause above the station rises
in spring and summer and gets a maximum height in mid-August [41].

Summary and conclusions

In this study, we described the retrieval strategy we developed for HFC-134a
from ground-based FTIR solar absorption spectra recorded at the high-altitude dry
Jungfraujoch station. This was the first attempt to retrieve HFC-134a within the
NDACC network. HFC-134a is the most abundant HFC in the atmosphere and the
preferred substitute to CFC-12 as a refrigerant. Even though HFCs do not directly
affect stratospheric ozone, they are very potent greenhouse gases, which is why they
were included in the Kigali Amendment to the Montreal Protocol.

We chose the 1104.300 — 1105.585 cm spectral window for the retrievals, in
which the HFC-134a feature typically represents only 1% of the absorption depth. We
chose this window as the water vapor absorption is not very intense, which is an
essential point to consider in the cases where the absorption of the target molecule is
weak. The main interfering species in this window is ozone and its absorption lines are
well defined. The mean DOFS is equal to 1.0, which allows the determination of a
single piece of information.

The trend of xHFC-134a was analyzed from January 2004 to December 2022.
The previous years were not analyzed because the FTIR retrievals in early 2000 are
quite challenging for this molecule, as demonstrated in the error budget analysis
section. The obtained FTIR HFC-134a time series was compared to three other
independent datasets: TOMCAT model simulations, ACE-FTS satellite observations,
and AGAGE in-situ surface measurements also performed at the Jungfraujoch station
The calculated trends for the whole time series showed an increase of 7.34 £ 0.16 %
per year (FTIR), 7.12 £ 0.05 % per year (TOMCAT), 7.29 £ 0.16 % per year (ACE) and
6.61 + 0.05 % per year (in-situ). The effects of the Kigali Amendment are not yet
visible, as it only came into force in 2019. The seasonal cycle of HFC-134a over the
Jungfraujoch showed a maximum atmospheric load at the end of summer and a
minimum at the end of spring, which could be driven by the tropopause height.

As reported in the Scientific Assessment of Ozone Depletion (2022) [5], global
top-down derived emissions of HFCs show a significant gap with the total HFC
emissions reported by Annex | countries to the UNFCCC in 2019. Understanding these
differences between the reported and estimated emissions requires continuous
atmospheric monitoring in support to the Kigali Amendment. The strategy presented
in this manuscript has been validated by comparison with three other independent
datasets. It could therefore be implemented at other NDACC sites to achieve quasi-
global coverage of this species using the FTIR remote sensing technique.
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