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Abstract. The Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) is currently providing
the only measurements of vertically resolved chlorodifluo-
romethane (HCFC-22) from space. This study assesses the
ACE-FTS HCFC-22 v5.2 product in the upper troposphere
and lower stratosphere, as well as simulations of HCFC-22
from a 39-year specified dynamics run of the Canadian Mid-
dle Atmosphere Model (CMAM39) in the same region. In
general, ACE-FTS HCFC-22 observations tend to agree with
subsampled CMAM39 data to within ± 5 %, except for be-
tween ∼ 15 and 25 km in the extratropical regions where
ACE-FTS exhibits a negative bias of 5 %–30 % and near
6 km in the tropics where ACE-FTS exhibits a bias of−15 %.
When comparing against correlative satellite, aircraft, and
balloon data, ACE-FTS typically exhibits a low bias on the
order of 0 %–10 % between ∼ 5 and 15 km and is within
±15 % between ∼ 15 and 25 km. ACE-FTS, CMAM39, and
surface flask measurements from the NOAA Global Moni-
toring Laboratory’s surface air-sampling network all exhibit
consistent tropospheric HCFC-22 trends ranging between 6.8
and 7.8 ppt yr−1 (within 95 % confidence) for 2004–2012 and
between 3.1 and 4.7 ppt yr−1 (within 95 % confidence) for
2012–2018. Interhemispheric differences (IHDs) of HCFC-

22 were also derived using ACE-FTS, NOAA, and CMAM39
data, and all three yielded consistent and correlated (r ≥
0.42) IHD time series, with the results indicating that surface
IHD values decreased at a rate of 2.2± 1.1 ppt per decade
between 2004 and 2018.

1 Introduction

The anthropogenic substance chlorodifluoromethane
(CHClF2, HCFC-22) has the ability to alter the Earth’s
atmosphere in two ways: as an ozone-depleting substance
and as a greenhouse gas. HCFC-22 is one of the hydrochlo-
rofluorocarbons (HCFCs) that were introduced as temporary
replacements for ozone-depleting chlorofluorocarbons
(CFCs) as part of the implementation of the Montreal
Protocol on Substances that Deplete the Ozone Layer
(UNEP, 2009, 2012). While subsequent amendments to the
original 1987 protocol have limited their use, the availability
and popularity of the substance led to a rapid increase in
the surface concentration of HCFC-22 since the 1990s
and led to it becoming the most abundant HCFC molecule
in the atmosphere (O’Doherty et al., 2004; Saikawa et
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al., 2012; Montzka et al., 2015). Like most long-lived trace
gases, HCFC-22 is transported from the troposphere and
through the stratosphere by the Brewer–Dobson circulation
(BDC) (Dobson et al., 1929; Brewer, 1949; Dobson, 1956),
whereby tropospheric air is injected into the stratosphere in
the tropical region, transported upward and then poleward
horizontally and downward at polar latitudes. HCFCs
were chosen as temporary replacements for CFCs because
they are subject to loss processes in the troposphere (pre-
dominantly through reaction with OH), thereby reducing
their ability to reach the stratosphere and contribute to
the depletion of ozone. In the stratosphere, there are three
known sinks of HCFC-22 in addition to the OH reaction:
photolysis, reaction with O(1D), and reaction with atomic
chlorine (Sander et al., 2011). With a tropospheric lifetime
of 13 years and a stratospheric lifetime of 120 years (WMO,
2018, 2022), there is sufficient time for significant amounts
of tropospheric HCFC-22 to reach the stratosphere, where
its loss processes are significantly slower.

The average global surface levels of HCFC-22 rose from
110 ppt in 1995 to 238 ppt in 2016 (Saikawa et al., 2012;
Montzka et al., 2015; Simmonds et al., 2018) and then to
248 ppt in 2020 (WMO, 2022). This increase in the atmo-
spheric concentration of HCFC-22 is of concern due to its
strong radiative forcing (0.208 W m−2 ppbv−1) and contri-
bution to ozone-depleting chlorine (WMO, 2022). Produc-
tion and international trade of HCFC-22 have been controlled
under the 2007 amendment to the Montreal Protocol, which
should lead to a complete phase-out by 2040 (UNEP, 2009,
2012). According to Montzka et al. (2009), the timing of
the controls on developed and developing nations has con-
tributed to changing spatial patterns of emissions, particu-
larly in the Northern Hemisphere. The measurements of the
surface mole fraction suggest that HCFC-22 emissions may
have shifted to lower latitudes in the Northern Hemisphere
(Montzka et al., 2009). This shift corresponds to increases
in production and consumption within developing regions
and decreases in developed nations, which tend to be located
at higher latitudes. Fortems-Cheiney et al. (2013) showed a
continuous rise in global emissions between 1995 and 2009
that appeared to be mostly from geographic regions domi-
nated by developing nations, with a particular rise in eastern
Asia. Graziosi et al. (2015) found that the global growth rate
of HCFC-22 has declined since 2008, as also seen and dis-
cussed in WMO (2022), presumably due to mitigation mea-
sures. Graziosi et al. (2015) have shown that in Europe re-
gional emissions of HCFC-22 decreased between 2002 and
2012, and Hu et al. (2017) have shown that US emissions of
HCFC-22 have also been decreasing. However, atmospheric
concentrations of HCFC-22 are still increasing worldwide
due to the global contributions of emissions being larger than
quantities destroyed each year via the sink processes.

Rasmussen et al. (1980) reported the first atmospheric ob-
servations of HCFC-22 by gas chromatography mass spec-
trometry (GC/MS) as well as electron capture gas chro-

matography (EC/GC). As noted by Chirkov et al. (2016),
HCFC-22 has been measured using air sampled in flasks or
in situ and analysed by GC/MS or EC/GC at surface stations
globally (Montzka et al., 1993; O’Doherty et al., 2004; Yok-
ouchi et al., 2006; Montzka et al., 2009; Stohl et al., 2010;
Simmonds et al., 2018), from aircraft (Hu et al., 2017),
and on balloon platforms (Engel et al., 1997). Remote
sensing of HCFC-22 has been done using solar absorption
Fourier transform spectroscopy from ground-based (Rins-
land et al., 2005a; Zander et al., 2005; Gardiner et al., 2008),
balloon-borne (Murcray et al., 1975; Williams et al., 1976;
Goldman et al., 1981; Sen et al., 1996; Toon et al., 1999),
and space-based (Zander et al., 1987; Rinsland et al., 2005b;
Moore and Remedios, 2008) platforms. Recent space-based
measurements of HCFC-22 have been obtained by only two
instruments: ACE-FTS on SCISAT (Rinsland et al., 2005b;
Moore and Remedios, 2008; Park et al., 2014) and the
Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) on Envisat (von Clarmann et al., 2003; Fischer et
al., 2008). Chirkov et al. (2016) have provided an extensive
analysis of the MIPAS version 5 retrieval of HCFC-22. Col-
umn amounts of HCFC-22 can also have been derived from
spectra from the Infrared Atmospheric Sounding Interferom-
eter (IASI) nadir sounder (e.g. De Longueville et al., 2021).
Since the loss of communication with Envisat on 8 April
2012, ACE-FTS is the only satellite instrument currently in
operation that is routinely measuring vertically resolved pro-
files of HCFC-22.

Over the last few decades, advancements in modelling
of the troposphere and stratosphere have allowed for the
development of fully coupled chemistry–climate models.
These models are used to simulate projections of strato-
spheric ozone recovery based on various scenarios and im-
plementation of mitigation efforts as well as the impacts
of changes to the climate system. Unfortunately, due to the
historically poor spatial and temporal coverage of observa-
tions of HCFC-22 in the middle atmosphere, HCFC-22 has
been largely ignored in large-scale evaluations of data sets
for comparisons with chemistry–climate model simulations,
e.g. the Chemistry-Climate Model Initiative (CCMI; Eyring
et al., 2013).

The following section, Sect. 2, describes the retrievals of
HCFC-22 from ACE-FTS and complementary observations
used for validation, the modelling of HCFC-22 volume mix-
ing ratios (VMRs) in the 39-year specified dynamics run of
the Canadian Middle Atmosphere Model (CMAM39), and
the methodology used in comparing the different HCFC-22
data sets and the CMAM39 subsampling. The ACE-FTS and
CMAM39 data are evaluated using satellite, balloon, and
aircraft measurements in Sect. 3. Section 4 discusses the
morphology of HCFC-22 in the upper troposphere and lower
stratosphere and its seasonality, as well as the observed tro-
pospheric trends and interhemispheric differences of HCFC-
22.
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2 Observations and simulations of HCFC-22

2.1 ACE-FTS-retrieved profiles

ACE-FTS has measured solar absorption spectra in a non-
sun-synchronous orbit since 21 February 2004. Originally
slated as a 2-year mission, ACE continues to operate in nom-
inal mode in a highly inclined orbit at ∼ 650 km above the
Earth. ACE-FTS is a high-resolution Fourier transform spec-
trometer operating at 0.02 cm−1 across the range of 750–
4400 cm−1 (Bernath et al., 2005). The products derived from
the solar absorption spectra recorded through the atmosphere
include the concentrations of several dozen molecules of in-
terest. ACE-FTS samples the atmosphere from cloud tops up
to 150 km at a vertical resolution of approximately 2–6 km
(circular field of view of∼ 3 km at the tangent point) over the
latitudinal range of 85° N to 85° S, with most observations
occurring poleward of 60°. The self-calibrating solar occul-
tation method is used, where an exo-atmospheric spectrum is
recorded for each occultation and used to ratio the remaining
spectra of the occultation, which aids in providing a consis-
tent set of data across the lifetime of the mission (Bernath
et al., 2005; Boone et al., 2005). The period assessed in this
work is restricted to the ACE-FTS mission prior to 2019 to
align with the output from the modelling studies conducted
as part of the CMAM39 simulation experiment (1980–2018).

To minimize the influence of absorption features from in-
terfering species, ACE-FTS retrievals are performed in nar-
row regions of the spectrum called microwindows. The se-
lection of a microwindow relies heavily on identifying re-
gions of the spectrum with the fewest interfering absorption
features. Interfering molecules that are unavoidable are si-
multaneously fit in the retrieval to account for their contribu-
tion to the spectrum. The method employed in the retrieval
of HCFC-22 from the ACE-FTS spectra is thoroughly doc-
umented by Boone et al. (2005, 2013, 2020, 2023). The re-
trieval of HCFC-22 has evolved since the start of the ACE
mission. The first version (Rinsland et al., 2005b) was used
in conjunction with previous satellite measurements to deter-
mine trends in the lower stratosphere near 30° N. Version 2.2
of the HCFC-22 retrieval contributed to the global inven-
tory analysis of stratospheric chlorine and fluorine (Nas-
sar et al., 2006a, b). Additionally, v2.2 of the retrieval was
evaluated by Velazco et al. (2011), and when compared to
the MkIV balloon interferometer, they found that ACE-FTS
measurements agreed within ±20 % below 23 km. Brown
et al. (2011) used v3.0 ACE-FTS HCFC-22 data to further
investigate tropical trends of halogen-containing molecules.
Most recently, Chirkov et al. (2016) used v3.5 HCFC-22 data
to validate the MIPAS HCFC-22 product. It was noted that
the v3.0 HCFC-22 retrieval exhibited tropical tropospheric
VMRs that increased with altitude due to errors in the re-
trievals at high beta angle (Brown et al., 2011). However, a
similar feature is observed in MIPAS HCFC-22 data, and Vo-
gel et al. (2019) showed that uplift in the Asian monsoon to

Table 1. List of microwindows used for the ACE-FTS version 5.2
retrieval of HCFC-22.

Centre ν Width Altitude range
(cm−1) (cm−1) (km)

802.89 2.08 10–25
804.70 1.20 5–25
809.26 1.20 5–25
818.00 3.00 5–25
820.85 0.50 5–25
829.00 0.40 5–25
1950.10 0.35 6–20
2004.10 0.60 7–18
2013.55 0.40 12–22
2620.81 0.45 8–22
2976.80 0.40 7–20

Table 2. Interfering molecules and altitude ranges used for the
ACE-FTS version 5.2 retrieval of HCFC-22.

Molecule Altitude range
(km)

C2Cl3F3 5–25
HO2NO2 5–25
ClONO2 5–25
H2O 5–20
CO2 5–25
O13CO 5–22
OC18O 5–22
O3 5–25
C2H6 5–20
COF2 6–20

the upper troposphere and lower stratosphere (UTLS) hap-
pens locally (at the south flank of the Himalayas), and trace
gases are then distributed close to the tropopause over the
complete Asian monsoon anticyclone region. This mecha-
nism could contribute, at least in part, to the observed en-
hancements, in particular at the time and location of the
Asian summer monsoon.

The most recent version, v5.2, is described in detail by
Boone et al. (2023). The HCFC-22 retrieval extends from 5.5
to 24.5 km and makes use of HCFC-22 absorption cross sec-
tions from Harrison (2016). Eleven microwindows are used
over different altitude ranges, some of which do not contain
any HCFC-22 spectral features but are used to improve the fit
of interfering species. The altitude-dependent microwindows
are listed in Table 1, and the 10 interfering molecules that are
simultaneously fit in the retrieval are listed in Table 2. Before
any analysis, the ACE-FTS data were filtered for unphysical
outliers using the ACE-FTS flag data described by Sheese et
al. (2015).

In order to see how the HCFC-22 data have changed be-
tween recent level 2 versions, Fig. 1 shows comparison re-
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sults between versions 3.6, 4.2, and 5.2. Since v3.6 was
discontinued in early 2021, the comparisons are limited to
February 2004–February 2021, and all comparisons use only
occultations common to all three data sets, and percent dif-
ferences were calculated by dividing the differences by the
overall mean of both data sets being compared. The first two
panels of Fig. 1 show that v3.6 HCFC-22 VMRs are biased
high with respect to both versions 4.2 and 5.2 at most al-
titudes. Between 8 and 22 km, v3.6 has a positive bias of
0 %–10 %, with the largest bias near 17 km. The difference
between v4.2 to v5.2 is less pronounced, with v5.2 being bi-
ased high by 0 %–3 % throughout the entire altitude range.
Similarly, the standard deviations of the percent differences
and correlation coefficients, shown in the last two panels of
Fig. 1, are better for the v5.2–v4.6 comparisons than for the
v3.6 comparisons at all altitudes. The v4.2 and 5.2 compar-
isons to v3.6 yield standard deviations on the order of 10 %
between 10 and 20 km and up to 40 % near 5 km, whereas
those for the v5.2 to v4.2 comparisons are on the order of
7 %–9 % between 10 and 20 km and up to 18 % near 5 km.
The following analyses will focus on ACE-FTS v5.2.

2.2 CMAM simulations in a nudged experiment

The Canadian Middle Atmosphere Model (CMAM) is a
free-running chemistry–climate model (Beagley et al., 1997;
Scinocca et al., 2008) and has been used to study various
aspects of the middle atmosphere (e.g. Austin et al., 2003;
Jonsson et al., 2004; Vyushin et al., 2007; Hegglin and Shep-
herd, 2007; Plummer et al., 2010; McLandress et al., 2011).
CMAM has been extensively assessed as part of the Strato-
spheric Processes And their Role in Climate (SPARC) Chem-
istry Climate Model Validation (CCMVal) project (SPARC-
CCMVal, 2010) and has been widely utilized by the at-
mospheric community (e.g. McLandress et al., 2014; Shep-
herd et al., 2014; Pendlebury et al., 2015; Kolonjari et
al., 2018). In this study, a nudged version of CMAM, known
as CMAM39-SD, was used (referred to as CMAM39 in this
study). It is an example of a specified dynamics simulation,
which is a type of experiment that is being used for the
SPARC Chemistry-Climate Model Initiative (CCMI) (Eyring
et al., 2013). A specified dynamics simulation includes addi-
tional input added to the dynamical variables of the model to
nudge the model to follow the evolution of the atmosphere
given by external measurements.

Here, the CMAM39 simulations were initialized on 1 Jan-
uary 1979, from an earlier run nudged to ERA40, and are
nudged towards the 6-hourly fields of temperature, vortic-
ity, and divergence from the ERA-Interim (Dee et al., 2011)
reanalysis data set and cover the period of 1979 to 2018.
Sea surface temperatures and sea-ice distributions that vary
monthly and annually are prescribed using observations
(Rayner et al., 2003). The radiative forcing and most of the
chemical boundary conditions have been kept the same as
those used in SPARC-CCMVal (2010). The simulation was

run at a T47 spectral resolution (resulting in 3.75°× 3.75°
sized grid boxes) and 71 levels with output in 6 h intervals.
The model lid is at 0.08 hPa or approximately 95 km. For
further details on the nudging protocol, see McLandress et
al. (2014).

Both the free running and the nudged versions of
CMAM39 use a lumping approach for the halocarbons in-
cluded in the model (Jonsson et al., 2004). Lumping is a
common technique used to produce the effect of many chem-
ical species by ensuring that the correct total amount of or-
ganic chlorine and bromine are delivered into the strato-
sphere without the need to include each of them individ-
ually. By grouping species with similar chemical losses,
the computational expense of simulating individual halo-
carbons is reduced. In CMAM39, the HCFC-22 group in-
cludes HCFC-22 (CHF2Cl), CFC-114 (ClF2CCF2Cl), CFC-
115 (C2F5Cl), HCFC-141b (CH3CCl2F), and HCFC-142b
(CH3CClF2). The lower boundary condition used for the
groups is the equivalent concentration of HCFC-22 of the
combined contributions of the other HCFCs to get the equiv-
alent amount of chlorine in the stratosphere. The concen-
tration of the model’s species group is not the sum of the
concentrations of the species included in the group, but the
equivalent contribution of chlorine based on the number of
chlorine atoms and only HCFC-22 chemical losses are ap-
plied to the group. Due to the way groups are handled in
CMAM39 runs, comparison of the HCFC-22 group to mea-
surements is a non-trivial task. Time-varying contributions
from the additional species lumped into the model HCFC-
22 as a lower boundary condition in the troposphere and the
effects of transport and mixing in the stratosphere make it
difficult to compare the model HCFC-22 with the HCFC-22
observations. Therefore, additional species-specific tracers
were included, where each model tracer was assigned a mix-
ing ratio lower boundary condition and chemistry that was
specific to the individual halocarbon species, to allow for di-
rect measurement–model comparisons. The parallel species
introduced do not feed back on to the chemical fields in
CMAM39; therefore, there was no delivery of reactive chlo-
rine from the parallel tracers to the chlorine budget. The re-
sults of the CFC comparisons of diagnostic CMAM simula-
tions are discussed in Kolonjari et al. (2018).

The photolysis rates and reaction rates used in CMAM39
have been updated to the recommendations of Sander et
al. (2011). The atomic chlorine reaction is considered to be
of little influence in the stratospheric loss of HCFC-22 due
to its temperature dependence; hence, it is not typically in-
cluded in the CMAM39 simulations (Sander et al., 2011, and
references therein).

Similar to the parallel CFC-11 and CFC-12 tracers de-
scribed in Kolonjari et al. (2018), the parallel HCFC-22
had lower boundary conditions separated by hemisphere and
specified based on the monthly average volume mixing ra-
tio (VMR) of in situ observations at the surface (Elkins et
al., 1993; Montzka et al., 1996). Since there is a significant
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Figure 1. Global comparison results between versions 3.6, 4.2, and 5.2 of ACE-FTS level 2 HCFC-22 data products for February 2004–
February 2021. From left to right the panels show mean HCFC-22 profiles in parts per trillion (ppt), correlation coefficient profiles, means
of the percent differences relative to the overall mean of the two data sets, and 1σ standard deviations of the percent differences.

difference in the Northern and Southern Hemisphere concen-
trations of HCFC-22, the way in which the lower boundary
condition is applied near the Equator required some con-
sideration. The lower boundary condition was imposed at
full strength poleward of 25° in each hemisphere, and the
strength of the forcing decreased to zero at the Equator. Pole-
ward of 25° the model mixing ratio in the lowest six lev-
els (approximately 700 m) was relaxed towards the specified
boundary condition with a time constant of 12 h. At 10° lati-
tude, for example, the time constant for relaxation was 65 h.
A more detailed discussion of the boundary conditions can
be found in Kolonjari et al. (2018).

2.3 Complementary measurements

2.3.1 MIPAS on Envisat

Launched as part of the European Space Agency’s (ESA’s)
Envisat mission in March 2002, MIPAS recorded measure-
ments of atmospheric emission spectra until April 2012
(Fischer et al., 2008). Version 5 of the retrieval of MI-
PAS HCFC-22 by the Institute of Meteorology and Climate
Research (IMK) and the Institute of Astrophysics of An-
dalusia (IAA) was evaluated using the v3.5 ACE-FTS re-
trieval of HCFC-22 by Chirkov et al. (2016), where the MI-
PAS retrieval methods are detailed. The instruments both
utilize the infrared range of the electromagnetic spectrum
and are subject to similar retrieval issues. The MIPAS re-
trieval of HCFC-22 utilizes four microwindows (803.500–
804.750, 808.250–809.750, 820.500–821.125, and 828.750–
829.500 cm−1) (Chirkov et al., 2016). Chirkov et al. (2016)
concluded that the two data sets are in good agreement, with
an apparent small bias of less than 10 ppt. Specifically, ACE-
FTS exhibits a low bias of approximately 5–10 ppt between

17 and 29 km and a high bias of up to 3 ppt between 10 and
13 km. Differences between the two data sets range from −5
to 3 ppt between altitudes of 13 and 22 km. It was also noted
that the natural atmospheric variability within the used coin-
cidence range (500 km and 5 h) can contribute to some of the
differences. This study uses version 8 of the MIPAS HCFC-
22 retrievals (Stiller et al., 2023), which has not previously
been validated. The main differences between versions 5 and
8 of the MIPAS HCFC-22 retrievals are that the HCFC-22
absorption cross sections have been updated from Varanasi
(1992) and Varanasi et al. (1994) to those by Harrison (2016),
and now all four microwindows are used at all altitudes. The
vertical resolution of v8 HCFC-22 profiles is around 3–4 km
near the tropopause and coarsens near 35 to ∼ 10–12 km.

Only data where the corresponding averaging kernel di-
agonal values were greater than 0.03 and the visibility flags
were set to 1 were used in the analysis.

2.3.2 BONBON cryosampler

To evaluate the vertical profiles of HCFC-22 measured by
ACE-FTS and simulated by CMAM39, three balloon flights
in which a cryogenic whole-air sampler (BONBON) was op-
erated have been considered (Engel et al., 1997, 1998, 2006).
During ascent and descent, BONBON collects air samples in
glass canisters, which are later analysed using gas chromato-
graph techniques. Two of the four flights (on 8 and 25 June
2005) were launched at Teresina, Brazil (5.1° S, 42.8° W).
The third and fourth flights were launched at Kiruna, Swe-
den (67.9° N, 20.1° E), on 10 October 2009 and 1 April 2011.
The VMRs of HCFC-22 have a reproducibility of better than
1 % and an absolute uncertainty of 1 %–2 %. Therefore, the
total uncertainty of these measurements (including the abso-
lute calibration) is ∼ 3 %.
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2.3.3 MkIV interferometer

The Jet Propulsion Laboratory (JPL) Mark IV (MkIV) in-
terferometer has been used for ground-based observations as
well as balloon-borne solar occultation measurements since
1985 (Toon, 1991; Toon et al., 1999). With a spectral range of
650–5650 cm−1, a high spectral resolution (0.01 cm−1), and
a vertical resolution of ∼ 2 km, similar to that of ACE-FTS,
the MkIV is a useful instrument for comparison with ACE-
FTS. The MkIV retrieval algorithm fits measured limb spec-
tra in different spectral windows to forward modelled spectra
in order to determine slant column amounts, and their corre-
sponding uncertainties come from the square root of the di-
agonal elements of the covariance matrix. The slant columns
from the different windows are then averaged and their stan-
dard errors computed. VMR profiles are then calculated by
solving the matrix equation that relates the slant columns to
the unknown number density profile and the computed path
lengths. The uncertainty in the VMRs is the inverse propa-
gation of the slant column standard errors through the matrix
equation. The MkIV has been flown multiple times within
the period investigated here, and this study uses 10 flights
that were launched from Fort Sumner, New Mexico (34.5° N,
104.2° W), between 2004 and 2016.

2.3.4 CARIBIC aircraft mission

The Civil Aircraft for the Regular Investigation of the at-
mosphere Based on an Instrument Container (CARIBIC)
project measures atmospheric composition during long-
distance commercial flights, leading to samples between 8
and 11 km (Brenninkmeijer et al., 2007). A freight con-
tainer, deployed on a Lufthansa Airbus A340-600, houses
the whole-air sampler, which is connected to an air and par-
ticle (aerosol) inlet beneath the aircraft. The samples are
then analysed at the University of East Anglia using a gas
chromatograph–mass spectrometer system to determine mix-
ing ratios of trace gases. Analytical details can be found in
Leedham Elvidge et al. (2015). The HCFC-22 data used here
cover the time period from June 2004 to May 2010 and are
reported on the NOAA calibration scale. Analytical precision
was typically between 1 % and 3 % (mean= 2.3 %).

2.3.5 NOAA/GML’s surface flask network

NOAA Global Monitoring Laboratory’s (GML’s) flask sam-
pling programme has been operated since the 1970s and
has been regularly providing HCFC-22 measurements since
1992. At each station, two flasks are collected simultane-
ously at approximately weekly intervals, and the mean of
the atmospheric dry-air mole fraction of HCFC-22 is deter-
mined with gas chromatography with mass spectrometry de-
tection (Elkins et al., 1993; Montzka et al., 1993, 1996, 1999,
2009). The sites used in this work include the South Pole
(SPO; 90.0° S); Palmer Station, Antarctica (PSA; 64.6° S,

64.0° W); Cape Grim, Australia (CGO; 40.7° S, 144.7° E);
American Samoa (SMO; 14.2° S, 170.6° W); Mauna Loa,
USA (MLO; 19.5° N, 155.6° W); Cape Kumukahi, USA
(KUM; 19.5° N, 154.8° W); Niwot Ridge, USA (NWR;
40.1° N, 105.5° W); Trinidad Head, USA (THD; 41.0° N,
124.1° W); Mace Head, Ireland (MHD; 53.3° N, 9.9° W);
Barrow, USA (BRW; 71.3° N, 156.6° W); Summit, Green-
land (SUM; 72.6° N, 38.4° W); and Alert, Canada (ALT;
82.5° N, 62.3° W).

2.4 Sampling and comparisons

A consideration of the spatial extent and location of each of
the satellite-derived measurement profiles is important when
comparing these measurements directly to model output. The
significance of the beta angle, the angle between the solar
vector and the satellite orbital plane, has been assessed by
Kolonjari et al. (2018). These results show that sampling the
model output based on the geographic location of the obser-
vations throughout the profile is necessary to appropriately
compare the measurements to model simulations. A modi-
fied version of the advanced sampling technique described in
Kolonjari et al. (2018) is used here each time the CMAM39
output was sampled for all instrument coordinates. For each
ACE-FTS profile, the 6-hourly CMAM output is linearly in-
terpolated to the time of the ACE-FTS measurement at the
30 km tangent point and then spline-interpolated to the ACE-
FTS pressure levels. At each pressure level, CMAM values
at the two closest latitude and longitude grid points are used
to perform a spatial bilinear interpolation to the level-specific
ACE-FTS latitude and longitude.

To calculate relative differences between data sets, per-
cent deviations were used. All comparisons with ACE-FTS
are relative to ACE-FTS, i.e. ACE−INST

ACE × 100%. Similarly,
all comparisons with CMAM39 are relative to CMAM39
( CMAM−INST

CMAM × 100%), except for comparisons between
CMAM39 and ACE-FTS. Therefore, positive percent devi-
ation values represent a positive ACE-FTS (CMAM) bias
and negative values represent a negative ACE-FTS (CMAM)
bias, and the data set used in the denominator is consistent
between instrument comparisons. For many comparisons, the
Pearson correlation coefficient r was calculated, and will
hereafter be referred to as the correlation coefficient or r .

For percent deviation calculations between ACE-FTS and
CMAM39 data, in order to avoid extreme percent deviation
values, analyses exclude collocated data where ACE-FTS
data are negative. This does not tend to skew the overall per-
cent deviation results, as only 0.03 % of the ACE-FTS data
are negative, and the majority of the negative data are at the
highest retrieved altitude levels (near 25 km), where less than
0.4 % of the data are negative. It was found that near-zero
positive values did not lead to extreme percent deviations,
and therefore no additional filtering of the data was required.

It should be noted that due to the low number of coinci-
dences between ACE-FTS and BONBON and between ACE-
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FTS and MkIV, these comparisons should not be interpreted
as necessarily validating the ACE-FTS measurements, but
they are in good agreement with the other comparisons.

3 Validation of ACE-FTS and CMAM39-SD

Table 3 gives an overview of the bias estimate results for
ACE-FTS and CMAM39 HCFC-22 data sets in compari-
son with the MIPAS, BONBON, MkIV, and CARIBIC data
throughout the UTLS.

3.1 MIPAS

For comparisons between ACE-FTS and MIPAS HCFC-22
profiles, the coincidence criteria were measurements made
within±12 h,±10° latitude, and±20° longitude. If an ACE-
FTS profile was coincident with more than one MIPAS pro-
file, only the MIPAS profile that was closest to ACE-FTS in
latitude was considered in the analysis. Comparisons were
made in six 30° latitude bands, with ∼ 1300 coincidences
in both the 0–30° N and 0–30° S regions, ∼ 3600 in both
the 30–60° regions, and ∼ 7500 in both the 60–90° regions,
shown in the first panel of Fig. 2. The profiles of the coinci-
dent measurements’ correlation coefficients, second panel of
Fig. 2, show that ACE-FTS and MIPAS are well correlated at
most altitudes and latitude bands, with all regions exhibiting
a correlation typically between 0.4 and 0.7 within 6–24 km
altitude. The third panel of Fig. 2 shows the medians of the
percent deviations relative to ACE-FTS, and the last panel
of Fig. 2 shows the median absolute deviation (MAD) of the
percent deviations. The medians and MADs were used in this
case as both data sets are more prone to outlying data than the
non-satellite-based measurements. In general, the agreement
between the two instruments is typically within −5 % and
+8 %, with the best agreement within ±5 % between 10 and
22 km. Above and below these altitudes, ACE-FTS exhibits
a positive bias between 0 % and 10 %.

At low altitudes, below 10 km, the MAD values are on the
order of 4 %–8 %, and above 10 km the MAD values gen-
erally increase with altitude from ∼ 7 % at all latitudes to
∼ 12 % at low latitudes, ∼ 15 % at midlatitudes, and ∼ 20 %
at high latitudes. This can be due to the increased likelihood
of the scenario where one instrument is measuring outside
the polar vortex and the other inside the vortex where there
can be large differences in composition.

The times and locations of the coincident MIPAS profiles
used in the comparisons with ACE-FTS were subsampled
in the CMAM39 output. Results from comparisons between
MIPAS and CMAM39 are shown in Fig. 3, just as in Fig. 2.
The MIPAS data are better correlated with the modelled data
than with the ACE-FTS observations, with correlation coeffi-
cients ranging mostly between 0.80 and 0.93, indicating that
CMAM39 is doing a good job capturing variations in HCFC-
22 VMRs. The median of the percent deviations is on the

same order of those between CMAM39 and ACE-FTS, rang-
ing between −5 % and 12 %. Between 5 and 15 km, the per-
cent deviations are typically within ±5 %, and above 15 km,
CMAM39 tends to exhibit a positive bias reaching up to 12 %
in the northern high latitudes. The MADs of the percent de-
viations are also lower than those between ACE-FTS and
MIPAS, which is expected given that the model inherently
lacks instrumental and retrieval uncertainties. The MAD in-
creases from ∼ 4 % at the lower altitudes up to ∼ 5 %–10 %
near 25 km.

3.2 BONBON

Data from two of the four BONBON flights discussed in
Sect. 2.3.2, launched at Teresina, Brazil, in June 2005 are
used for comparison with ACE-FTS, as well as the 1 April
2011 flight out of Kiruna, Sweden. The 2009 Kiruna flight
intersected the polar vortex, leading to a complex profile in
which it was difficult to find reasonable coincidences with
ACE-FTS. It was therefore omitted from the ACE-FTS vali-
dation.

A challenge with comparing ACE-FTS to the Teresina
BONBON flights is that June is ACE-FTS’s lowest sampled
month, with only 30–200 occultation measurements glob-
ally each year. In the 0–10° S latitude region, there are no
ACE-FTS measurements made in June. Within±90 d of June
2005, however, there were 53 ACE-FTS HCFC-22 profiles
available for zonal-mean comparison in this region, and the
closest ACE-FTS profile to the April 2011 flight was just
over 2 d prior (29 March 2011) at a latitude of 60.0° N. The
results of the comparisons are shown in Fig. 4. The percent
deviation profiles relative to ACE-FTS exhibit the largest val-
ues above 22 km, where ACE-FTS VMRs are ∼ 10 %–20 %
larger than BONBON. The BONBON and ACE-FTS profiles
below 22 km are in better agreement, with percent deviations
within −10 % and +12 %.

The CMAM39 output was sampled for the same three
BONBON flights, using the same method as for sampling
at ACE-FTS locations, and comparison results are shown in
Fig. 5. The percent deviations between each sample available
from the three flights, last panel of Fig. 5, range from −4 %
to +27 %. However, the CMAM39 data are mostly biased
high relative to the BONBON data, typically less than 10 %
between 15 and 23 km.

3.3 MkIV

Similar to the BONBON flights, there are few ACE-FTS oc-
cultations coincident with the Fort Sumner MkIV balloon
launches (at approx. 35° N). For this reason, zonally aver-
aged ACE-FTS profiles were used to determine the profiles
for each comparison for each balloon launch. The zonal-
average ACE-FTS profiles represent mean values for 30–
40° N within ±30 d of each MkIV flight. Figure 6 displays
the HCFC-22 profiles from the 10 flights of the MkIV bal-
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Table 3. Estimated bias ranges for comparisons between ACE-FTS and other instruments and between CMAM39 and other instruments for
various altitude regions within the UTLS.

Comparison data set Altitude range ACE bias range Altitude range CMAM bias range
(km) (%) (km) (%)

5–10 +3 to 10 5–17 ±5

MIPAS v8 10–21 ±5
17–25 +0 to 17

21–25 +5 to 14

BONBON
12–22 ±10

12–25 +0 to 20
22–25 +10 to 20

5–10 ±10 7–12 −20 to 0

MkIV 11–22 −15 to −5 13-21 −20 to −5

22–25 ±15 22–25 −15 to +10

CARIBIC 7–14 ±10 9–12 −9 to +2

Figure 2. Results for ACE-FTS–MIPAS HCFC-22 global profile comparisons with coincidence criteria of within ±12 h, ±10° latitude, and
±20° longitude. From left to right the panels show the number of coincident profiles, correlation coefficients, median of percent deviations
relative to ACE-FTS, and MAD of percent deviations.

loon in salmon, with error bars representing the measure-
ment uncertainty, and the ACE-FTS coincident zonal-mean
profiles in black, with the error bars representing the zonal
1σ standard deviation. These plots clearly show that the
ACE-FTS HCFC-22 VMRs are typically more negative than
the MkIV measurements by∼ 0–40 ppt between∼ 10–22 km
and have slightly better agreement (roughly within −10 and
30 ppt) above and below that altitude range. As seen in the
rightmost plot of Fig. 6, the mean percent deviations show
that ACE-FTS data are biased low relative to MkIV by 9 %–
14 % in the 11–21 km region. The shaded area represents
the standard deviations of the percent deviations, and the er-
ror bars represent the average 1σ variation of the ACE-FTS
zonal-mean profiles. Overall, the ACE-FTS zonal-mean pro-

file is consistent in shape and scale with the MkIV measure-
ments, with ACE-FTS exhibiting a relative systematic neg-
ative bias on the order of 0 %–15 % at most altitudes. This
bias appears to be consistent throughout the ACE-FTS mis-
sion lifetime, where individual profiles tend to agree within
the combined uncertainties. The only region where the vari-
abilities of the ACE-FTS zonal means are generally larger
than the MkIV uncertainties is between 8 and 11 km, cor-
responding to the lowest altitudes measured in many of the
MkIV measurements.

The simulations of HCFC-22 VMRs from the CMAM39
were sampled for each of the MkIV balloon profiles that
were compared to ACE-FTS. Direct comparisons between
CMAM39 and MkIV are shown in Fig. 7. The means of the
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Figure 3. Results for subsampled CMAM39–MIPAS HCFC-22 global profile comparisons for MIPAS data that were coincident with ACE-
FTS. From left to right the panels show the number of coincident profiles, correlation coefficients, median of percent deviations relative to
CMAM39, and MAD of percent deviations.

Figure 4. Profile comparisons between ACE-FTS and the BONBON cryosampler balloon flights. The ACE-FTS April–August 2005 zonal-
mean profile (0–10° S) is shown in black, with error bars indicating 1 standard deviation of the mean in the first two panels. The ACE-FTS
profile in the third panel represents the closest measurement to the BONBON flight, at 60.0° N on 29 March 2005. Measurements from
BONBON are shown in magenta, with the latitude of the BONBON measurements given in the titles. The last panel shows percent deviations
relative to ACE-FTS.

percent deviations, shown in the rightmost panel of Fig. 7,
appear to have a similar pattern to those between ACE-FTS
and MkIV (Fig. 6). As in the corresponding plot in Fig. 6,
the error bars represent the means of the standard devia-
tions of the ACE-FTS zonal-mean profiles, and the shaded
regions represent the standard deviation of the percent de-
viations. The CMAM39 data tend to be biased low relative
to MkIV, with percent deviations between −14 % and −8 %
below 21 km (within approximately −20 % and −5 % con-
sidering the 1σ values). Part of the differences could be due
to the fact that the retrievals for the two instruments use dif-
ferent sets of absorption cross sections.

3.4 CARIBIC

To compare ACE-FTS measurements to the samples ob-
tained on CARIBIC flights, relatively relaxed coincidence
criteria were used, and each measurement taken during each
CARIBIC flight was treated as an individual data point.
For each CARIBIC sample, a zonally averaged ACE-FTS
measurement was calculated using all data measured within
±15 d, within ±2.5° latitude, and within ±0.5 km altitude.
This resulted in 1353 matches with the CARIBIC data set
between June 2004 and December 2018 and an average vari-
ability (estimated using the standard deviation of the mean)
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Figure 5. Profile comparisons between subsampled CMAM39 and the BONBON cryosampler balloon flights. The first three panels show
the CMAM39 data in grey and BONBON profiles in magenta with the latitude of the BONBON measurements given in the titles. The last
panel shows percent deviations relative to CMAM39 sampled at BONBON locations.

Figure 6. Profile comparisons between ACE-FTS and MkIV balloon measurements. ACE-FTS zonal-mean profiles (30–40° N, ±15 d of
each MkIV flight) are shown in black, with error bars indicating 1σ standard deviation. The corresponding MkIV measurements are shown
in salmon, with error bars indicating the measurement uncertainty. The last plot on the right shows mean percent deviations relative to ACE-
FTS, with the shaded area representing 1σ of the percent deviations and the error bars representing the average 1σ variation of the ACE-FTS
zonal-mean profiles.

of 22 ppt. The left panel of Fig. 8 shows the ACE-FTS zonal-
mean VMRs of HCFC-22 matched to the CARIBIC mea-
surements, coloured by latitude region. The data are most
correlated in the northern midlatitude region (r = 0.73) and
the Arctic region (r = 0.70), and the r value for all coincident
data is 0.87. The right panel of Fig. 8 shows the percent devi-
ations between each of the matches as a function of altitude.
ACE-FTS and CARIBIC HCFC-22 data are in good agree-
ment, with mean deviations found to be 1.1± 6.7 % above

7 km, where the uncertainty (represented by the shaded re-
gion) is the standard deviation of the percent deviations. To
ensure the variability in the zonal mean did not contribute
to these differences, the standard deviation of the mean of
each match was correlated with the deviations; a correlation
coefficient of −0.04 was found.

The CMAM39 output was subsampled at the locations
for each of the 1353 data points coincident with ACE-FTS.
The left panel of Fig. 9 shows the matched correlations be-
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Figure 7. Profile comparisons between subsampled CMAM39 data and MkIV balloon measurements. CMAM39 data are shown in grey, and
the corresponding MkIV measurements are shown in salmon, with error bars indicating the measurement uncertainty. The last plot on the
right shows mean percent deviations relative to CMAM39, with the shaded area representing 1σ of the percent deviations and the error bars
representing the average MkIV percent uncertainty.

Figure 8. Comparisons of CARIBIC measurements with ACE-FTS: (a) scatter plot comparison, 1 : 1, shown as a dotted line and (b) percent
deviations relative to ACE-FTS as a function of altitude. The different colours and symbols indicate the latitude region where the CARIBIC
measurements were sampled.

tween the two data sets, coloured by latitude region. From
this scatter plot, it is clear that the CARIBIC data tend to
be greater than the CMAM39 simulated VMRs, and the
slopes of the correlated data appear to be different in dif-
ferent latitude regions. The largest correlations are exhibited
in the southern midlatitudes (r = 0.97), northern high lati-
tudes (r = 0.91), and northern midlatitudes (0.84), and the r
value when comparing all correlative data is 0.83, indicating
again that CMAM39 is able to capture observed HCFC-22
variations in the UTLS. In the right panel of Fig. 9, the mean

of the percent deviations between the two data sets is plot-
ted versus altitude, with the shaded regions representing the
standard deviation of the percent deviations. The average of
the percent deviations is −1.9± 5.7 %.
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Figure 9. Comparisons of CARIBIC measurements with subsampled CMAM39 data: (a) scatter plot comparison, 1 : 1, shown as a dotted
line and (b) percent deviations relative to CMAM39 as a function of altitude. The different colours and symbols indicate the latitude region
where the CARIBIC measurements were sampled.

4 ACE-FTS and CMAM39 comparisons

4.1 Zonal morphology of HCFC-22

The ACE-FTS retrieval of HCFC-22 was compared to the
subsampled CMAM39 output, the results of which are shown
in Fig. 10. The top panel shows the ACE-FTS zonal-mean
cross section that includes all profiles measured between
June 2004 and December 2018, and the centre panel presents
the zonal-mean cross section of the subsampled CMAM39
output over the same period. The thick black line in each of
the plots indicates the zonally averaged, thermally defined
tropopause height (WMO, 1957), calculated using the ACE-
FTS pressure and temperature profiles. Both panels show
variability in upper-tropospheric HCFC-22, but more vari-
ability is observed in the ACE-FTS measurements. In addi-
tion to this, the latitudinal gradient and hemispheric differ-
ences are apparent in both the measurements and model out-
put. The bottom panel of Fig. 10 shows the zonal-mean cross
section of the deviations between the ACE-FTS and subsam-
pled CMAM39 output. For most latitude and altitude regions,
ACE-FTS VMRs are typically within±5 % of the CMAM39
data. However, the deviations get more negative nearer the
poles at the higher altitudes (above ∼ 15 km), reaching ap-
proximately −25 % in the Antarctic and −17 % in the Arc-
tic, in part because of the lower abundance found in these
regions.

These deviations are of the same magnitude as the devi-
ations between ACE-FTS and the CMAM39 simulations in
the VMRs of CFC-11, CFC-12, and N2O presented in Kolon-
jari et al. (2018), and, considering the evaluations of the
measurements presented in the previous sections, the typical
upper-tropospheric deviations of approximately 0 %–5 % are

reasonably within the uncertainty associated with the satel-
lite measurements and model simulations.

In the seasonal composite comparisons of the zonal-mean
morphologies between ACE-FTS and CMAM39, shown in
Fig. 11, CMAM39 appears to be capturing the seasonal shifts
in the extra-tropical tropopause regions well, with ACE-FTS
typically exhibiting a high bias on the order of 0 %–5 %.
Across all four seasons, there is a consistency in the differ-
ences in the lower stratosphere. However, poleward of 50° S
above ∼ 12 km, the deviations become more pronounced in
the (Austral) winter and spring months, around the formation
and breakdown of the Antarctic vortex. Around these times
ACE-FTS tends to exhibit a negative bias on the order of
∼ 0 %–40 % as opposed to ∼ 0 %–20 % in the summer and
fall months. Little seasonality is observed in the upper tropo-
sphere, with deviations ranging from −2 % to +8 % above
7 km and as extreme as −17 % below 7 km.

4.2 Global HCFC-22 trends

One easily observed feature of all the HCFC-22 time series
is that the increase in atmospheric HCFC-22 has been slow-
ing over the past couple of decades. To quantify the slow-
ing, monthly mean time series were fit to a multiple lin-
ear regression (MLR) model (Chatterjee and Hadi, 1986)
using an offset, trend, semi-annual and annual cycles, and
the 30 and 50 hPa quasi-biennial oscillation indices from the
NOAA Climate Prediction Center (available at https://www.
cpc.ncep.noaa.gov/data/indices/, last access: 8 April 2024) as
regressors. A breakpoint analysis technique was also used,
where the correlation between the measurements and the fits
was maximized by separating and fitting the data in two-time
regimes for different breakpoints and finding which break-
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Figure 10. Zonally averaged latitude–altitude distributions of HCFC-22; (a) ACE-FTS (ppt), (b) subsampled CMAM39 (ppt), and (c) percent
deviations relative to ACE-FTS. The thick black line in all three panels indicates the location of the thermally defined tropopause derived
from ACE-FTS measurements.

Figure 11. Seasonal percent deviations between ACE-FTS and subsampled CMAM39 data (relative to ACE-FTS). (a) December–February,
(b) March–May, (c) June–August, and (d) September–November. The thick black line in all four panels indicates the location of the thermally
defined tropopause.

point (time) yields the greatest overall correlation. The break-
points used ranged from January 2006 to December 2016 in
1-month intervals.

The time series analysed were from NOAA/GML (1996–
2021 and 2004–2018), ACE-FTS at 5.5 km (upper tropo-
sphere), and CMAM39 subsampled at NOAA locations
(CMAMNOAA; 2004–2018) and ACE-FTS 5.5 km locations
(CMAM 5.5 km). CMAM39 was also subsampled at ACE-
FTS ACE-FTS latitudes–longitudes but at CMAM39 surface
levels (CMAMsurfACE). The top panel of Fig. 12 shows the
time series from NOAA, CMAMNOAA, and CMAMsurfACE,
along with their fits (dotted lines) and resulting breakpoints

(circles), and, similarly, the centre panel shows the time se-
ries for ACE-FTS and CMAM at 5.5 km. The analysis on all
time series resulted in breakpoints that fall within 2012. It is
unlikely that a singular event occurred in 2012 to instanta-
neously slow the increase in atmospheric HCFC-22; rather,
the rate of increase has been gently slowing over the years
due to the reduction of emissions forced by the Montreal Pro-
tocol and its amendments, and breakpoints in 2012 simply
allow for the best linear fits.

The pre- and post-breakpoint mean trends for all the anal-
ysed time series are shown in the bottom panel of Fig. 12,
with the ranges representing the 95 % confidence levels.
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Figure 12. Monthly time series and trends of HCFC-22 from ACE-FTS, NOAA, and CMAM39 subsampled at NOAA, surfACE (ACE-
FTS geolocations extended down to the surface), and ACE-FTS 5.5 km locations. (a, b) Monthly HCFC-22 time series (solid) and their
corresponding fits (dotted) in parts per trillion (ppt). The circles represent the breakpoint times in the MLR fits. (c) Calculated trends in
ppt yr−1.

Since the trends are changing over time, the error values
are not simply due to variations/noise in the data, but also
represent a range of trends throughout the respective time
periods. The NOAA, CMAMNOAA, CMAMsurfACE, ACE-
FTS 5.5 km, and CMAM 5.5 km trends for 2004–2012 are
all in good agreement, with measured increases in the 6.9–
7.8 ppt yr−1 range (95 % confidence); and, similarly, the
post-2012 trends are all in good agreement, ranging be-
tween 3.1 and 4.7 ppt yr−1 (95 % confidence). For all anal-
ysed time series, the 2004–2012 trends were significantly
faster than the 2012–2018 trends. The NOAA 1996–2012
trend, 5.7± 0.1 ppt yr−1, was the only trend that was signifi-
cantly different from those of the other time series, indicating
that the increase in HCFC-22 was slower in the 1990s than
in the 2000s, as expected.

4.3 Interhemispheric difference of HCFC-22

Since the majority of HCFC-22 emissions occur in the North-
ern Hemisphere and the magnitude of the emissions is sub-
stantial relative to the number of moles of HCFC-22 in the
global atmosphere, there is more HCFC-22 in the Northern
Hemisphere than in the Southern Hemisphere. This feature of
the distribution of HCFC-22 has been characterized at sur-
face sites (high and low altitude) by Montzka et al. (2009)
using flask data from the NOAA measurement programme.
They showed that there is a positive trend in the interhemi-
spheric difference (IHD) of HCFC-22. In the mid-1990s,
when the Montreal Protocol forced the transition in usage
from CFCs to HCFCs, HCFC-22 emissions increased and its
IHD began to grow from approximately 12 to 20 ppt, with
significant variability in the trend due to variations in emis-
sions (Montzka et al., 2009).

Both Fortems-Cheiney et al. (2013) and Xiang et al. (2014)
discuss the seasonal cycle in the Northern Hemispheric emis-
sions of HCFC-22 that may be contributing to the variability
observed at the surface. Another influence on the variability
observed in the time series is the spatial and vertical distri-
bution of the main sink of HCFC-22, the OH radical. Since
OH requires UV light for its formation, the highest concen-
trations of OH are in the tropics (Derwent et al., 2012). This
leads to more HCFC-22 destruction in the tropics, further en-
hancing the latitudinal gradient set up by the distribution of
emissions occurring primarily in the Northern Hemisphere.
There is also a seasonal cycle in the concentration of OH due
to the seasonal changes in water vapour and the amount of
radiation reaching the troposphere (Spivakovsky et al., 2000;
Derwent et al., 2012), which is likely influencing the seasonal
cycle of HCFC-22.

The HCFC-22 IHD exhibited in CMAM39, ACE-FTS,
and NOAA data has been investigated. For each data set,
30 d mean values in each hemisphere, weighted by the co-
sine of latitude, were calculated, and the southern value was
subtracted from the northern value to give the monthly IHD.
The top panel of Fig. 13 shows a comparison of the IHD at
the surface as measured by NOAA, as well as the IHD from
the CMAM39 data. The results show that CMAM39 yields
consistent variations in the IHD whether sampled at NOAA
or surfACE locations. Those time series are strongly cor-
related with those of NOAA-derived IHD values (r = 0.73
for CMAMNOAA, r = 0.45 for CMAMsurfACE), although the
model-derived values are on average 2.0 ppt (13 %) lower
than the NOAA values and exhibit less variation over time.
The dotted lines represent the fits of the monthly mean
NOAA data using the same technique described in the previ-
ous section.
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Figure 13. Monthly time series and trends in the interhemispheric difference (IHD) of HCFC-22 derived from ACE-FTS at 5.5 km, NOAA
surface measurements, and subsampled CMAM39 data at NOAA locations (CMAMNOAA) and at ACE-FTS geolocations extended down to
the surface (CMAMsurfACE). (a) Monthly IHD time series (solid) and their corresponding fits (dotted) in parts per trillion (ppt). The circles
represent the breakpoint times in the MLR fits, and the dark green circle represents the breakpoint for fitting to the 2004–2018 NOAA data.
(b) Monthly IHD time series for ACE-FTS at 5.5 km and CMAM39 subsampled at the ACE-FTS 5.5 km locations in ppt. (c) Calculated
trends pre- and post-breakpoint, or with no breakpoint, in ppt yr−1.

The ACE-FTS-observed IHD was computed from data at
the 5.5 km level, the lowest altitude level at which ACE-
FTS retrieves, which, on average, is within the troposphere
at all latitudes. The IHD time series derived from ACE-FTS
at 5.5 km and CMAM 5.5 km data, shown in the centre panel
of Fig. 13; both show no significant trend throughout 2004–
2018. The ACE-FTS IHD values are correlated (r = 0.60)
with the CMAM39 values, although they are biased high
with respect to the modelled data by 4.2 ppt (∼ 37 %), which
is consistent with CMAM39-derived IHD values biased low
with respect those of NOAA. The greater variability ob-
served in the ACE-FTS time series can be attributed to ACE-
FTS instrumental and retrieval uncertainties. The bottom
panel of Fig. 13 compares the relative trends of the time se-
ries shown in the top and centre panels for pre- and post-
breakpoint time periods (where applicable). The trends of
each of the time series shown have been calculated from the
MLR analysis, and the ranges represent the 95th percentile of
the lower and upper limits of the slope. The NOAA (2004–
2018), CMAM39NOAA, and CMAMsurfACE pre-breakpoint
and post-breakpoint trends all are in good agreement with
each other. The pre-breakpoint trends range from 6.0 to
6.5 ppt per decade (3.4–9.6 ppt per decade with the uncer-
tainties) and −1.4 to −0.7 ppt per decade (−2.9 to 1.6 ppt
per decade with the uncertainties) for the post-breakpoint
trends. If only these data were analysed, it would indicate
that after∼ 2010 there was no significant trend in IHD. How-
ever, the full NOAA data set (1996–2021), seen in Fig. 14,
tells a slightly different story. The 1996–2009 NOAA trend,
5.3± 0.8 ppt per decade, was slightly less than the average

pre-breakpoint value for the 2004–2018 data sets, indicating
that the IHD was increasing more rapidly in the early 21st
century than in the late 1990s, which is consistent with in-
creasing HCFC-22 emissions, particularly in the Northern
Hemisphere. The 2010–2021 NOAA trend, −2.2± 1.4 ppt
per decade, is significant, indicating that IHD values are now
decreasing, despite the decrease not being detectable when
limiting the data to up to 2018. This is consistent with de-
creasing emissions in the most recent years. The analysis on
the ACE-FTS and subsampled CMAM39 5.5 km IHD data
could not detect any significant trend in the IHD. Mean IHD
values at 5.5 km for both ACE-FTS and CMAM39 agree
within the variation and are 13.1± 4.0 and 8.3± 2.4 ppt, re-
spectively. As expected, these values are less than the mean
surface IHD values for the same time period.

5 Conclusions

The ACE-FTS HCFC-22 v5.2 product and the CMAM39
simulations of HCFC-22 have been evaluated. When com-
paring the ACE-FTS data directly with CMAM39, the two
data sets are in good agreement, with ACE-FTS exhibiting a
negative bias of approximately 5 % in most altitude–latitude
regions. That bias gets more negative, on the order of 20 %,
near the northern tropical tropopause and nearer the poles
around 22 km. The largest negative biases, ∼ 30 %, are ex-
hibited in the southern winter–spring months in the lower
stratosphere. The comparisons with satellite and aircraft
and balloon HCFC-22 measurements are consistent with
these findings. When comparing with MIPAS, ACE-FTS
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Figure 14. Monthly time series of interhemispheric difference
(IHD) of HCFC-22 derived from NOAA surface measurements be-
tween 1996 and 2021. Fitted trends were determined using break-
point analysis that yielded a significant breakpoint in February
2010.

(CMAM39) tends to have a bias on the order of−5 % to 15 %
(−5 % to 12 %); when comparing with BONBON, ACE-
FTS (CMAM39) tends to agree within ±10 % (0 %–30 %);
when comparing with MkIV, ACE-FTS (CMAM39) tends to
have a negative bias on the order of 0 %–15 % (0 %–13 %);
and when comparing with CARIBIC, ACE-FTS (CMAM39)
tends to have a positive bias of ∼ 1± 7 % (negative bias of
∼ 3± 5 %). The resulting biases in the MkIV comparisons
do not appear to exhibit any dependency on time as HCFC-
22 VMRs increase in the UTLS.

Trends in ACE-FTS, NOAA, and CMAM39 HCFC-22
data were calculated using multiple linear regression and
breakpoint analysis. The resulting trends were in good agree-
ment across all data sets, showing that from 2004 to 2012
HCFC-22 levels from the surface to 5.5 km were increasing
at a mean rate of 7.3± 0.5 ppt yr−1 and at a mean rate of
3.9± 0.8 ppt yr−1 between 2012 and 2018, which is a signif-
icant decline in the mean trend.

The interhemispheric difference (IHD) in HCFC-22 was
also calculated for the ACE-FTS, NOAA, and subsampled
CMAM39 data in different altitude regions. At the surface,
CMAM39 IHD values increased from ∼ 14 ppt in 2004 to
∼ 18 ppt in 2011 and were on the order of 15 ppt by the
end of 2018. At 5.5 km, CMAM39 exhibited a mean IHD
of 8.3 ppt. Although CMAM39-derived IHD values tend to
be biased low relative to the measurement-derived values by
∼ 2–5 ppt per decade, CMAM39 is very good at capturing
long-term variations (annual and interannual) in IHD in both
the NOAA surface data (r = 0.75) and the ACE-FTS 5.5 km
data (r = 0.60). Even when the CMAM39 data are subsam-
pled at ACE-FTS locations extended down to the surface,
the decadal variations agree with those derived with NOAA
data, and comparisons with NOAA IHD values yield a corre-
lation coefficient of 0.45. Since the ACE-FTS and CMAM39
5.5 km IHD values are also in good agreement, it is possi-
ble to say that the NOAA and ACE-FTS measurements are
consistent.

ACE-FTS was not able to detect any trend in the upper-
tropospheric HCFC-22 IHD, although the corresponding
subsampled CMAM39 data indicate that this is expected, as
both time series exhibited no significant trend. At the surface,
NOAA and CMAM39 IHD values were offset by 2.3 ppt
but were strongly correlated with a correlation coefficient
of 0.75. With breakpoint analysis, NOAA and CMAM39
IHDs exhibited trends of 6.0± 2.3 and 6.0± 0.8 ppt per
decade for∼ 2004–2011, respectively, and of−0.7± 2.0 and
−0.9± 0.8 ppt per decade for ∼ 2011–2018, respectively.
Although, when analysing the entire NOAA data set, the IHD
trends are calculated as 4.0± 0.9 ppt per decade for 1996–
2009 and −2.2± 1.1 ppt per decade for 2009–2021.

This study has shown that both ACE-FTS and CMAM39
are valuable tools for monitoring and predicting HCFC-22
VMRs in the UTLS.
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