
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 5
:2

0:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Determination an
aDepartment of Astrophysics, Geophysics
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d analysis of time series of CFC-11
(CCl3F) from FTIR solar spectra, in situ observations,
and model data in the past 20 years above
Jungfraujoch (46�N), Lauder (45�S), and Cape Grim
(40�S) stations
Irene Pardo Cantos, *a Emmanuel Mahieu, a Martyn P. Chipperfield,bc

Dan Smale,d James W. Hannigan,e Marina Friedrich,f Paul Fraser,g Paul Krummel, g

Maxime Prignon, ah Jamal Makkor,i Christian Servaisj and John Robinsond

The atmospheric concentration of CFC-11 (CCl3F) has declined in response to the phase-out of its

production by the Montreal Protocol. Nevertheless, this atmospheric concentration decline suffered

a slow-down around 2012 due to emissions from non-reported production. Since CFC-11 is one of the

most important ozone-depleting chlorofluorocarbons (CFCs), its continuous monitoring is essential. We

present the CFC-11 total column time series (2000–2020) retrieved in a consistent way from ground-

based high-resolution solar absorption Fourier transform infrared (FTIR) spectra. These observations

were recorded at two remote stations of the Network for the Detection of Atmospheric Composition

Change (NDACC): the Jungfraujoch station (Northern Hemisphere) and the Lauder station (Southern

Hemisphere). These time series are new. They were produced using improved line parameters and

merged considering the instrument changes and setup modifications. Afterwards, they were compared

with Cape Grim station in situ surface observations conducted within the Advanced Global Atmospheric

Gases Experiment (AGAGE) network and with total column datasets calculated by the TOMCAT/SLIMCAT

3-D chemical transport model. Trend analyses were performed, using an advanced statistical tool, in

order to identify the timing and magnitude of the trend change in both hemispheres. The observations

are consistent with the model results and confirm the slowdown in the CFC-11 atmospheric

concentration decay, since z2011 in the Northern Hemisphere, and since z2014 in the Southern

Hemisphere.
Environmental signicance

CFC-11 is one of the most important chlorouorocarbons (CFCs) emitted into the atmosphere. CFCs are chemicals, exclusively produced by human activities.
When CFC-11 is transported into the stratosphere, it is photodissociated, releasing chlorine atoms that catalytically destroy stratospheric ozone, which protects
the biosphere from harmful UV radiation. The main aim of this manuscript is to show that ground-based FTIR instruments are relevant to measure changes in
atmospheric CFC-11 concentrations. This manuscript is in support of the Montreal Protocol on Substances that Deplete the Ozone Layer. We demonstrate that
the FTIR instruments are a good complement to in situ and satellite measurements, since we could conrm the slowdown in the CFC-11 atmospheric
concentration decay, related to the non-declared emissions.
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1. Introduction

Trichlorouoromethane (CFC-11) is one of the most important
chlorouorocarbons (CFCs) emitted into the atmosphere. CFCs
are chemicals exclusively produced by human activities and
they were used as aerosol spray propellants, refrigerants,
inating and insulating agents in the production of foam
materials, and solvents.1 CFC-11 is transported into the strato-
sphere where it is photodissociated by UV radiation, releasing
chlorine atoms that catalytically destroy stratospheric ozone.2

Therefore, CFC-11 has substantially contributed to the buildup
of organic and inorganic chlorine, and subsequently the
stratospheric ozone depletion, which was rst reported by
Farman et al., 1985.3 Its mean atmospheric lifetime is 52 years
(uncertainty range of 43–67 years),4 and residual banks will
continue emitting CFC-11 for some decades before complete
removal from the atmosphere can be expected.5 Thus, this
molecule is an important target to monitor at present even
though its emissions have decreased noticeably in response to
production phase-down measures introduced by the Montreal
Protocol on Substances that Deplete the Ozone Layer (1987) and
its subsequent amendments and adjustments.6

Due to the Montreal Protocol, the tropospheric concentra-
tions of CFC-11 reached a maximum around 1994 and
decreased aerwards.6 Although it was decided to almost
completely phase out CFC production by 2010, Montzka et al.,
2018 7 reported that the decrease in atmospheric CFC-11
concentrations suffered a slowdown since 2012 in both hemi-
spheres, due to an unexpected increase of its emissions, eval-
uated at (13 � 5) Gg per year since 2012. Emissions from this
illegal CFC-11 production are mainly coming from eastern
China, as reported by Rigby et al., 2019.8 The Atmospheric
Chemistry Experiment (ACE) satellite measurements have
shown that the tropospheric rate of decrease, between 60�S and
60�N, has changed from (−1.81� 0.05) ppt per year (2004–2012)
to (−1.16 � 0.04) ppt per year (2012–2020)9 (see green line in
Fig. 1). Consequently, this slowdown in the decrease of CFC-11
atmospheric concentrations is expected to produce a delay in
Fig. 1 CFC-11 global mixing ratio and trends from the ACE-FTS
instrument (60�N to 60�S) in green (4 months means) and from in situ
measurements (annual means): NOAA in blue, and AGAGE in red.
Fig. 2.2(b) of the Report on the Unexpected Emissions of CFC-11,
2021.4

1488 | Environ. Sci.: Atmos., 2022, 2, 1487–1501
ozone recovery.10 Fortunately, Montzka et al., 2021 11 and Park
et al., 2021 12 have reported a return to reduced emission rates
levels, similar to that during 2008–2012 since 2018.

In this work, we analyse the CFC-11 abundances above the
Jungfraujoch and Lauder stations along with ground level in situ
concentrations from Cape Grim. Here, the Lauder total column
CFC-11 decadal datasets were analysed for the rst time and, in
order to better characterise the CFC-11 decadal trend at Jung-
fraujoch, the time series was harmonised and updated,
improving the datasets presented in previous assessments.4,6

We focus on the period from January 2000 to December 2020 to
analyse the inuence in Europe, and Southern Hemisphere
mid-latitudes, of the emissions related to the new, illegal
production. In order to do so, we compare the FTIR total
columns with TOMCAT/SLIMCAT chemical transport model
data for three different simulations of differing CFC-11 emis-
sion rates. In Section 2, we describe the FTIR and the in situ
observations, and the 3-D chemical transport model. In
Sections 3 and 4, we present the FTIR CFC-11 retrieval strategy,
then we show the results of the trend analyses, for the Jung-
fraujoch (Northern Hemisphere, NH) and the Lauder and Cape
Grim (Southern Hemisphere, SH) stations, as well as the
respective model trend analyses. Finally, we present the
conclusions of our study in Section 5.

2. CFC-11 ground-based high-
resolution IR observations, in situ
observations, and 3-D model

In this study, we used data from three mid-latitude stations,
Jungfraujoch at 46.55�N, Lauder at 45.04�S, and Cape Grim at
40.68�S. The Jungfraujoch and Lauder FTIR measurements are
taken under the auspices of the Network for the Detection of
Atmospheric Composition Change (NDACC),13 and the Cape
Grim in situ sampling are conducted within the framework of
the Advanced Global Atmospheric Gases Experiment (AGAGE)
global network.14

2.1 The Jungfraujoch station FTIR observations

The High Altitude Research Station Jungfraujoch (46.55�N,
7.98�E) is located on the Northern Swiss Alps, on a saddle
between the Mönch and the Jungfrau summits, at 3580 m above
mean sea level (a.m.s.l.), thus the station is most of the time in
free troposphere conditions.15

The Institute of Astrophysics of the University of Lìege has
collected infrared (IR) solar spectra at that site since the early
1950s. Firstly, grating spectrometers were used and then two
Fourier-Transform Infrared (FTIR) spectrometers have run since
the mid-1980s, a homemade instrument (from 1984 to 2008),
and a commercial Bruker IFS-120HR spectrometer (from the
beginning of the 1990s to present). The optical lters and the
HgCdTe (mercury cadmium telluride, MCT) or InSb (indium
antimonide) cooled detectors allow to cover the mid-IR spectral
range. See Zander et al., 2008 16 for more information about the
instrumentation. The IR solar absorption spectra used in this
study were recorded by the homemade and the Bruker
© 2022 The Author(s). Published by the Royal Society of Chemistry
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instruments, with a HgCdTe detector, under clear-sky condi-
tions. These spectra cover the 700–1400 cm−1 range with a spec-
tral resolution of 0.0061 cm−1, what corresponds to a maximum
optical path difference (OPD) of 82 cm. The mean signal-to-noise
ratio (SNR) of the studied period (2000–2020) is 945.

2.2 The Lauder station FTIR observations

Like Jungfraujoch, the Lauder Atmospheric Research Station
(45.04�S, 169.68�E, 370 m a.m.s.l.) was a founding site of
NDACC. Mid-IR FTIR measurements started at Lauder in the
early 1990s and continue to the present day. The spectral
observations used in this study were recorded with a Bruker
120HR (2000–2018) and Bruker 125HR (2018–2020). In both
instruments, solar spectra (covering the region 700–4000 cm−1)
are taken on days with cloud-free line of sight to the Sun using
solar trackers with active tracking.17 Solar spectra used in the
retrieval of CFC-11 were taken with a HgCdTe detector through
a mid-IR bandwidth lter 700–1400 cm−1, at a spectral resolu-
tion of 0.0035 cm−1 using a KBr beamsplitter. Such spectra are
also used in the analysis of other trace gases species, such as
O3,18 HNO3,19 and ClONO2.20 Instrument line shape and align-
ment are monitored monthly using low pressure HBr and N2O
cells.21,22

2.3 The Cape Grim station in situ observations

In situ observations of CFC-11 commenced at Cape Grim, Tas-
mania (40.7�S, 144.7�E), in 1976 and have continued uninter-
rupted until the present day.23,24 The station, operated by the
Australian Bureau of Meteorology, sits atop a 90 m cliff on
Tasmania's west coast and the ambient air is sampled 36 times
per day from a tower at 70 m above the station. The Cape Grim
CFC-11 baseline monthly mean data (2001–2020) reported in
this paper are obtained from CSIRO's participation in the global
AGAGE program.14 The data were obtained from a gas chro-
matographic (GC) instrument incorporating an electron capture
detector (ECD) and are calibrated in the Scripps Institution for
Oceanography (SIO-05) scale. Baseline data are selected using
a statistically-based algorithm, and are free of the inuence of
regional CFC-11 emissions and represent mid-latitude, back-
ground CFC-11 mixing ratios for the Southern Hemisphere.14

2.4 TOMCAT/SLIMCAT chemical transport model

TOMCAT/SLIMCAT (hereaer TOMCAT) is a global 3-D off-line
chemical transport model.25 It is used to study a range of
chemistry-aerosol-transport issues in the troposphere and
stratosphere. The model is usually forced by European Centre
for Medium-Range Weather Forecasts (ECMWF) meteorological
(re)analyses, although General Circulation Model (GCM) output
can also be used. When using ECMWF elds, as in the experi-
ments described here, the model reads in the 6-hourly elds of
temperature, humidity, vorticity, divergence and surface pres-
sure. The resolved vertical motion is calculated online from the
vorticity. For the simulations used in this study, the model was
run at horizontal resolution of 2.8� � 2.8� with 60 hybrid s-
pressure levels from the surface toz60 km. The model was run
from 1980 to 2020 and forced by ECMWF ERA5 reanalyses.26
© 2022 The Author(s). Published by the Royal Society of Chemistry
Convective mass uxes were calculated online using the scheme
of Tiedtke, 1989 27 and mixing in the boundary layer is based on
the scheme of Holtslag and Boville, 1993.28 The model simula-
tions included three idealised CFC-11 tracers, as used in Mon-
tzka et al., 2021.11 The simulation parameterised the
atmospheric loss of the CFC-11 tracers using calculated
photolysis rates and a repeating year of archived monthly mean
zonal mean O (1D) distributions from a previous full chemistry
simulation. Tracer A used the best estimate of historic CFC-11
emissions with realistic distribution at the surface.11 Tracer B
used the same total time-dependent emissions as tracer A but
they were distributed uniformly over the Earth's surface. Tracer
C assumed zero CFC-11 emissions aer 2000.
3. CFC-11 vertical column retrieval
3.1 Retrieval strategy

At both, Jungfraujoch (JFJ) and Lauder (LAU), column retrievals
were performed with the SFIT-4 v0.9.4.4. algorithm which
implements the Optimal Estimation Method (OEM) of Rodgers,
2000.29 For the Jungfraujoch station, the layer scheme con-
tained 41 layers from 3.58 km to 120 km, whereas the Lauder
station layering scheme spanned 47 layers from 0.37 km to 120
km. In both schemes, the thicknesses gradually increased from
0.65 km (JFJ) and 0.43 km (LAU) for the lowermost layer up to 14
km for the top one.

Since the CFC-11 has a very broad but relatively unstructured
absorption in the infrared spectral range, the retrieval spectral
window has to be relatively large to encompass the whole
feature. Furthermore, it has to be carefully optimised in order to
limit the interference by other molecules. The optimal spectral
window for CFC-11 was rst dened by Zander et al., 1983 30 as
825–860 cm−1. For this study, it was adjusted to 830.0–
859.3 cm−1 in order to avoid a H2O absorption line at
z859.5 cm−1; and only the observations with an apparent solar
zenith angle (SZA) between 60� and 85� (JFJ), and between 60�

and 89� (LAU) were tted such as to maximize the CFC-11
absorption depth and information content.

The interfering telluric species used in this retrieval strategy
were H2O, CO2, O3, OCS, HNO3, COCl2, and H2

18O, and their
spectroscopic parameters were taken from the HITRAN2008 31

and HITRAN2012 32 molecular spectroscopic databases, the
ATM2019 molecular spectroscopic database (https://
mark4sun.jpl.nasa.gov/specdata.html) or the empirical
pseudo-linelist (PLL) created by G. C. Toon (https://
mark4sun.jpl.nasa.gov/pseudo.html). PLLs are appropriate to
model unresolved features, as those of CFC-11 and COCl2.
Solar lines were obtained from the empirical model proposed by
Hase et al., 2006.33 At Lauder, spectral channeling of z0.1%
amplitude (caused by lter etalon) was also tted.

We adopted an OEM regularization since it allowed to
retrieve more information compared to a Tikhonov-type regu-
larization. The diagonal elements of the a priori covariance
matrix, Sa, were set to 15% per km. For the off-diagonal terms,
we took an interlayer correlation half-height half-width (of
exponential-shape correlation) of 4 km. The signal-to-noise
Environ. Sci.: Atmos., 2022, 2, 1487–1501 | 1489
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ratio for the inversions was established to 100 for JFJ and 180 for
LAU.

At JFJ and LAU, a priori CFC-11 and all interfering species
proles were calculated from a climatology of the Whole
Atmosphere Community Climate Model (WACCM, version 4
(ref. 34)) simulations for the 1980–2020 period, except for water
vapour at JFJ. A priori water vapour proles for JFJ were provided
by the ERA-Interim35 meteorological reanalyses extrapolated for
the top of the atmosphere using WACCM monthly means
(2000–2019). Since the ERA-Interim reanalysis is only available
until August 2019, we used the reanalyses from the National
Centers for Environmental Prediction (NCEP)36 for the nal
period. Atmospheric pressure and temperature proles were
also supplied by NCEP.

Fig. 2 shows the synthetic spectra produced by the SFIT-4
algorithm for CFC-11 and the main interfering species at the
selected spectral window for the Jungfraujoch station. The top
panel displays residuals (%) from the t to a spectrum recorded
on 8th January 2008. The bottom panel shows the simulated
spectrum (black line) and the per-species spectra for our target
and the main absorbers in this range (H2O, CO2, and O3) as well
as the solar spectrum. Note that the interfering species and
solar spectra are offset vertically for clarity. A good t is ob-
tained in this wide spectral range, with residuals close to the
noise level, except near some of the strongest water vapour
lines. It is worth noting that this good agreement is represen-
tative of the whole Jungfraujoch tting residuals since the root-
mean-square of the tting residuals (RMS) for this example is
0.20%, the median RMS for the entire time series is 0.23%, and
the mean RMS is (0.25 � 0.07)%.
Fig. 2 Simulations of the 830.0–859.3 cm−1 spectral window from spec
station with an apparent solar zenith angle of 80.3�, and a maximum o
residuals (RMS) is 0.20%. The main interfering species (H2O, CO2, and O
absorbers are not shown. The top panel displays the observed-calculate
2008.

1490 | Environ. Sci.: Atmos., 2022, 2, 1487–1501
3.2 Error budget and information content of measurements

Table 1 shows the main sources of error (measurement,
temperature, interfering species, etc.) affecting the retrieval of
Jungfraujoch and Lauder CFC-11 total columns, calculated for
one year (2008 and 2016, respectively) of observations. Every
error includes both a systematic and a random component. As
described in eqn (8) of Zhou et al., 2016 37 the total error
contains four different parts: the smoothing error, the forward
model error, the measurement error, and the forward model
parameter error.37

To calculate the smoothing error (eqn (3.16) of Rodgers,
2000 29), we produced the random component of the error
covariance Sb matrix by calculating the relative standard
deviation in version 4.0 Level 2 CFC-11 ACE-FTS38 retrievals,
for each level of the grid (14.5–22.5 km between 40 and 50�N),
for the 02/2004 to 02/2020 period. The Sb matrix systematic
part was created using the mean relative difference of CFC-11
retrievals between ACE-FTS and MIPAS Level 2 Version 8.22
(ref. 39) for each layer (from 05/2005 to 04/2012). The CFC-11
prole correlation width was set to 4 km. For the solar zenith
angle at the JFJ station, the random uncertainty was assumed
as �0.15� and the systematic uncertainty as �0.1�. For the
Lauder station, all SZA uncertainty was assumed random.
According to the empirical PLL, the relative systematic
uncertainties of CFC-11 spectroscopic parameters were set to
7%.

The total random errors are 3.3% and 2.17%, for the Jun-
fraujoch and Lauder stations respectively, and they are mostly
inuenced by the temperature prole uncertainties. The total
tra recorded by the Bruker IFS-120HR FTIR instrument at Jungfraujoch
ptical path difference of 82 cm. The root-mean-square of the fitting

3) and the solar spectra are shifted vertically for clarity. Second-order
d residuals, in %, from the fit to the spectrum recorded on 8 January

© 2022 The Author(s). Published by the Royal Society of Chemistry
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systematic errors are 7.5% and 7.2%, for the Junfraujoch and
Lauder stations respectively, and they are dominated by the
uncertainty in the spectroscopic parameters on the intensities
of the pseudo-lines tted to the cross-section laboratory spectra,
and in the temperature prole uncertainty. Uncertainties agree
with those obtained by Zhou et al., 2016 37 (Reunion Island) and
Polyakov et al., 2021 40 (St. Petersburg). The other sources of
uncertainty (random and systematic) only contribute to the total
error at 1% (i.e. zshi) or less (i.e. interfering species).

In order to evaluate the information content of the retrieval
processing, the mean averaging kernels were analysed. The
averaging kernel matrix (A) described in the Rodgers
formalism29 characterises the contribution of the a priori (xa)
and the true (x) vertical distributions to the retrieved vertical
prole (x̂). According to eqn (3.12) of Rodgers, 2000:29

x̂ ¼ xa + A(x − xa) + Gyey (1)

where Gyey is the error in the retrieval originated by the total
measurement error (retrieval error).

Fig. 3 shows the mean layer averaging kernels (le) and
eigenvectors (right) derived from the retrievals of the 2004–2006
spectra in the case of Jungfraujoch (panels (a) and (b)) and the
2017–2020 spectra for Lauder (panels (c) and (d)). The coloured
lines in the averaging kernel plots show the different individual
layer averaging kernels, and the black line shows the total
column averaging kernel (scaled by 0.1), from the site altitude
(3.58 km for Jungfraujoch and 0.37 km for Lauder) up to 40 km.

The degrees of freedom for signal (DOFS) is a measure of
independent information in the retrieved prole and is dened
as the trace of the averaging kernel matrix (Tr(A)) or the sum of
eigenvalues.29 For Jungfraujoch, mean DOFS is 1.36, meaning
that one piece of information can be obtained from the
retrievals. The rst eigenvalue indicates that 99% of the infor-
mation characterising the troposphere comes from the
retrieval, and not from the adopted a priori prole. As to the
second eigenvalue, it amounts on average to 0.35, preventing
the determination of two independent pieces of information, or
partial columns, above and below about 8 km. However, the
second eigenvector still allows to improve height resolution.
Concerning Lauder results, the DOFS is 1.57 and the rst
eigenvalue is 1.00, indicating that 100% of the information
describing the troposphere is coming from the retrievals. The
second eigenvalue, equal to 0.56, shows that two columns
(tropospheric and lower-stratospheric) can be separated at 5.3
km with almost 60% of the information coming from the
retrievals.
4. Results

In this section, we present the harmonised Jungfraujoch FTIR
dataset, the merged Lauder FTIR dataset and the Cape Grim in
situ measurements. We performed trend analyses on these
datasets from both hemispheres as well as on model data, with
the purpose of comparing them and drawing some
conclusions.
Environ. Sci.: Atmos., 2022, 2, 1487–1501 | 1491
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Fig. 3 (a) Mean layer averaging kernels for mixing ratios computed for the spectra recorded (a) from January 2004 to December 2006 above
Jungfraujoch and (c) fromNovember 2017 to December 2020 above Lauder. The ticks on the colour bar are the individual layer averaging kernels
represented in the plots. Eigenvectors are shown in (b) for Jungfraujoch and in (d) for Lauder. The two first eigenvalues are (b) 0.99 and 0.35,
respectively, and (d) 1.00 and 0.56, respectively.
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4.1 FTIR Jungfraujoch time series analysis

The 6921 Jungfraujoch spectra used for our study were recorded
over 2055 sunny days between 25th June 1986 and 10th
December 2020. Specically, we have analysed the trend
between January 2000 and December 2020 using monthly
means (1699 days and 244 months).

In order to obtain the whole time series shown in Fig. 4, we
had to harmonise the daily total columns since two different
instruments were used. Furthermore, several changes were
1492 | Environ. Sci.: Atmos., 2022, 2, 1487–1501
progressively implemented to the Bruker spectrometer, poten-
tially affecting the instrumental response and thus also the
CFC-11 retrieved columns. This is particularly true when
a broad window is used, as is also the case for peroxyacetyl
nitrate (PAN).41 The rst adjustment was to harmonise the two
instruments (homemade and Bruker) time series by multiplying
the Bruker time series by a factor of 0.9692 between 12/02/1999
and 09/10/2001. Aerwards, we multiplied the homemade
instrument whole time series by a factor of 0.9467. These
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Jungfraujoch FTIR (from June 1986 to December 2020) and TOMCAT monthly mean total columns (from January 2000 to December
2020). In black, FTIR data; in green, TOMCAT model simulation A: best estimate of emissions and some realistic distribution (optimized with
NOAA support); in pink, TOMCAT model simulation B: same total emissions as simulation A but equal emissions at all lat/lon; and in blue,
TOMCAT model simulation C: zero emissions since 2000 (simple decay).
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correction factors were found by comparing the coincident data
present in the two subsets (homemade and Bruker) for the same
days. Nevertheless, there was still a non-scaled period from 16/
10/2015 to 18/06/2019, found to be inconsistent because of the
change of one spectrometer mirror in the Bruker instrument.
Thus, they were scaled up (factor of 1.0181) so as to get the
optimum alignment of this subset with respect to the earlier
and following column data. These corrections allowed us to
acquire the harmonised series from June 1986 to December
2020 shown in Fig. 4.
4.2 FTIR Lauder time series analysis

At Lauder, 4907 FTIR spectra were recorded over 1685 sunny
days (225 months), from 11th October 2001 to 27th December
2020. As we did with the JFJ time series, we have analysed the
trend between October 2001 and December 2020 using monthly
means.

The Lauder Bruker 120HR spectrometer was replaced in
2018 by a Bruker 125HR and, as observed in the Jungfraujoch
time series, this kind of change can affect the instrumental
response and the retrieved quantities. Therefore, we used the
common days of observation between both instruments to
estimate a correction factor in order to merge both datasets
(Bruker 120HR and Bruker 125HR). We found a 1.4% difference,
thus we multiplied the 125HR time series by this factor. The
nal xCFC-11 time series is shown in Fig. 6(a).

Within the Lauder time series, there were unexpectedly high
CFC-11 total columns between 2007 and 2009.5. For the
purpose of nding the main cause of this time series feature,
several hypotheses were tested. Firstly, we analysed the xCFC-11
© 2022 The Author(s). Published by the Royal Society of Chemistry
time series since the Lauder station is a relatively low-altitude
site and it is strongly inuenced by water vapour. The unex-
pectedly high points were also present in the xCFC-11 amounts.
Secondly, we analysed the in situ mixing ratio CFC-11 time
series (blue points in Fig. 6(a)) at Cape Grim (Tasmania, Aus-
tralia) from October 2001 to September 2020. The Cape Grim
time series did not show a shape of that sort. Therefore, we
continued investigating by analysing the FTIR CFC-12 (CCl2F2)
and N2O total columns above Lauder, since they are a co-
emitted species and a dynamical tracer, respectively. These
species did not show any anomalies.

A series of tests were performed to assess the robustness of
the retrieval strategy. This involved investigating the effect of
MCT detector non-linearity (saturation point tting), instru-
ment response function changes and tting of the broad
retrieval window continuum level. In all tests, the unexpectedly
high abundances over 2007–2009.5 were still present, and the
linear trend analysis results were not signicantly altered
(details in Section 4.3.2). Even though we presently cannot nd
fault with the measurements and retrieval strategy, the anom-
alous values cannot be reconciled with CFC-11 emission rates or
transport/dynamic circulation changes, thus the cause for this
feature still remains unresolved.
4.3 Trend analyses

The time series trends presented in this section were obtained
using the auto-regressive wild bootstrap (AWB) method devel-
oped by Friedrich et al., 2020.42,43 This method rst tests for the
presence of a break point in the trend function. If there is
evidence of a break, it locates the break point that best ts the
Environ. Sci.: Atmos., 2022, 2, 1487–1501 | 1493
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Fig. 5 (a) FTIR and (b) TOMCAT monthly time series of CFC-11 total columns above Jungfraujoch. All vertical bars represent the standard
deviations around the monthly means. (a) Total columns have been derived from solar spectra recorded by the Bruker IFS 120HR spectrometer.
(b) The “best estimation/realistic” simulation (tracer A) has been chosen.
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data (where the t is determined by the sum of squared devia-
tions from the broken trend line). Then, it determines the
uncertainty around the break location using the AWB method.
It also estimates the pre- and post-break trends slopes using
ordinary least squares (OLS) and judges the signicance of the
estimated trend slopes using the bootstrap method. We used
a 95% condence interval.

4.3.1 Northern Hemisphere. The FTIR Jungfraujoch
monthly mean total columns from January 2000 until December
2020 are displayed in Fig. 5(a) with the error bars showing the
standard deviation around the monthly means. The mean
relative standard deviation is 2%, i.e., lower than the random
uncertainty reported in Table 1. We performed a linear trend
analysis of all the data (2000–2020). We found that the CFC-11
atmospheric concentration decreased by (2.34 � 0.14) � 1013

molecules per cm2 per year, or a relative decrease of (0.78 �
0.05)% per year. Since Montzka et al., 2018 7 reported
1494 | Environ. Sci.: Atmos., 2022, 2, 1487–1501
a slowdown in the decrease of the atmospheric CFC-11
concentrations, we used the Friedrich et al., 2020 42,43

approach in order to nd the break location and estimate the
trend change. We found a statistically signicant break point
around 2011. The blue vertical line in Fig. 5(a) indicates the
break point at 2010.96, and a large condence interval varying
within 2005.20 and 2020.90 is indicated by the two black vertical
lines. The pre-break slope (i.e., from 2000 until z2011) is
(−2.87 � 0.39) � 1013 molecules per cm2 per year, representing
a relative decrease of (0.95 � 0.13)% per year; while the post-
break (2011–2020) trend decrease is (1.84 � 0.44) � 1013 mole-
cules per cm2 per year, that is a relative trend of (−0.61� 0.15)%
per year. This trend change of around 56% is signicant at the
2s level of uncertainty. This trend change is in good agreement
with the trend change estimated from the ACE-FTS mixing
ratios trend values reported by Bernath et al., 2020,9 as well as
from the NOAA and AGAGE data, as shown in Fig. 1. The red
© 2022 The Author(s). Published by the Royal Society of Chemistry
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dashed line shows the divergence between an unperturbed
situation and the current rate of change of CFC-11 following the
recent renewed emissions.

The FTIR time series is compared to TOMCATmodel outputs
for the Jungfraujoch station location. Three different scenarios
were carried out for the January 2000 to December 2020 period.
We chose the scenario with the best estimate of emissions and
the most realistic distribution (run A). In Fig. 5(b), we can see
that the break location is found at 2010.75, with a condence
interval ranging from 2008.66 to 2012.66, which lies within the
condence interval obtained for the break point in the FTIR
time series. The standard deviation around the monthly means
is shown by the error bars and the mean relative standard
deviation is 1.5%, which is lower than for the FTIR measure-
ments. Model data are not affected by random noise as are the
measurements. The pre-break trend is (−3.18 � 0.25) � 1013

molecules per cm2 per year, i.e., (−1.03 � 0.08)% per year,
whereas the slope is (−1.69 � 0.29) � 1013 molecules per cm2

per year ((−0.55 � 0.09)% per year) for the post-break period.
Since the Lauder and Cape Grim stations are relatively low-

altitude sites, they are inuenced by water vapour. In order to
create comparable datasets in both hemispheres, we analysed
the FTIR dry air mole fraction (xCFC-11) trends (for JFJ and
LAU). The xCFC-11 is computed by dividing the CFC-11 total
columns by the dry air pressure column (DPC).44 The DPC is
calculated by using the ground pressure of the station location
(here the Jungfraujoch station, and in Section 4.2.2 the Lauder
station) to calculate column air concentrations, according to the
eqn (1) of Barthlott et al., 2015:44

DPC ¼ Ps

Mdryair$gðfÞ �
MH2O

Mdryair

$H2Ocol (2)

where Ps is the surface pressure (in Pa), g(f) is the latitude-
dependent surface acceleration due to gravity (at the station
location),Mdryair is the molecular mass of the dry air (z28.96 �
10−3NA kg per molecules), MH2O is the molecular mass of the
water vapour (z18 � 10−3NA kg per molecules), NA is the Avo-
gadro's constant (z6.022 � 1023 molecules per mol), and
Table 2 xCFC-11 (not shown in the plots) and CFC-11 total columns annu
model

2000–2020 Break location 2

xCFC-11 FTIR JFJ −1.70 � 0.08 2010.92 −
−0.79 � 0.04 −

CFC-11 FTIR JFJ −2.34 � 0.14 2010.96 −

−0.78 � 0.05 −
xCFC-11 TOMCAT for JFJ (tracer A run) −1.80 � 0.05 2010.38 −

−0.82 � 0.02 −
TOMCAT for JFJ (tracer A run) −2.47 � 0.11 2010.75 −

−0.80 � 0.04 −
xCFC-11 TOMCAT for JFJ (tracer C run) −3.90 � 0.06 — —

−2.00 � 0.03
TOMCAT for JFJ (tracer C run) −5.44 � 0.11 — —

−1.99 � 0.04

© 2022 The Author(s). Published by the Royal Society of Chemistry
H2Ocol is the water vapour total column amount (in molecules
per m2).

The xCFC-11 FTIR trend for the whole Jungfraujoch time
series is (−1.70� 0.08)� 1013 ppt per year, i.e., (−0.79� 0.04)%
per year. The break point for the xCFC-11 time series was found
at 2010.92 with a condence interval extending from 2007.00 to
2016.25. Before the break, the trend decreases by (2.01 � 0.18)
ppt per year, which is a relative trend of (−0.79 � 0.04)% per
year; while the post-break trend is (−1.35 � 0.23) � 1013 ppt per
year, i.e., (−0.66 � 0.11)% per year. This leads to a trend change
of around 36%. All the trend estimates in Table 2 show the
excellent agreement between the FTIR and the model data
above the Jungfraujoch station.

We have also analysed the 06/1986 to 12/1992 trend
preceding the plateau (see Fig. 4) in the FTIR Jungfraujoch data.
This upward trend is (7.27� 1.67)� 1013 molecules per cm2 per
year, i.e., (2.35 � 0.54)% per year. In this case, due to the small
number of monthly data of this period, we carried out the trend
analysis using the daily data. These results are in agreement
with the trends calculated from the atmospheric histories for
CFC-11 for this period (2.53% per year).45 These historical values
were determined from experimental observations made by the
Atmospheric Lifetime Experiment/Global Atmospheric Gases
Experiment/Advanced Global Atmospheric Gases Experiment
(ALE/GAGE/AGAGE) network at the Northern Hemisphere.

4.3.2 Southern Hemisphere. The monthly xCFC-11 above
Lauder, as well as the in situ monthly CFC-11 at Cape Grim and
model data, are shown in Fig. 6. Error bars indicate the stan-
dard deviation around the monthly means. The average relative
standard deviation is 1.6% for the Lauder data, 0.08% for the
Cape Grim data, and 1.4% for the model data.

The break location is found at 2014.13 for Lauder and at
2014.69 for Cape Grim time series. The ranges for the con-
dence interval are shown by the dashed vertical lines: the black
ones correspond to the Lauder data, while the blue ones show
the Cape Grim condence interval. Comparing these results to
the model time series (Fig. 6(b)), we can see that the break point
al trends derived from the Jungfraujoch FTIR time series and TOMCAT

000 to Break Break to 2020

2.01 � 0.18 −1.35 � 0.23 Dry air mole fraction trends (ppt per year)
0.90 � 0.08 −0.66 � 0.11 Relative trends (% per year)
2.87 � 0.39 −1.84 � 0.44 Total columns trends (1013 molecules per

cm2 per year)
0.95 � 0.13 −0.61 � 0.15 Relative trends (% per year)
2.29 � 0.10 −1.34 � 0.09 Dry air mole fraction trends (ppt per year)
1.04 � 0.04 −0.61 � 0.04 Relative trends (% per year)
3.18 � 0.25 −1.69 � 0.29 Total columns trends (1013 molecules per

cm2 per year)
1.03 � 0.08 −0.55 � 0.09 Relative trends (% per year)

— Dry air mole fraction trends (ppt per year)
Relative trends (% per year)

— Total columns trends (1013 molecules per
cm2 per year)
Relative trends (% per year)
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Fig. 6 (a) In situ monthly CFC-11 at Cape Grim (in blue) and monthly xCFC-11 FTIR above Lauder (in black). (b) TOMCAT model monthly time
series of CFC-11 total columns above Lauder. The “best estimation/realistic” simulation (tracer A) has been chosen. All vertical bars represent the
standard deviations around the monthly means.
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found for the observations ts inside the condence interval of
the model data break location.

The trends before and aer the break points, as well as the
long-term trends (2001–2020) for the Cape Grim and Lauder
stations, and for the model results for Lauder are listed in
Table 3. Note that model trends are shown in total columns
(molecules per cm2 per year), while in situ Cape Grim trends
and FTIR Lauder trends are displayed in ppt per year. We
computed the xCFC-11 trends (LAU) without the unexpectedly
high points between 2007 and 2009.5 in order to verify if the
trends values changed. The relative trend before the break
point obtained is (−1.34 � 0.08)% per year, while the trend
aer the break point is (−0.33 � 0.10)% per year. The break
location estimated without the 2007–2009.5 data is
2013.81+0.71−1.14. As it can be observed, the trends values and the
break location (with and without this period) did not change
1496 | Environ. Sci.: Atmos., 2022, 2, 1487–1501
signicantly. The results presented in Table 3 are those ob-
tained for the whole dataset.

For the Cape Grim in situ observations, the pre-break trend
decreases by (0.82� 0.01)% per year, while the post-break trend
decay is (0.52 � 0.01)% per year, which is a 58% change in the
trend. For the model simulations for the Lauder location, the
trend before the break is (−0.86 � 0.05)% per year, while the
trend aer the break is (−0.61� 0.07)% per year, bringing about
a 41% trend change. For the Lauder xCFC-11 series, the pre-
break trend is (−1.34 � 0.08)% per year, while the post-break
trend is (−0.39 � 0.10)% per year, which is near in the limit
of the condence interval of the other two time series' post-
break trends.

A signicant point to note is the agreement between the
relative trends. As one can observe, the relative trend for the
whole time series (2001–2020) is the same for Cape Grim and for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 CFC-11 annual trends derived from the in situmeasurements at Cape Grim, xCFC-11 and CFC-11 annual trends derived from the Lauder
FTIR time series and TOMCAT model

2001–2020 Break location 2001 to Break Break to 2020

In situ Cape Grim −1.77 � 0.02 2014.69 −1.94 � 0.01 −1.23 � 0.03 Surface mixing ratio trends (ppt per year)
−0.74 � 0.01 −0.82 � 0.01 −0.52 � 0.01 Relative trends (% per year)

xCFC-11 FTIR LAU −2.32 � 0.08 2014.13 −2.94 � 0.17 −0.86 � 0.23 Dry air mole fraction trends (ppt per year)
−1.05 � 0.04 −1.34 � 0.08 −0.39 � 0.10 Relative trends (% per year)

xCFC-11 TOMCAT for LAU (tracer A run) −1.72 � 0.05 2011.25 −2.05 � 0.15 −1.38 � 0.12 Dry air mole fraction trends (ppt per year)
−0.77 � 0.02 −0.92 � 0.06 −0.62 � 0.05 Relative trends (% per year)

TOMCAT for LAU (tracer A run) −3.52 � 0.11 2013.28 −3.92 � 0.22 −2.81 � 0.33 Total columns trends (1013 molecules per
cm2 per year)

−0.77 � 0.02 −0.86 � 0.05 −0.61 � 0.07 Relative trends (% per year)
xCFC-11 TOMCAT for LAU (tracer C run) −3.86 � 0.05 — — — Dry air mole fraction trends (ppt per year)

−1.96 � 0.03 Relative trends (% per year)
TOMCAT for LAU (tracer C run) −7.93 � 0.10 — — — Total columns trends (1013 molecules per

cm2 per year)
−1.96 � 0.02 Relative trends (% per year)
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the model and quite close for Lauder (36% difference),
considering the unexplained feature of this time series.
Regarding the pre-break and post-break relative trends, this
behaviour is the same.

4.3.3 Inter-hemispheric analysis. In the case of the Jung-
fraujoch site, all the trends (long-term, pre-break, and post-
break) are in a very good agreement (i.e. within uncertainty
estimates). For the Lauder site, there were some differences
because of the unexpectedly high data over 2007–2009.5.
Through the comparison with the Cape Grim in situ observa-
tions, we can see that the relative trends between the observa-
tions and the model are also in good agreement. Regarding the
long-term trends (2000–2020), they are quite similar in both
hemispheres, both for the model and the observations. Before
the break point, the trend decay in the NH was more important
than in the SH (10% larger for the observations and 20% larger
for the model simulations). The post-break trend decrease is
27% larger in the NH for the observations, while it is 10%
smaller for the model results than in the SH. Nevertheless, if we
take into account the errors of each trend, we can affirm that all
of the trend values lie within the error limits (see Tables 2
and 3).

The Report on the Unexpected Emissions of CFC-11, 2021 4

documents that the CFC-11 atmospheric global concentrations
decayed by 0.8% per year from 2002 to 2012, and by 0.5% per
year from 2014 to 2018. Fortunately, the atmospheric concen-
trations declined faster between 2018 and 2019 (by 0.7% per
year). If we compare these trends to our observations, we can
affirm that they are in a very good agreement. For the pre-break
period, we obtained a decay of (0.95 � 0.13)% per year (2000–
2011) in the NH, and a decay of (0.82 � 0.01)% per year (2001–
2014) in the SH (Cape Grim). For the post-break period, we
obtained a decay of (0.61 � 0.15)% per year (2011–2020) in the
NH. In the SH, we got a decay of (0.52� 0.01)% per year for Cape
Grim, and (0.39 � 0.10)% per year for Lauder (2014–2020).
Nevertheless, nowadays we cannot detect trend changes like the
one aer 2018 with FTIR observations, even for daily averages.
We will need a longer time series aer 2018 to be able to detect
it.
© 2022 The Author(s). Published by the Royal Society of Chemistry
According to Holzer and Waugh, 2015,46 the tropospheric
mean time needed for the CFCs to travel from the NH, where the
principal emissions happen, to the SH varies from 1.1 years (in
the South Hemisphere tropics) to 1.4 years (at the South Pole).
These values are compatible with our observations and
TOMCAT simulations, taking into account the uncertainty
ranges.

5. Conclusions

We have applied consistent retrievals and analysed CFC-11 total
column time series, using Jungfraujoch and Lauder high-
resolution FTIR solar spectra recorded within the framework
of the NDACC network. For the rst time, the Jungfraujoch time
series was extended back to include spectra recorded before the
2000s, and fully harmonised to account for instrument
replacements and upgrades. Our study is the rst to present
a merged CFC-11 FTIR dataset from Lauder. In both cases, we
adopted a large spectral window (830.0–859.3 cm−1) so as to
include the broad CFC-11 feature, accounting for the interfering
species, notably water vapour. The DOFS values are 1.36 for
Jungfraujoch, and 1.57 for Lauder. The estimates of the relative
total random and systematic uncertainties are 3.3% and 7.5%,
respectively, for the Jungfraujoch station, and 2.2% and 7.2%,
respectively, for the Lauder station.

The FTIR time series, supplemented with in situ surface data
from Cape Grim, were compared with a TOMCAT model run
implementing the undeclared CFC-11 emissions reported by
Montzka et al., 2018,7 quantitatively conrming their impact on
atmospheric CFC-11, both on the vertical and horizontal scales.

Trends between 2000 and 2020 were analysed for the Jung-
fraujoch station and between 2001 and 2020 for the Lauder and
Cape Grim stations. Very good agreement was found between
the observations and the model trends, especially for the
Jungfraujoch station. A break point around 2011 was found for
the Jungfraujoch FTIR and model data, while it appears around
2014 for the Southern Hemisphere. In the Northern Hemi-
sphere, total columns declined by (0.95 � 0.13)% per year and
(1.03 � 0.08)% per year (between 2000 and 2011), for the FTIR
Environ. Sci.: Atmos., 2022, 2, 1487–1501 | 1497
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and model time series, respectively. A slowdown in the decay
was observed aer 2011, where we obtained a decay of (0.61 �
0.15)% per year and (0.55 � 0.09)% per year (between 2011 and
2020), for the FTIR and model time series respectively. In the
Southern Hemisphere, the relative trends before the break
point (2001–2014) are (−0.82 � 0.01)% per year and (−0.86 �
0.05)% per year, for the in situ and model datasets, respectively;
while the relative trends aer the break point (2014–2020) are
(−0.52 � 0.01)% per year, (−0.39 � 0.10)% per year, and (−0.61
� 0.07)% per year, for the in situ, FTIR, and model time series,
respectively. These values are in a good agreement with those
reported by the Report on the Unexpected Emissions of CFC-11,
2021.4 Therefore, the trend decrease slowdown aer the break
point was around 56% for the Jungfraujoch CFC-11 total
columns and around 58% for the Cape Grim in situ
observations.

These trend changes conrm that FTIR measurements are
able to detect variations in CFC-11 emissions of the order of
magnitude of those reported by Rigby et al., 2019.8 Taking into
account the uncertainties, the differences in the break location
between the Northern (z2011) and the Southern (z2014)
Hemispheres are representative of the mean interhemispheric
transit time, estimated as z1.1 years in the Southern Hemi-
sphere tropics, and z1.4 years at the South Pole by Holzer and
Waugh, 2015.46

Our results conrm the success of the Montreal Protocol
which has been able to signicantly reduce CFC-11 emissions.
Still, renewed emissions related to illegal production occurred
for a few years but were quickly identied7,8 and appear to have
now decreased signicantly.11,12 These FTIR measurements can
also be used to monitor CFC-11 and help to detect rogue
emissions, of a magnitude similar to that observed in 2012–
2018, providing complementary monitoring to surface-
measurement networks.

Because of the constant monitoring of the atmosphere, the
scientic community has been able to swily spot non-
compliant emissions of CFC-11 and identify their origin,
which apparently led to their reduction. It is important to note
that the model simulations implementing these additional
emissions, the surface in situ and ground-based remote sensing
time series, together provide a very consistent picture demon-
strating a proper understanding of the processes driving the
CFC-11 atmospheric burden and its evolution.
Data availability

The Jungfraujoch and Lauder FTIR data are available upon
request (i.pardocantos@uliege.be and dan.smale@niwa.co.nz,
respectively). The in situ Cape Grim data are available at the
Advanced Global Atmospheric Gases Experiment (AGAGE)
website (https://agage2.eas.gatech.edu/data_archive/agage/gc-
md/complete/tasmania/). ACE data are available at the ACE/
SCISAT Database (https://databace.scisat.ca/level2/). MIPAS
version 8 CFC-11 data were retrieved with the IMK/IAA
research processor and provided by https://www.imk-
asf.kit.edu/english/308.php.
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J. Muñoz-Sabater, J. Nicolas, C. Peubey, R. Radu,
D. Schepers, A. Simmons, C. Soci, S. Abdalla, X. Abellan,
G. Balsamo, P. Bechtold, G. Biavati, J. Bidlot, M. Bonavita,
G. De Chiara, P. Dahlgren, D. Dee, M. Diamantakis,
R. Dragani, J. Flemming, R. Forbes, M. Fuentes, A. Geer,
L. Haimberger, S. Healy, R. J. Hogan, E. Hólm,
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