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ABSTRACT

Atmospheric emissions of chlorofluorocarbons (CFCs), their hydrogenated derivatives (HCFCs, HFCs) and other
long-lived halogen-containing substances perturb the chemical and radiative equilibrium of our atmosphere.
A global network of ground-based stations (AGAGE) monitors the concentrations of most of these species.
Supplementing these, upper tropospheric and stratospheric concentrations are available from satellite mea-
surements of the ACE-FTS solar occultation sounder. Measurements derived from nadir viewing infrared
sounders can potentially complement both observational datasets, offering extensive spatial coverage and
temporal sampling. With a preferential sensitivity to the middle troposphere, they also cover the vertical
altitude range that is not covered by other means. However, fluctuations in surface temperature and the
concentration of interfering atmospheric constituents render the retrieval of halogenated species particularly
challenging. Relying on previous work on spectral whitening, we present an unconstrained generalized least
squares estimation retrieval methodology, which largely allows to overcome the problem of interference. We
demonstrate that it can be used to retrieve monthly anomalies of all halogenated species previously observed
in spectra from the Infrared Atmospheric Sounding Interferometer (IASI/Metop). Focussing on northern mid-
latitudes, we derive the monthly concentrations of CFC-11, CFC-12, HCFC-22, HCFC-142b, HFC-134a, CF,,
SFg and CCl, between 2008 and 2022. Trends are compared to the observations from AGAGE and ACE-FTS.
A good match is obtained with both, with especially remarkable agreement in the linear trends for CF,, SFq
and HFC-134a, and in the non-linear trends of CFC-11 and HCFC-22. Large discrepancies and unexplained
variations are seen in the time series of HCFC-142b, CFC-12 and CCl,, necessitating further optimization of
the retrieval technique. The results demonstrate the potential of IASI and follow-up missions for establishing
a unique long-term time series of the most important long-lived halogenated species.

1. Introduction

for ozone depletion because of their much larger degradation rate in
the troposphere. HCFCs are being phased out and their production is

Long-lived halogenated gases are potent greenhouse gases and con-
tribute, for chlorinated and brominated compounds, to the depletion
of stratospheric ozone and to the development of the Antarctic ozone
hole [1]. The production of many of these halogen-containing species
is therefore, since years, controlled by the Montreal Protocol on Sub-
stances that Deplete the Ozone Layer and its amendments [2]. This is
in particular the case for the long-lived chlorofluorocarbons (CFCs) and
CCl,, powerful ozone depleting substances which were widely used as
refrigerants, aerosol propellants, solvents and blowing agents until the
beginning of the 21st century. Their production has been banned world-
wide in 2010. The first and transitional substitutes to the CFCs were
the hydrochlorofluorocarbons (HCFCs), which have a lower potential
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completely banned in developed countries since 2020 [3]. CFCs and
HCFCs are currently being replaced in several applications by chlorine-
free hydrofluorocarbons (HFCs). Although harmless for stratospheric
ozone, HFCs contribute to global warming and, to ensure that they do
not counteract the climate benefits achieved by reducing the emissions
of CFCs and HCFCs, they have been included in 2016 in the list of
controlled substances under the Kigali amendment to the Montreal
Protocol. It is worth pointing out that in view of their importance
in the Earth’s climate, additional controls have been set within the
Kyoto protocol, superseded by the Paris Agreement, on HFCs, and other
chlorine-free compounds: perfluorocarbons (PFCs) and SF¢ [3,4].
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A continuous observing network is essential to monitor the atmo-
spheric abundances of long-lived halogenated gases (ideally in different
latitude bands but also at different altitudes), to evaluate the effec-
tiveness of international regulations with regard to emissions, and
ultimately to assess the environmental impacts of the changes at play.
The Advanced Global Atmospheric Gases Experiment (AGAGE) has
been measuring the composition of the global atmosphere continuously
since 1978. It currently provides the longest and most accurate time
series of halogenated gases abundances, next to the US NOAA (National
Oceanic and Atmospheric Administration) network which also serves a
similar function [5]. The AGAGE data have been and are still central
for quantifying long-term trends in halogen-containing compounds [5]
and the response of the atmosphere to changes in emissions. Examples
include the recent CFC-11 saga [6,7], or the global increase of minor
CFCs over the past decade [8]. Even though AGAGE and NOAA are
invaluable networks, they are limited in coverage by the number
of ground-based stations. These are particularly scarce in low- and
middle-income regions, where emissions are likely to rise as countries
develop [9]. Provided it is sufficiently accurate, a global monitoring
system based on dense space observations would therefore favorably
complement the ground-based network and help tracking emissions
(possibly unreported) locally and regionally.

Recently, high-resolution IR remote sensing measurements from the
ground or satellites, were shown to favorably supplement the in situ
measurement network. Time evolutions in the abundance of several
halogenated species have been acquired from ground-based Fourier
Transform Infrared measurements, with, for some, an accuracy suffi-
cient to precisely identify break points and relate these to changes in
emissions (e.g., [10-13]). Similarly, IR measurements from satellites
offer the possibility to quantify the concentrations of several halo-
genated gases (e.g., [14-17]). The high-resolution Fourier Transform
Spectrometer from the Atmospheric Chemistry Experiment (ACE-FTS),
which operates in solar-occultation mode, has in particular been pio-
neering, with the monitoring of up to 16 ozone depleting substances
and other halogenated species over a 15-year period [18]. Reliable
latitude-altitude distributions were obtained for most compounds [18]
and emissions were successfully inverted from the yearly measurements
for eight substances controlled by the Montreal protocol [19]. The ACE-
FTS is still in operation today and will soon have a 20-year worth of
measurement available in the upper troposphere and the stratosphere.
Although the measurements from hyperspectral IR nadir sounders also
contain information on several long-lived halogenated gases [14,20,
21], they have not been extensively exploited so far for quantitative
retrieval and even more so for trend analyses. Nadir observations have
a lower signal-to-noise than solar-occultation measurements, but have
the advantage of being sensitive to the middle troposphere and also
have a much denser spatial coverage, at all latitudes. They offer there-
fore the possibility of reducing the retrieval uncertainties associated
with individual measurements by spatial and or temporal averaging.
Finally, they also have the potential to improve monitoring with a
spatial coverage at the surface superior than any existing ground-based
networks. Recently, Chen et al. [22] applied to the measurements from
the Atmospheric IR Sounder (AIRS) a simple double differential method
along with a look-up-table approach to retrieve surface concentrations
of CFC-11. They have exploited a 15-year record of AIRS measurements
to map trends in 30° longitude by 10° latitude grid boxes between 55°S
and 55°N. A slowdown in the CFC-11 rate of decrease was reported,
consistently with the other observation means.

In this work, we use a similar 15-year record (2008-2022) of
measurements from the Infrared Atmospheric Sounding Interferometer
(IASI) on board the Metop series of platforms to determine trends in
the concentrations of several long-lived halogenated species. For this
we rely on a very sensitive detection methodology described by De
Longueville et al. [20] and on a quantification method described in Sec-
tion 2. The trends are obtained for eight species, i.e., CFC-11 (CFCl;),
CFC-12 (CF,Cl,), HCFC-22 (CHF,Cl), HCFC-142b (CH;CF,Cl), HFC-
134a (CH,FCF;), carbon tetrafluoride (CF,), sulfur hexafluoride (SFg)
and carbon tetrachloride (CCl,). They are discussed and evaluated in
Section 3.
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2. Methods
2.1. Revealing changes through spectral whitening

Flying on-board the Metop-A/B/C platforms, the IASI instruments
provide continuous measurements since 2007 [23], with remarkable
stability for the nadir radiance (Level 1C) observations. The latter are
calibrated and span the spectral range from 645 to 2760 cm~! without
gaps, sampled at 0.25 cm~!. Owing to a wide swath, IASI offers quasi-
global coverage bi-daily with high horizontal resolution (~12 km at
nadir). While IASI-A has ceased operations in 2021, IASI-B and IASI-C
are still operating nominally and should extend the climate record of
radiances at least until 2025, when the new generation of hyperspectral
instruments (IASI-NG) will take over [24]. This continuity in the mea-
surements makes IASI particularly useful for trend assessment [25-30].

Long-lived halogenated species have a weak spectral signature in
the Earth’s outgoing longwave radiation, which makes their detection
in individual spectra challenging [31]. In [20], it was shown that a
particular type of spectral transformation, called whitening, allows for
the identification of eight halogen-containing species in IASI mean
spectra (listed in previous section). Three of these (i.e., HCFC-142b,
HFC-134a, SFs) were never detected before. Much better than other
techniques, whitening is well suited to efficiently remove the largest
and most variable spectral features due to e.g., O;, CO,, N,0, CH, and
H,O that are seen in each spectrum, allowing for the detection of weak
and slowly varying features.

Whitening relies crucially on a dataset of reference spectra, charac-
terized by a mean spectrum j and a covariance matrix .S. With these,
the whitening transform of a spectrum y is defined as

F=S"1(y- ). @

By construction j has a mean of zero and a standard deviation of one on
spectra originating from the reference dataset. Whitening can be seen
as a type of normalization, removing the mean from each spectrum and
inversely weighting each channel with its expected variability. At the
same time it serves to decorrelate the different spectral channels [32].
What remains is a spectral residual of anomalies with respect to the
given reference dataset. De Longueville et al. [20] showed that spectral
changes in long-lived halogenated species can be revealed by applying
whitening on mean spectra from a different time period than the one
from the reference dataset from which the pair {.S, j} is computed.

We illustrate this in Fig. 1, where whitening is applied on five
mean spectra calculated from clear-sky IASI-A spectra measured in June
2008, 2011, 2015, 2018 and 2021 over ocean at northern mid-latitudes.
The mean spectrum from June 2008 was chosen as reference spectrum
y while the covariance matrix was built using a subset of spectra mea-
sured throughout 2008 over the same region. Large residuals are seen
to gradually appear from 2008 to 2021, with positive (negative) values
indicating a progressive decrease (increase) in atmospheric absorption.
Specific spectral features can be matched to atmospheric species, by
comparison with a Jacobian, i.e., the derivative of the climatological
background spectrum with respect to changes in concentration. In
the case of whitened spectra, the comparison should be made with
whitened Jacobians K = S"2 K [20].

In this way, CFC-11, CFC-12 and CCl, are readily identified in the
figure with increasing residuals, which correspond to a decrease in
atmospheric concentrations between 2008 and 2021. This is corrobo-
rated by a host of other observations [2] and follows the global effort
to reduce their emissions. Five other halogenated species are detected
(HCFC-22, HCFC-142b, HFC-134a, CF, and SF¢), all with negative
residuals, consistent with their current atmospheric increase. Finally,
several absorption lines of CO, are seen, also with a negative value,
and again consistent with its positive trend.
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Fig. 1. Whitened spectra over ocean at northern mid-latitudes from June 2008, 2011, 2015, 2018, 2021 revealing eight long-lived halogenated species and carbon dioxide in
the 760-1300 cm™! spectral range. The year 2008 is used as a reference. For each detected species, its Jacobian is reported over the spectral range selected for its retrieval (see
Table 1).



H. De Longueville et al.
2.2. Generalized least squares estimation

Whitening allows effective detection and verification of specific
spectral signatures, however for a quantitative retrieval, another tech-
nique is required. Here, we apply the (unconstrained) generalized
least squares method [33,34]. This method is similar to conventional
unconstrained least squares estimation [35],

£=x0+KTSTTK)TKTS (y - 7) 2

(with % and x,, the retrieved and reference concentrations of the target
species), except that the usual noise covariance matrix S, is replaced
by a generalized noise covariance matrix .S. When this matrix charac-
terizes all expected spectral variability around y, except the one related
to the target species, it can be shown that the retrieval is theoretically
equivalent to a regular unconstrained least squares retrieval, where in
addition to the target species, all unknown parameters affecting the
spectrum are retrieved simultaneously [33-36]. In practice however,
not having to retrieve other parameters has significant advantages.
Firstly, the regular least squares is only valid in the linear regime and
as such rarely applied. For that reason, the retrieval formula has to be
adapted so that a solution is achieved iteratively (e.g., Gauss—-Newton
method), with the associated computational cost. The generalized least
squares method, on the other hand, can far more often be applied
as a one-step retrieval, as long as the spectrum behaves linearly with
respect to changes in the target species. A second major advantage is
that the impact of forward modeling errors (related to both surface and
atmosphere) are reduced, as their variations are effectively modeled by
the use of the generalized noise covariance matrix. This is particularly
the case when S and j are derived from real spectra.

The generalized least squares estimation method has been success-
fully applied for the retrieval of SO,, both in the infrared [34] and the
UV/Vis [37]. For this use case, a generalized covariance matrix and
associated mean spectrum j can be constructed from observed spectra
without detectable SO,. For the well-mixed and long-lived species of
interest here, this is not possible, as their signatures are present in
all clear-sky spectra. However, inspired by the successful application
of the whitening transformation, we can build the covariance and
associated mean from spectra originating from a given time period,
allowing the retrieval of their concentrations in other time periods. An
important boundary condition is that the concentration corresponding
to the reference period, x,, needs to be known. Here, we rely on
ground-based measurements from the AGAGE network to calibrate the
retrieved concentrations.

2.3. Retrieval setup

The generalized least squares estimation is a powerful one-step
retrieval. However, its success depends critically on a careful setup of
the reference dataset for the calculation of the y and S, the selection
of the retrieval parameters (e.g., spectral range) and the calculation of
Jacobians.

For the calculation of the Jacobians K, a scene specified by sur-
face and atmospheric parameters is required, that should be as close
as possible to the true state of the atmosphere. Temperature is par-
ticularly important, as it drives the sensitivity, and thus the signal
strength. A separate Jacobian is therefore ideally calculated for each
observation. However, to reduce the computational burden, and to
increase the signal to noise ratio, the retrieval can be performed on
averaged spectra using average Jacobians. It is important in that case,
to keep the variability in the dataset that is averaged as small as
possible, so that the average Jacobian is representative for average
scene conditions. For this reason, it was decided to work with monthly
averages and to focus on observations over ocean at northern mid-
latitudes (23.27°N-66.32°N). To further increase homogeneity, only
clear-sky observations with a viewing angle below 15° were considered.
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Clouds were flagged with a recently developed cloud product, that was
specifically developed for trend and climate studies [38].

Monthly reference spectra y were obtained by averaging observa-
tions from 2008 from six days per month (the 1st, 5th, 10th, 15th,
20th and 25th of each month), corresponding to about 35,500 spectra
per month. All other monthly spectra y from which the concentrations
are retrieved, were obtained in the same way, but then for the years be-
tween 2009 and 2022, and for each of the three IASI instruments, when
available. Before 2017, IASI-A Llc reprocessed data were used [39]. A
single generalized covariance matrix was constructed from all 430,000
reference spectra of 2008.

The retrieval was ran separately for each of the eight identified
long-lived halogenated species, using specific spectral ranges. The latter
were selected on the basis of the whitened spectra shown in Fig. 1,
making sure that it also included a region largely unaffected by the ab-
sorption of halogenated species, to serve as a reference for the baseline.
Overall, a compromise was sought between maximizing the range and
minimizing interference with other long-lived species. Indeed, while
the use of the generalized covariance matrix eliminates the need to
retrieve surface temperature and species exhibiting large variability,
by construction, all interfering species displaying a trend in the time
period investigated (halogenated species, CO, and HNO;) need to be
co-retrieved as their variations are not accounted for in the covari-
ance matrix. For the simultaneous retrieval of several species, Eq. (2)
remains formally identical, but K becomes a matrix with multiple
columns, and % and x, become vectors of retrieved and reference con-
centrations. The chosen spectral windows and the associated interfering
species are given in Table 1.

For the calculation of the Jacobians, forward simulations were
performed with the Atmosphit radiative transfer code [40] relying
on the HITRAN database 2012 for all spectroscopic parameters (cross
sections, line parameters) [41]. For the calculation of monthly repre-
sentative Jacobians, full scene conditions are required and this input
data was gathered as follows. Monthly averaged surface temperature,
pressure, temperature and humidity profiles over the zone of interest
were calculated from the ERAS5 reanalysis output [42-44] for the
year 2008. For other important tracers, such as O; and CH, averaged
profiles from [45] were used. For the halogenated species of interest,
averaged global profiles were calculated from 2008-2022 ACE-FTS
v5.0 Level 2 data [16,46]. Given the larger retrieval uncertainty of
ACE-FTS at lower altitudes, and as no sharp gradients are expected
in the troposphere for the species of interest, data below 8.5 km was
replaced by the value at 8.5 km. In the case of HCFC-142b, the cut-off
altitude was set to 14.5 km to avoid a local maximum at this altitude
which does not match other observations. These profiles are given in
Fig. 2. Finally, the profiles were shifted to match the monthly surface
concentration of AGAGE in 2008, obtained by averaging the in situ
measurements from sites located at northern mid-latitudes: Mace Head
(Ireland), Jungfraujoch (Switzerland), Monte Cimone (Italy), Trinidad
Head (California), Gosan (South Korea) [5]. An average zenith angle
of 7.5° was used for the calculation of the Jacobian. Note that while
IASI is sensitive to the total concentration over the column, rather
than surface concentrations, the Jacobians were expressed in units of
radiance per surface concentration, so that the retrieval immediately
provides estimates of the surface concentration.

2.4. Time series and intercomparison

To retrieve monthly atmospheric concentrations, the generalized
least squares estimation is applied on IASI monthly averaged spectra.
The IASI-B and IASI-C concentrations were shifted to match IASI-A
concentrations in their first operational year. Retrieved concentrations
were averaged over the three sounders to get one value per month. An-
nual trends were derived from the retrieved time series using ordinary
least squares, for the period 2008-2021. The estimated error on the
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Fig. 2. Vertical profiles measured by ACE-FTS and modeled by WACCM6 of CFC-11, CFC-12, HCFC-22, HCFC-142b, HFC-134a, CF,, SF, and CCl,. The ACE-FTS profiles are global
averages for the period 2008-2022, and the WACCM6 profiles are averages of two profiles modeled for two different locations in northern mid-latitudes (Toronto 44°-79°W in

Canada and Tsukuba 36°-140°E in Japan).

Table 2

ACE-FTS retrieval altitude ranges and latitudes from [16].

Target Latitude range Altitude range (km)
Table 1 CFC-11 60°S—60°N 5.5-10.5
Retrieval parameters. CFC-12 60°S—-60°N 5.5-10.5
Target Spectral range (cm™!) Interfering species HCFC-22 60°5-60°N 5.5-10.5
HCFC-142b 60°S—60°N 6.5-10.5
CFC-11 800-900 €0, HNO;, HFC-134a 30°5-30°N 11.5-17.5
HCFC-22, CCl, CF, 60°S—-60°N 25.5-40.5
CFC-12 900-940 CO,, HNO;, CFC-11, SF, 30°S—30°N 12.5-17.5
HCFC-142b, SFy cal, 30°S-30°N 8.5-10.5
HCFC-22 790-850 CO,, CFC-11, CCl,
HCFC-142b 1190-1220 HFC-134a
HFC-134a 1150-1250 CFC-12, HCFC-142b
CF, 1250-1290 HCFC-142b, HFC-134a
SFg 935-955 CO,, CFC-12 3. Results and discussion
CcCl, 760-820 CO,, HNO;, HCFC-22

trend was calculated as the root-mean-square error (RMSE) divided by
the half-period (see Appendix for further information).

In the result section, we intercompare the retrieved concentrations
and trends with observations from the in situ measurements network
AGAGE and the solar occultation sounder ACE-FTS. For AGAGE, the
monthly surface concentrations averaged over sites located at northern
mid-latitudes were used to calculate reference trends. For the year
2008, these are the same ones as used for the reference concentration x,
in Eq. (2). For ACE-FTS, averaged quarters concentrations (March-May,
June-August, September-November, December-February) were built
from v5.0 Level 2 data using the methodology from [16], where for
each species all ACE-FTS retrievals are averaged over specific altitude
range and latitudes, as specified in Table 2. An exception is CFC-12 for
which the v5.0 shows high biases below 10 km. We therefore use the
previous version (v4.1.2) for this species.

The temporal evolutions in the abundances of the eight halogenated
species identified in the whitened IASI spectra (Fig. 1) are shown in
Fig. 3 for CFC-11, CFC-12, HCFC-22 and HCFC-142b; and in Fig. 4 for
HFC-134a, CF,, SFq and CCl,. The abundances, which are expressed
in volume mixing ratios (vmrs) following Eq. (2), are also compared
in both Figures to those measured in situ at the AGAGE stations and
from space by ACE-FTS. Because of the reference chosen to calculate
the vmrs, our retrieved values match those of AGAGE for the first
year of the measurements. The differences in the vmrs with ACE-FTS,
which is seen for most species as a bias throughout the time period
(exceptions are CFC-12 and CCl, for which the difference is time-
dependent), are likely attributable to the specific altitudes probed by
the instruments, i.e., a total column in the case of IASI and an average
mixing ratio for the upper troposphere — lower stratosphere in the
case of ACE-FTS (Table 2), combined with the species tropospheric
lifetime. In that respect, it is interesting to see that differences are
largest, at around 10 ppt for the first reference year, for the three
hydrogenated compounds, which experience tropospheric oxidation.
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An additional reason for the shift seen in the ACE-FTS data is that
the associated dataset includes observations from both north and south
hemispheres (Table 2) while the IASI and AGAGE datasets are built
from northern mid-latitudes measurements exclusively, introducing a
difference for species exhibiting an interhemispheric difference. An-
other point worth mentioning is the much larger variability of the IASI
vmrs compared to those of AGAGE and ACE-FTS, which is related to the
weak signal-to-noise of the measurements, and the presence of more
spectral interferences. In addition, for some species (CF, and HCFC-
22 in particular) recurrent intra-annual patterns remain, despite the
fact that monthly Jacobians are used. As we discuss below for the
different families of compounds, these do not prevent the calculation
of trends with reasonable accuracy. Unless otherwise indicated, the
trend values are obtained similarly for the three datasets by linear
regression through all data points for the 2008-2021 period; they are
given inset of Figs. 3 and 4 (the linear regression lines are also shown)
and summarized in Table 3. Also listed in Table 3 is the normalized
root-mean-square error (NRMSE) which characterizes the deviation of
the retrieved vmrs from the linear regression model, normalized by the
average vmr to facilitate the comparison between species. A NRMSE of
zero indicates a perfect linear fit of the data while large NRMSE values
reflect the poor ability of the model to accurately reproduce the data.
Among the eight species of interest, CF, has the lowest NRMSE (0.005)
and HCFC-142b has the highest NRMSE (0.06). This indicates that the
trends for CF, and HCFC-142b are determined with the highest and
lowest accuracy, respectively.

CFCs. CFC-11 and CFC-12 are the two most abundant CFCs in the
atmosphere. In response to the Montreal Protocol, their atmospheric
abundance is decreasing since 2000, and that decrease is well seen in
Fig. 3 for the time period considered here, with vmrs at 219 ppt and
487 ppt in 2021 compared to 245 ppt and 539 ppt in 2008, respectively.
Using a linear regression through the monthly vmrs derived from IASI,
we find for CFC-11 a rate of decrease amounting —1.6 ppt/year during
2008-2021, with an uncertainty of + 0.4 ppt/year. This trend value is
in excellent agreement with the one from AGAGE which is -1.6 + 0.1
ppt/year for the same period. It is also matching within the uncertainty
the —1.5 + 0.2 ppt/year trend from ACE-FTS. As explained in the
introduction, the case of CFC-11 is of particular interest in view of the
reported slowdown of the decrease between 2012 and 2019, possibly
due to illegal emissions [1,6,7,47,48]. To see if these two breakpoints
in the time evolution could be seen with IASI we have compared the
trends for three separate periods: 2008-2011, 2012-2018 and 2019-
2022 and found values of respectively —3 + 1 ppt/year, —1.3 + 0.6
ppt/year and —4 + 1 ppt/year. Despite the fact that the trends for the
first and third periods (that only span four years) come with larger
uncertainty, we observe clearly a slowdown in the decline after 2012
followed by a return to normal in 2019 with an even higher rate of
decrease than before 2012. While this acceleration compared to pre-
2012 will have to be confirmed in the future by extending the time
series, the fact that the breakpoints are well identified demonstrates
the ability of IASI to capture the changes in the rate of decrease.

For CFC-12, we calculate from the IASI time series a rate of —4.0 +
0.8 ppt/year between 2008 and 2021, which is larger than that inferred
from AGAGE (-3.2 + 0.2 ppt/year) and even more from ACE-FTS
(—2.8 + 0.3 ppt/year). The reason for this discrepancy is not known
at present but we suspect that it could be due to spectral interferences
with another long-lived tracer absorbing in the atmospheric window
between 900 and 940 cm~!. Note also that on top of the already large
monthly variability for CFC-12, we see a somewhat more pronounced
outlier in October 2015 (note that the 2015 outlier is also seen for
HCFC-142b). As a sanity check we have also tested the other spectral
band of CFC-12 between 1150 and 1170 cm™! (Fig. 1), to retrieve its
vmrs and trend. The resulting trend is also larger than that of AGAGE
and ACE-FTS. In fact it decreases even faster in this spectral region
with a vmr of around 470 ppt in 2021. It is clear that more work
will be needed to identify the cause of outliers in the CFC-12 time
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series from IASI and to improve its trend determination. To conclude for
CFC-12, we find with IASI (with large uncertainty, Table 3), consistent
with AGAGE and ACE-FTS, an acceleration of the rate of decrease with
time with trends of —3 + 2 ppt/year and —4 + 1 ppt/year for the two
sub-periods 2008-2011 and 2012-2021 considered.

HCFCs. As a consequence of the regulations put on the produc-
tion of CFCs, transitional HCFCs, such as HCFC-22 and HCFC-142b,
have been widely used, leading to an increase of their atmospheric
abundance. Starting respectively from values of about 205 and 21 ppt
in 2008 we find from IASI vmrs reaching maxima at the end of the
time period, of around 262 ppt and 27 ppt after 2021. Having been
regulated themselves by the Montreal Protocol, the rate of increase
is progressively slowing down [1] and this shows up for HCFC-142b
in particular, with a plateau after 2011. The linear regression applied
over the entire 2008-2021 time period gives for HCFC-22 a growth
rate of 4.5 + 0.7 ppt/year, broadly consistent with AGAGE (4.2 + 0.6
ppt/year) and ACE-FTS (4.5 + 0.6 ppt/year). The rate of decrease has
halved between 2008-2011 (7 + 1 ppt/year) and 2012-2021 (3.5 + 0.8
ppt/year). We have also tested the second spectral band of HCFC-22
between 1110 and 1130 cm™!, which is also seen in the whitened IASI
spectra (Fig. 1), to calculate a trend for the period 2008-2021, which
gives a similar trend but with a larger variability (4 + 1 ppt/year). This
is likely due to weaker absorption in this spectral range, leading to a
smaller signal-to-noise ratio.

HCFC-142b shows a much smaller positive trend of 0.3 + 0.2
ppt/year between 2008-2021, which is furthermore not representative
in view of the plateau appearing just after 2011 (the trend is close
to zero after 2012; see Table 3). In that respect, the comparison with
the trends obtained from the AGAGE (0.1 + 0.1 ppt/year) and ACE-
FTS (0.28 + 0.09 ppt/year) datasets is also not relevant. Among the
eight investigated species, HCFC-142b has the highest NRMSE (0.06)
indicating it is the least well represented by linear regression. This is
also true for AGAGE and ACE-FTS.

HFCs. The abundance of HFC-134a is increasing rapidly as a result
of its intensive use in refrigeration and air conditioning systems, as a
blowing agent for polyurethane foams, and as a propellant for medical
aerosols. We find from IASI a vmr of 130 ppt in 2021, more than 2.4
times its 2008 value (54 ppt). The linear trend value for the 2008-
2021 IASI period is 6.0 + 0.3 ppt/year, surpassing that of HCFC-22.
This trend is, taking into account the respective uncertainties, in good
agreement with those from AGAGE (5.6 + 0.2 ppt/year) and ACE-FTS
(5.4 + 0.3 ppt/year). It is worth noting that the error on the trend
is smaller than for the above-discussed compounds, resulting from the
much weaker variability in the retrieved monthly vmrs and the absence
of a breakpoint in the time series, as seen from Fig. 4a.

PFCs and sulfur hexafluoride. CF,, also named PFC-14, is one
of the major PFCs and is emitted mostly from the industrial sector,
following its use in aluminum and semiconductor production [49]. SFq
is primarily used for electrical insulation and semiconductors [50].
Because of their extremely long lifetimes (850-1280 years for SF and
50,000 years for CF, [1]), these compounds reach the mesosphere
where they are photolyzed by UV radiation or, in the case of SFg,
degraded after electron attachment [51]. The abundance of these flu-
orinated species is also increasing steadily, although at a slower pace
than HFC-134a. We find from IASI maximum vmrs around 88 ppt for
CF, (Fig. 4b) and 11 ppt for SF4 (Fig. 4c), resulting from a linear growth
rate of 0.78 + 0.06 ppt/year and 0.34 + 0.03 ppt/year, respectively. As
in the case of HFC-134a and for the same reasons, the error on the two
trend values is particularly small and we find a remarkable agreement
with the trends determined from AGAGE (0.80 + 0.03 ppt/year for CF,;
0.325 + 0.007 ppt/year for SF¢) and ACE-FTS (0.75 + 0.06 ppt/year for
CF,; 0.31 + 0.02 ppt/year for SF¢). Among the species of interest, CF
has the lowest NRMSE (0.005) and is therefore the species which is best
modeled by linear regression.

Carbon tetrachloride. CCl, has been regulated by the Montreal
Protocol for as long as CFCs, leading to a decrease in its atmospheric
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Fig. 3. IASI time series of CFC-11 (a), CFC-12 (b), HCFC-22 (c) and HCFC-142b (d) volume mixing ratio (ppt) in oceanic northern mid-latitudes over the period 2008-2022 and
their declining (a, b) or growing (c, d) rate (ppt/year) between 2008-2021. AGAGE time series are averaged data from northern mid-latitudes AGAGE stations and ACE-FTS time

series are global.

vmrs after a peak at around 105 ppt in the early 1990s [1]. Starting
from a vmr value of around 89 ppt in 2008, we find a minimum vmr
in 2021 of about 72 ppt, corresponding to a linear rate of decline of
—1.3 + 0.3 ppt/year over the 2008-2021 time period. While it comes
with a small error, this negative trend is significantly larger than that
inferred from the in situ measurements (—1.03 + 0.04 ppt/year) and
even more so from ACE-FTS (-1.0 + 0.3 ppt/year). This might be due to
the overlap with CO, in the region where CCl, is retrieved (see Fig. 1).

The methodology developed for inferring the trends from IASI,
exposed in Section 2, heavily relies on the use of the spectral Jaco-
bians for each species, which may be impacted by a series of factors,
among which the assumption on the vertical concentration profiles.
In order to assess how much a change in the vertical profile of the
different species could impact the trend values, we have performed,
for a new set of Jacobians, calculations relying this time on modeled
profiles and used those to calculate the monthly vmrs as previously. The
model profiles were obtained from the Whole Atmosphere Community
Climate Model Version 6 [52,53] and correspond for each species to an
average of two profiles modeled for two NDACC locations in northern
mid-latitudes (Network for the Detection of Atmospheric Composition
Change, De Maziére et al. [54]), namely Toronto (44°N-79°W, Canada)
and Tsukuba (36°N-140°E, Japan). This model only provides data for

CFC-11, CFC-12, HCFC-22, HCFC-142b and CCl, which are illustrated
in Fig. 2. As can be seen in Table 4, the use of these modeled profiles
instead of those from ACE-FTS produces differences in the trends of less
than 8%, not affecting significantly the comparison with AGAGE.

4. Conclusion

Measurements from the series of IASI instruments, and follow-
on missions, provide an opportunity to establish a unique long-term
time series of important long-lived halogenated species. IASI’s main
assets are: (i) the high-quality of the radiance measurements and their
exceptional stability and coherence over time, (ii) unmatched temporal
sampling and spatial coverage of the measurements, (iii) the unique
sensitivity of infrared nadir sounders to the middle troposphere, com-
plementing in situ ground observations and upper tropospheric and
stratospheric measurements from limb-sounders.

In a previous study, we exposed long-term changes in the spectral
signature of long-lived halogenated species through spectral whiten-
ing [20]. This technique relies on a generalized covariance matrix to
remove variations in surface temperature and concentration of large
absorbers. Here, we employed the generalized least squares estima-
tion retrieval technique, which relies on the same type of covariance
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matrices, to quantitatively retrieve the atmospheric concentrations of
halogenated gases. Compared to other techniques the main advantage
is that it is a one-step approach, requiring no retrieval of other pa-
rameters affecting the measurement. Focusing on clear-sky IASI spectra
observed over ocean at northern mid-latitudes for the period 2008-
2022, atmospheric concentrations and trends were derived for eight
long-lived halogenated species: CFC-11, CFC-12, HCFC-22, HCFC-142b,
HFC-134a, CF,, SF¢ and CCl; (six of which are controlled by the
Montreal Protocol). The estimated linear trends show overall good con-
sistency with those derived from the in situ measurements at AGAGE
stations and the spatial observations of the ACE-FTS solar occultation
sounder. However, too large discrepancies were found in the trends of
CFC-12 and CCl,, for reasons which are not entirely clear at the mo-
ment. It likely concerns variations in long-lived trace gases that are not
taken into account by the retrieval method. Further, we demonstrated
that IASI is able to capture the slowdown in the rate of decrease for
CFC-11 between 2012 and 2019 as well as the decline in the rate of
increase of HCFC-22.

This work is a promising step towards a more global monitoring
of the halogenated substances, as the retrieval methodology can easily

be applied to the whole IASI dataset. Future research will include the
investigation of variability in the trends at regional/continental scale,
with a particular interest in regions suspected of fugitive emissions
or regions lacking in situ measurements (e.g., India, South America,
Africa). Finally, there are other hyperspectral infrared nadir sounders in
operation, such as AIRS on the NASA Aqua satellite [55] or CrIS (Cross-
track Infrared Sounder) on Suomi-NPP satellite [56]. Both sounders
provide radiance measurements with radiometric accuracy and stabil-
ity [57,58] comparable to IASI and only a slightly coarser spectral
resolution. They span the most useful spectral ranges but lack the
region 1150-1210 cm~! where HFC-134a and HCFC-142b have their
prominent absorption bands. Therefore, a similar generalized least
squares estimation approach could be applied to CrIS and AIRS mea-
surements to retrieve the time evolution of CFC-11, CFC-12, HCFC-22,
CF,, SF¢ and CCl,. The perspective to apply the methodology to the
future hyperspectral infrared sounders (in particular IASI-NG [24]) will
allow monitoring long-lived halogenated gases without interruptions
for over 40 years.
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Table 3
Annual mean vmrs, annual trends and normalized root-mean-square error (NRMSE).
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Substance Mean vmr (ppt) Annual trend (ppt/year) NRMSE In situ network,
2008 2021 2008-2021 2008-2011 2012-2021 spatial instrument
CFC-11 245 219 -1.6+0.4 -3+1 -1.5+0.6" 0.01 IASI
245 222 -1.6+0.1 -2.1+0.2 -1.6+0.2 0.004 AGAGE
246 226 -1.5+0.2 -2.0+0.6 -1.3+0.3 0.007 ACE-FTS
CFC-12 539 487 -4.0+0.8 -3+2 -4+1 0.01 IASI
539 497 -3.2+0.2 -2.6+0.2 -3.5+0.2 0.002 AGAGE
537 502 -2.8+0.3 -2.0+0.7 -3.0+0.4 0.003 ACE-FTS
HCFC-22 205 262 4.5+0.7 7+1 3.5+0.8 0.02 IASI
205 259 4.2+0.6 7.0+0.6 3.2+0.5 0.02 AGAGE
193 254 4.5+0.6 8.0+0.9 3.5+0.4 0.02 ACE-FTS
HCFC-142b 21 27 0.3+0.2 1.6+0.4 0.2+0.2 0.06 IASI
21 23 0.1+0.1 0.7+0.1 —0.04+0.05 0.03 AGAGE
12 16 0.28 +0.09 0.8+0.2 0.15+0.08 0.04 ACE-FTS
HFC-134a 54 130 6.0+0.3 5.2+0.6 6.3+0.5 0.03 IASI
54 126 5.6+0.2 5.0+0.3 5.9+0.2 0.01 AGAGE
42 112 5.4+0.3 5+2 5.5+0.3 0.03 ACE-FTS
CF, 78 88 0.78 +0.06 0.62+0.08 0.84+0.08 0.005 IASI
78 88 0.80+0.03 0.62+0.05 0.86+0.03 0.003 AGAGE
78 88 0.75+0.06 0.6+0.1 0.84+0.05 0.005 ACE-FTS
SF¢ 7 11 0.34+0.03 0.29+0.07 0.35+0.04 0.02 IASI
7 11 0.325+0.007 0.28 +0.01 0.336+0.006 0.006 AGAGE
6 10 0.31+0.02 0.3+0.1 0.33+0.03 0.02 ACE-FTS
Cccl, 89 72 -1.3+0.3 -1+1 -1.4+0.5 0.03 IASI
89 76 —1.03+0.04 -1.1+0.1 —-1.00+0.05 0.003 AGAGE
90 76 -1.0+0.3 -2+1 -0.6+0.4 0.03 ACE-FTS

aTwo other CFC-11 trends were calculated with IASI: for the periods 2012-2018 (-1.3 + 0.6 ppt/year) and 2019-2022 (-4 + 1 ppt/year), see discussion for more details.

Table 4
Impact of profiles on annual trends 2008-2021.

Substance Annual trend (ppt/year)
IASI AGAGE
ACE-FTS WACCM6
CFC-11 -1.6+0.4 -1.5+0.4 -1.6+0.1
CFC-12 -4.0+0.8 -3.7+0.8 -3.2+0.2
HCFC-22 4.5+0.7 4.3+0.7 4.2+0.6
HCFC-142b 0.3+0.2 0.3+0.2 0.1+0.1
ccly -1.3+0.3 -1.2+0.3 -1.03+0.04
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Appendix. Trend uncertainty

In this appendix, we describe the development of a new metric that
we use to estimate an uncertainty interval on the trend. Commonly,
a confidence interval is used to estimate the margin error on the
slope [19,22,59]. However, this metric suggests that by extending
the time series, trends tend to be more precise despite the random
variability within the concentrations. This does not reflect accurately
the behavior of our results, as illustrated in Fig. A.5. We have therefore
developed another metric which accounts for this random variability,
based on a prediction interval as described below.

As explained in Section 2, the annual trend is derived from the fit
of the time series (i.e., evolution of the concentration Y as a function
of time T') with a simple linear regression:

Y(T)=py+ b T +e (A1)

with the intercept f,, the slope g, (i.e., the annual trend (ppt/year))
and the error term ¢. The parameters f, and f, are estimated with
a least squares estimation; and ¢ can be estimated by a prediction
interval within which the true value of Y is likely to lie, with a specified
level of confidence. This interval accounts both for the reducible error
(uncertainty from the model) and the irreducible error (randomness
of individual point which is not explained by the model) [59]. The
estimated concentration ¥ is thus expressed as follows:

. . | T -Tp
Y(T) = ([30 + ﬂlT) + t(x/Z,n—2S\/l + ; + m

where f, and f, are the estimated parameters, 1, J2n—2 18 the critical
value of the t-distribution for 1 — « level of confidence and with n —2
degree of freedom (n corresponds to the number of points in the dataset
and 2 is the number of parameters), T is the mean of T (i.e., the average

(A.2)
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time) and S = is the root-mean-square error (RMSE).

n—2
Fig. A.5 illustrates the prediction interval associated to the IASI time
series of CFC-11, for 70% level of confidence (a = 0.3).

In this study » is large (e.g., n = 168 for IASI) and one can easily
verify that the square root expression in Eq. (A.2) can be approximated
to one. As ,/, ,_» is also = 1 for 70% level of confidence, the prediction
interval is thus expressed by the RMSE.

From this prediction interval, we can express the trend with its
uncertainty interval as:

5 S

B £ =
T,-T

The slopes obtained in this way match the prediction interval from

Eq. (A.2) at the extremes of the time series, as illustrated in Fig. A.5.

(A.3)
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