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Abstract.

A large discrepancy of at least 10 Gg yr—! exists between reported emissions of the potent greenhouse gas HFC-23 (CHFs3,
trifluoromethane) and emissions derived from atmospheric measurements. In-atmosphere production of HFC-23 from the
breakdown of fluorinated source gases such as hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs) contributes to this
gap, but the magnitude of this source is weakly constrained. This uncertainty is due, in part, to limited experimental mea-
surements of the photolysis quantum yield of trifluoroacetaldehyde (CF3CHO), a key degradation product forms HFC-23 via
photolysis. The parameters governing CF3sCHO deposition are also poorly understood. Previous work reported an upper limit
of the contribution of the in-atmosphere source to the global HFC-23 burden. Here, we use a 3D chemistry and transport model
to further constrain this contribution, using recent estimates of source gas emissions, kinetic rate constants, photolysis rates
and deposition parameters, as well as considering the uncertainties in these values. We find that in-atmosphere production of
HFC-23 is in the range 0.013 - 0.035 Gg yr—*, significantly lower than previous estimates. This accounts for < 0.5% of the
discrepancy between reported emissions and those derived from atmospheric observations, suggesting that this source makes a
negligible contribution to the overall HFC-23 budget. As part of this work, we also calculate indirect global warming potentials
for the HFC-23 source gases HFO-1234ze(E), HFO-1336mzz(Z) and HCFO-1233zd(E) and find that their impact on climate

is up to ten times higher than previously reported.

1 Introduction

HFC-23 (CHFs3, trifluoromethane) is a potent greenhouse gas, with an atmospheric lifetime of 228 years and a global warming
potential (GWP) of 14,700 over the 100-year time horizon (Liang et al., 2022). Emissions of this gas are controlled under
the Kigali Amendment to the Montreal Protocol on Substances that Deplete the Ozone Layer (United Nations Environment
Programme, 2016), which seeks to limit its release to the atmosphere in order to reduce its impact on global radiative forcing
(Velders et al., 2009). The dominant source of HFC-23 in the atmosphere is believed to be its emission as a by-product during

the production of the hydrochlorofluorocarbon HCFC-22 (CHCIFs, chlorodifluoromethane) from chloroform (CHCls). The
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Kigali Amendment requires Parties to destroy emissions of HFC-23 ‘to the extent practicable’ when it is generated during
production of other hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons (HCFCs). Ratifying Parties report emissions of
HFC-23 from such processes to the United Nations Environment Program (UNEP) (United Nations Environment Programme,
2025a) since 2020, or the later date at which the Party ratified the Amendment. Annex 1 parties to the United Nations Frame-
work Convention on Climate Change (UNFCCC) also report their HFC-23 emissions from HCFC-22 production (United
Nations Framework Convention on Climate Change, 2025). Between these two mechanisms, global HFC-23 emissions from

HCFC-22 production have been reported as ~ 2 - 3 Gg yr—!

since 2018 (United Nations Environment Programme, 2025a).

The use of HFC-23 is limited to applications in semiconductor etching, fire suppression, low-temperature refrigeration, and
as a feedstock in the production of halon-1301 (bromotrifluoromethane, CBrF3) (United Nations Environment Programme,
2025b). Emissions of HFC-23 from these sources is estimated at < 0.4 Gg yr~! globally (United Nations Environment Pro-
gramme, 2023), a figure orders of magnitude lower than emissions of the other major HFCs with dispersive uses (Liang et al.,
2022). Recently, the Technology and Economic Assessment Panel (TEAP) (United Nations Environment Programme, 2025b)
estimated emissions by combining reported emissions of HFC-23 from HCFC-22 production with information about other
potential sources of HFC-23, such as fluoropolymer manufacture, HCFC-22 plant waste streams and other fluorochemical
manufacturing, that are not reported under the Kigali Amendment. They found that the emissions from all known sources was
expected to be in the range 1.6 - 3.7 Gg yr 1.

Global ‘top-down’ emissions derived using atmospheric measurements in the last decade have consistently exceeded re-
ported emissions by over 10 Gg yr—!. For example, ‘top-down’ emissions averaged over 15 Gg yr~! in the period 2018-2023
(Adam et al., 2024), despite national abatement policies (Government of India, Ministry of Environment, Forest and Climate
Change (Ozone Cell), 2016; United Nations Environment Programme, 2018; Stanley et al., 2020) and the additional obligation
under the Kigali Amendment to abate HFC-23 emissions from 2020 onwards. Even when comparing the top-down emissions
(14.1 £0.7 Gg yr—! in 2023) to the upper limit of the TEAP’s estimates of emissions from all known sources, the discrepancy
is still greater than 10 Gg yr~!(United Nations Environment Programme, 2025a).

In addition to the industrial sources mentioned above, it has been suggested that another source of HFC-23 may be its in-
situ production in the atmosphere from the breakdown of a number of fluorinated source gases (United Nations Environment
Programme, 2024a; Van Hoomissen et al., 2025). The potential source gases include a number of atmospherically abundant
HFCs along with various hydrofluoroolefins (HFOs) and hydrochlorofluoroolefins (HCFOs). HFOs are fourth-generation re-
frigerants and foam-blowing agents, slated to replace HFCs in most cases due to their reduced impact on stratospheric ozone
and climate (Vollmer et al., 2015; Liang et al., 2022; Vollmer et al., 2025). The carbon-carbon double bond in HFOs increases
their reactivity towards oxidants such as the hydroxyl radical, significantly reducing their atmospheric lifetimes relative to
their saturated HFC predecessors. Consequently, GWPs of HFOs are generally small (often < 5) and far lower than HFCs and
HCFCs. This fact coupled with their low atmospheric abundance implies that HFOs make a negligible contribution to global
radiative forcing.

Two pathways for the in-atmosphere production of HFC-23 from HFC and HFO source gases have been studied. Firstly,
HFC-23 is produced as a minor product in the UV photolysis of trifluoroacetaldehyde, CFsCHO (Sulbaek Andersen et al.,
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2023; Thomson et al., 2024; Van Hoomissen et al., 2025). CF3CHO is the major product of the reaction of a number of
fluorinated trace gases with the hydroxyl radical (United Nations Environment Programme, 2024b; Burkholder et al., 2019).
Studies have shown that the yield of HFC-23 from CF3CHO UV photolysis at tropospherically relevant wavelengths is small
but potentially significant, and the extent to which this affects global HFC-23 production has not been investigated to date in a
three-dimensional, coupled chemical and transport model. Secondly, direct formation of HFC-23 has been measured during the
reaction of various HFOs and HCFOs with ozone (O3) (McGillen et al., 2023; Nielsen et al., 2025b; Garavagno et al., 2025).
A recent study estimated the maximum contribution of in-atmosphere production to HFC-23 emissions, using measurements
of the CF3CHO photolysis quantum yield (Van Hoomissen et al., 2025), using estimated partial atmospheric loss lifetimes
from the literature, globally averaged values for the concentrations of OH and O3, global mean abundances for the relevant
long-lived species, and HFO abundances from a monitoring station in Europe. They estimated a conservative upper-limit for
the global in-atmosphere HFC-23 production of ~ 0.215 Gg yr—!, considering eight abundant fluorinated species that lead
to CF3CHO production. This value was intended to be a conservative upper-limit with the intention of informing policy, and
assumed that UV photolysis accounted for 75% of the atmospheric loss of CFsCHO. That study did not explicitly parametrise
other CF3CHO loss processes such as reaction with the hydroxyl radical and both wet and dry deposition. Nonetheless, it
provides the most recent upper-limit estimate of the contribution of in-atmosphere production to global HFC-23 emissions to
date. This would suggest that in-atmosphere production of HFC-23 does not drive the difference between reported and inferred
HFC-23 emissions globally, as it leaves over 95% of the discrepancy unaccounted for. However, further constraining this source
is crucial in understanding the overall HFC-23 budget and establishing environmental policy.

Since the publication of the Van Hoomissen et al. study, there has been further discussion of the physical properties of
CF3CHO and its fate in the troposphere (Nielsen et al., 2025a; Pérez-Pefia et al., 2025). Physical loss processes such as wet
and dry deposition impact both the atmospheric burden of CFsCHO and the subsequent formation of HFC-23. However, no
experimental data has been published to better constrain the physical properties of this compound, and modelling studies need
to account for uncertainties in these parameters.

In this work, we use the 3D global chemical and transport model STOCHEM-CRI to investigate the in-atmosphere produc-
tion of HFC-23 from seven fluorinated source gases. We explore the reaction with OH of four HFCs (HFC-143a, HFC-236fa,
HFC-245fa and HFC-365mfc) and three HFOs/HCFOs (HFO-1234ze(E), HFO-1336mzz(Z) and HCFO-1233zd(E)) to produce
CF35CHO, and the subsequent photolysis of CF3sCHO to yield HFC-23. We also consider the direct production of HFC-23 via
the reaction of those three HFOs with O3. We aim to comprehensively constrain the extent to which atmospheric breakdown
of other fluorinated gases contributes to the global burden of HFC-23, and how much of the discrepancy between the reported
and top-down emissions these processes can explain. Due to the absence of experimental data regarding the physical properties
of CF3CHO, the limited wavelength-dependent UV photolysis measurements and the limited information on HFO emissions
globally, we conduct a sensitivity analysis exploring these physical and photochemical parameter uncertainties, as well as the
relationship between the poorly constrained source gas emissions and HFC-23 production. This allows us to identify critical
uncertainties in the in-atmosphere production of HFC-23, and place bounds on its contribution to the global budget. Finally, us-

ing results from the full 3D STOCHEM-CRI model simulation, we use a simple box model to provide updated estimates of the
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indirect global warming potentials of the HFC-23 source gases to reflect the additional impact on climate of their breakdown

products.

2 Methods
2.1 STOCHEM-CRI

The 3D global chemical and transport model STOCHEM-CRI was used to simulate the emissions, transport and chemical
reactions of the various species under investigation. STOCHEM has been used previously to model atmospheric trace gas
species (Khan et al., 2018; Derwent et al., 2025; Khan et al., 2026), including the fluorinated species HFO-1234yf (Holland
et al., 2021) and perfluorooctanoic acid (Holland et al., 2020). The model transport is driven by archived meteorological data
from the UK Meteorological Office, and adopts a Langrangian approach to advect air parcels in the troposphere. Further details
of the transport and meteorology can be found in Collins et al. (1997) and Derwent et al. (2008).

The model chemistry uses a reduced chemical CRI (Common Representative Intermediates) mechanism (Jenkin et al., 2008;
Watson et al., 2008; Utembe et al., 2009, 2010; Khan et al., 2017) to which the chemical reactions, physical loss processes
and emissions of the fluorinated source gases are added (see below). OH and O3 concentrations are calculated for each grid
cell in the model based on emissions, kinetics and photolysis. Abundances of all species are calculated at three-hourly time
steps. For non-fluorinated species (e.g., other selected VOCs, CO and NO,;), emissions were taken from the Precursor of Ozone
and their Effects in the Troposphere (POET) inventory and physical removal processes such as wet and dry deposition were

parametrized as in Holland et al. (2021).
2.2 Source gases and emissions

Several saturated fluorinated gases contain the CF3CHs- moeity required to produce CF3sCHO upon reaction with the OH
radical (United Nations Environment Programme, 2024b; Burkholder et al., 2019). Of these, HFC-143a (CF3CHsg, tropo-
spheric lifetime = 57.2 years), HFC-236fa (CF3sCH2CFs3, 253 years), HFC-245fa (CF3CH,CHFy, 8.1 years) and HFC-365mfc
(CF3CH2CF,CHs, 9.3 years) have been measured in the global atmosphere (Prinn et al., 2023, 2018; Burkholder et al., 2022;
Liang et al., 2022). HCFC-133a (CF3CHCl) is another species containing the relevant CF3CHs- moeity (Laube et al., 2014;
McGillen et al., 2015), but there is limited evidence to support the formation of CF3CHO in a quantifiable yield from the
reaction of this species (United Nations Environment Programme, 2024b) and so it is excluded from the present study. The rate
coefficients and yields of the reactions of these HFCs with OH are taken from the NASA/JPL recommended values (Burkholder
et al., 2019) and are shown in Table 1. In addition, three unsaturated fluorinated gases with measured atmospheric abundances
have also been shown to react with OH to produce CF3CHO (Burkholder et al., 2019). These species are HFO-1234z¢e(E)
(trans-CF3CH=CHEF, tropospheric lifetime = 19 days), HFO-1336mzz(Z) (cis-CF3sCH=CHCF3, tropospheric lifetime = 27
days) and HCFO-1233zd(E) (trans-CF3CH=CHCI, tropospheric lifetime = 41.9 days), and the rate coefficients and yields of
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their reactions are shown in Table 1. These three species also react with O3 to produce HFC-23 directly; rate coefficients and

yields are also shown in Table 1.

Table 1. Chemical reactions added into STOCHEM, with their rate constants and product yields.

reaction product k / cm® molecule ! s~1 product yield | references (rate coefficient, yield)

HFC-143a + OH CFs;CHO 1.07 x 1072 x exp(-2000/T) 100% ab
HFC-236fa + OH CF3;CHO 1.45 x 10712 x exp(-2500/T) 100% ab
HFC-245fa + OH CF3;CHO 0.61 x 1072 x exp(-1330/T) 56% a,b
HFC-365mfc + OH CF3CHO 1.8 x 10712 x exp(-1660/T) 76% a,b
HFO-1234z¢(E) + OH | CF3CHO 6.1 x 10713 x exp(40/T) 100% a,b
HFO-1336mzz(Z) + OH | CFsCHO 246 x 10713 x exp(200/T) 200% ab
HCFO-1233zd(E) + OH | CF3CHO 9.0 x 10713 x exp(-280/T) 100% a,b
HFO-1234z¢e(E) + O3 HFC-23 279 x 1072 7.9% c.c
HFO-1336mzz(Z) + O3 | HFC-23 6.81x 10722 0.4% d,d
HCFO-1233zd(E) + O3 | HFC-23 1.46 x 10721 6.4% ee
CF;CHO + OH - 3.8 x 10713 x (T/300)? x exp(131/T) - f,-

@ Burkholder et al. (2019). b Van Hoomissen et al. (2025). © Garavagno et al. (2025). 9 McGillen et al. (2023). © Nielsen et al. (2025b) / Baumann et al. (2025).

125 For the four long-lived source gases (HFC-143a, HFC-236fa, HFC-245fa and HFC-365mfc), baseline mole fractions and
global emissions are taken from the Advanced Global Atmospheric Gases Experiment (AGAGE) network (Prinn et al., 2018, 2023;
Western et al., 2025). For the model runs, we take global emissions and hemispheric average mole fractions for 2023, which are
shown in Table 2. The emissions for each of the HFCs are spatially distributed over the 5°x 5°surface grid used in STOCHEM,
according to the EDGAR v8.0 inventory (Crippa et al., 2023). For HFOs, no gridded emissions estimates are available and so

130 the emissions are distributed according to the method used by Holland et al. (2021) and McGillen et al. (2023). This takes the
spatial distribution for HFC-134a emissions in the EDGAR database, and improves the emission inventory from China using
gridded emissions from Su et al. (2015).

The shorter lifetimes of the HFOs make them unsuitable for the 12-box model, and no global inventory of HFO emissions is
available. However, in this study, we take published HFO emissions for Europe (Vollmer et al., 2025) and scale them up using

135 national GDP totals to give global estimates. Emissions of HFO-1234ze(E) and HCFO-1233zd(E) were 0.96 Gg yr—! and
1.0 Gg yr 1, respectively, in 2023 for Northwest Europe, a region defined as Ireland, the United Kingdom, France, Germany,
Luxembourg, the Netherlands and Belgium. These countries accounted for approximately 12.5% of the global GDP for that
year (World Bank Group, 2025). Therefore, we scale these emissions up by a factor of 8 and use global emissions of 7.7 Gg
yr—! and 8.0 Gg yr—! for these two species, respectively, in the STOCHEM-CRI model.

140 For HFO-1336mzz(Z), no recent emissions estimates are available. However, Rust et al. (2023) estimated Swiss emissions
of HFO-1336mzz(Z) at 5 Mg yr~—! in 2019-2020. Swiss emissions of the other two HFOs considered in this model were also
estimated for 2019-2020 at 34 Mg yr—!' (HFO-1234ze(E)) and 7.3 Mg yr—! (HCFO-1233zd(E)) (Rust et al., 2022). Using
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Table 2. Source gases used in the STOCHEM model, and the emissions and northern (NH) and southern (SH) hemispheric background mole

fractions used as model inputs.

Species Tropospheric Lifetime (years) | Emissions/ Ggyr~! | NH mole fraction / ppt | SH mole fraction / ppt
HFC-143a 57.2 34 32.0 29.9
HFC-236fa 253 0.43 0.26 0.24
HFC-245fa 8.1 14 3.96 3.38

HFC-365mfc 9.3 34 1.29 1.16
Species Tropospheric Lifetime (days) | Emissions/ Ggyr~* | NH mole fraction / ppt | SH mole fraction / ppt
HFO-1234z¢(E) 19 7.7 0 0
HFO-1336mzz(Z) 27 33 0 0
HCFO-1233zd(E) 41.9 8.0 0 0

a tracer ratio method and scaling up to global emissions, this suggests that HFO-1336mzz(Z) emissions are between 1.2 Gg
yr—! and 5.4 Gg yr—?, depending on which HFO is used as a tracer. Here, we take a mean of these values and estimate global
HFO-1336mzz(Z) emissions at 3.3 Gg yr— 1.

This method makes several approximations, most notably that the adoption and emissions of HFOs is correlated with GDP
globally. Previous work suggests this is unlikely to be true, since phase-out of HFCs in favour of HFOs seems to be slower in
areas such as East Asia than in Europe, where regulation of fluorinated species has accelerated this transition (Vollmer et al.,
2025). In addition, the use of the other HFOs as tracers for HFO-1336mzz(Z) emissions may not be reasonable, as evidenced by
the large disparity in emissions when selecting alternative tracers. However, in the absence of complete emissions inventories,
we believe this method produces a sound order-of-magnitude estimate for global HFO emissions, sufficient to estimate the
in-atmosphere production of HFC-23. We also note that the amount of HFC-23 produced by the in-atmosphere breakdown of
HFOs is likely to be linear in the emissions of each species, so if improved emissions estimates were to become available,
our totals could be scaled. We explore the extent to which this is true, as well as the effect of varying emissions totals, in the
sensitivity analysis. In addition, the validity of scaling up emissions by GDP is explored by the model runs in which the spatial

distribution of HFO emissions is varied.
2.3 Fate of CF3CHO
2.3.1 UV Photolysis

The loss of CF3CHO leading to HFC-23 formation occurs via UV photolysis, for which multiple pathways are possible:

CF3;CHO + hv — CF;5 + HCO (367 kJ mol !, 326 nm) (a)
CF5H + CO (325 kJ mol~?, 368 nm) (b)
CF5CO + H (377 kJ mol~1, 318 nm) ©)
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CF; + CO + H (403 kJ mol—, 304 nm) ()
CF, + CO + HF (320 kJ mol~*, 374 nm) ()

where the quoted photolysis energy thresholds are taken from Van Hoomissen et al. (2025). Pathway (a) yields CF3 and HCO
radicals and dominates in the troposphere. Pathway (b) yields HFC-23 and carbon monoxide (CO), making it of particular
interest in this work. Pathways (c), (d) and (e) are thought to be minor tropospheric photolysis pathways and are not considered
here.

CF3CHO quantum yields and HFC-23 product yields have been reported at discrete wavelengths in recent studes: Sul-
baek Andersen et al. (2023) (254 nm), Thomson et al. (2024) (308 nm) and Van Hoomissen et al. (2025) (248 nm, 266 nm,
281 nm and 308 nm). Sulbaek Andersen and Nielsen (2022) also carried out broadband photolysis measurements, in the wave-
length range 290-400 nm. In this study, an empirical method was used to estimate the photolysis quantum yield for CFsCHO
and the product yield for HFC-23 formation for wavelengths between 266 and 360 nm based on the experimental data from
Van Hoomissen et al. (2025). Wavelength and pressure-dependent quantum yields for CF3CHO photolysis (¢cr,cro) and prod-
uct yields for HFC-23 (PYygc.23) were calculated using the empirical relationships given in Eq.(1) and Eq.(2), where A denotes

the wavelength in nm and ND denotes the number density of the air in molecules cm™3:

1 A < 266
Pcrscno = 41— (1.951 x 1072 x ND — 3.0192 x 10~%! x ND?)(A —266) 266 < X\ < 280 1
1
TTNDx5.8x 10~ 18 exp(—0.0656 X (360—\)) 281 < A < 360
0.5 A < 266
PYhreas = 0.9999999 @
0.5 {1- TFoxp((272—N)/(7—4.03x10-23 ><ND))} 266 < A < 360

The CF3CHO photolysis quantum yield and the HFC-23 product yield are plotted as functions of wavelength in Supplementary
Figure S1.

To investigate the sensitivity of the modelled HFC-23 production to uncertainties in the photolysis parametrisations, we
carried out two further model runs, ‘Phot_Hi’ and ‘Phot_Low’, in addition to the base case. In the ‘Phot_Hi’ run, the CF3CHO
quantum Yyield for pathway (b) is fixed to its low-pressure limit, giving an upper-limit to the HFC-23 production from the pho-
tolysis. This low-pressure limit is defined as the pressure at the highest vertical level of the model. Similarly, in the ‘Phot_Low’
run, the CF3CHO quantum yield for pathway (b) is set to a high-pressure limit, defined as the pressure at the lowest vertical
level of the model. The product yield is still allowed to vary with pressure, although Van Hoomissen et al. (2025) showed only
a small pressure dependence at 308 nm and our parametrisation reflects this.

At every timestep, STOCHEM-CRI calculates the photolysis rates .J, and J, for pathways (a) and (b) respectively from the

quantum and product yields, CFsCHO absorption spectrum and actinic flux according to the relationship:
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660
Ja = /¢CF3CHO(>\) X (1 — PYHFC_23(>\)) X O'()\) X F()\)d)\ (3)
200

660
Jp = /qbcpgcﬂo()\) X PYprca3(A) X o(A) x F(A)dA 4
200

where ¢cr,cno(A) is the CF3CHO quantum yield at wavelength A, PYppc.23(A) is the product yield for HFC-23 at wave-
length A, o(\) is the absorption cross-section at wavelength A (taken from Burkholder et al., 2019), and F'()) is the actinic flux
at the relevant altitude. The number density, ND, at every model height is also output at every timestep and used in the quantum
and product yield calculations. In practice, this integral is computed by summing over 106 wavelength intervals between 200
nm and 660 nm, although the quantum yield is set to zero for values of A\ greater than 360 nm. The absorption cross-section
is assumed to be temperature-independent. As a result, a sensitivity study is carried out to determine the impact on HFC-23
production of increasing and decreasing the values of the absorption cross-section by £ 10%, approximately the uncertainty in
the published values of the cross-section Burkholder et al. (2019) (runs ‘AXS_Hi’ and ‘AXS_Low’). The discrete absorption
cross-section values are linearly interpolated to the midpoint of the wavelength intervals, which are approximately linearly
spaced at 5 nm intervals in the wavelength range. The quantum and product yields are calculated directly from these midpoints
using Eq.(1) and Eq.(2). The absorption cross-section used in the model is plotted in Supplementary Figure 1, along with a
typical actinic flux at the surface. Supplementary Figure 1 also shows a typical profile of the integrands in Eq.(3) and Eq.(4)
with wavelength, and suggests that photolysis pathway (a) peaks at approximately 315 nm, with roughly 87% of photolysis
via this pathway occurring between 305 and 335 nm. Pathway (b) operates at lower wavelengths, with a peak at approximately
310 nm at the surface. Roughly 85% of photolysis via this pathway occurs between 300 and 320 nm.

The three photolysis scenarios are summarised in Table 3, alongside typical CF3CHO photolysis lifetimes calculated at the

highest and lowest pressure levels in STOCHEM-CRI.

Table 3. CF3CHO photolysis scenarios explored in this study, with the typical photolysis lifetimes for CF3CHO calculated by the model
at the surface (Turface) and at the highest vertical level (7i,p). Although the quantum yield treatment is the same at all pressures in both the

‘Phot_Hi’ and ‘Phot_Low’ scenarios, differences between the surface and top of the model arise due to differing actinic fluxes.

scenario product yield treatment Tourface / days | Tiop / days
Phot_Low high-pressure limit 1.95 1.27
base parametrized with pressure 1.95 0.30
Phot_Hi low-pressure limit 0.45 0.30
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2.3.2 Chemical and physical loss processes

Several reactions and loss pathways of CF3CHO that compete with UV photolysis were included in the model. Firstly, CFsCHO
reacts with the OH radical to produce CF3CO, which does not go on to form HFC-23 (Sulbaek Andersen et al., 2004; Scollard
et al., 1993; Sellevag et al., 2004). The temperature-dependent rate constant for this process is taken from Baumann et al.
(2025) and is shown in Table 1. In addition to the reaction with OH, our model also considers loss of CFsCHO through dry and
wet deposition, both of which are considered in the model. Dry deposition is parametrized in STOCHEM using a deposition
velocity, for which values over land and sea can be specified. A previous study estimated the global average dry deposition
velocity to be between 0.007 and 0.07 cm s~ ! using the GEOS-Chem model with acetaldehyde as a proxy for CF3CHO (Pérez-
Pena et al., 2023). However, Nielsen et al. (2025a) note that for compounds with similar Henry’s Law solubility coefficients to
CF3CHO, mean dry deposition values can be higher than this. In the absence of any further estimates, we take the dry deposition
velocity to be 0.01 cm s~ over both land and sea. The effect on HFC-23 production of deposition velocities between 0.001
cm s~ ! and 10 cm s~! is explored in the sensitivity analysis.

Wet deposition is parametrized using dynamic and convective scavenging coefficients (DSC and CSC) for each species.
These cannot be measured directly and have not been published for CFsCHO. We estimate these parameters based on pre-
viously published values of scavenging coefficients for soluble species, which lie between 0.0 and 5.0 cm~! (Prinn and
Rosenkranz, 1994), and in the absence of further information set both the DSC and CSC for CF3CHO to 3.0 cm™~! in the
model. Another measure of the uptake of a gaseous compound into water, the Henry’s Law solubility coefficient, has been
heavily debated for CF3CHO, and estimates range from 0.96 M atm ™~ (the lower value used in Pérez-Pefa et al. (2023)) to
3.3 x 10* M atm™! (the suggested value of the effective Henry’s Law coefficient in Nielsen et al. (2025a)). Given the spread of
these estimates, any value chosen for the DSC and CSC is subject to large uncertainty, and so we explore the impact of varying
this parameter between 1.0 cm~! and 10.0 cm ™! in the sensitivity analysis.

It has been suggested that the in-cloud hydrolysis of CFsCHO may represent a further loss process (Nielsen et al., 2025a).
However, there is insufficient published experimental data to represent this in STOCHEM-CRI, and so this process has not
been included in this study. In addition, the impact of including another loss process would likely be to reduce the atmospheric

burden of CF3CHO, making the estimates of HFC-23 production presented in this work a likely upper bound.
2.4 Sensitivity analysis

A ‘base’ run was established for the sensitivity analysis, with the photolysis scheme set out above and total HFO emissions of
19.0 Gg yr~! (7.7 Gg yr—! HFO-1234z¢e(E), 8.0 Gg yr—! HCFO-1233zd(E) and 3.3 Gg yr~! HFO-1336mzz(Z) as derived in
section 2.2). Dry deposition velocities over both land and sea were set to 0.01 cm s, and dynamic and convective scavenging
coefficients to 3.0 cm 1.

Starting from this ‘base’ scenario, fifteen further runs were performed, to explore the loss processes that are poorly con-
strained by experimental data. Firstly, the effect of changing photolysis setup between the three scenarios ‘base’, ‘Phot_Low’

and ‘Phot_Hi’ was assessed, as well as a pair of runs (‘AXS_Hi’ and ‘AXS_Low’) assessing the impact of increasing or decreas-
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ing the absorption cross-section of CF3CHO. Secondly, we varied the emissions of the three HFOs considered in this model,
increasing and decreasing emissions by a factor of three relative to the values outlined above to give ‘Em_Low’ and ‘Em_Hi’
runs. We also performed runs in which we varied the spatial distribution of HFO emissions, while keeping the magnitude
constant. These explored the impact of distributing global emissions uniformly across the land and sea (‘Dist_flatlandsea’),
uniformly across the land only (‘Dist_flatland’), in a zonal band at the equator (between 30°N and 30°S, run ‘Dist_equator’),
and in two bands at the poles (latitudes greater than 60°N/S, run ‘Dist_polar’). This was done to explore how releasing the
fluorinated source gases into regions of high and low OH or O3 concentrations would impact their breakdown, and these are
not presented as plausible emissions distributions. Thirdly, a set of runs was carried out to assess the impact of changing the
dry deposition velocity of CF3CHO. In addition to the base run with a dry deposition velocity of 0.01 cm s~—!, further runs
were performed with dry deposition velocities of 0.001 cm s~! (‘Dep_0.001"), 0.1 cm s~ (‘Dep_0.1"), 1.0 cm s~! (‘Dep_1")
and 10.0 cm s=! (‘Dep_10°). The higher dry deposition scenarios enable the exploration of deposition rates in the range of
values proposed by Nielsen et al. (2025a) The impact of changing the convective and dynamic scavenging coefficients, which

1

parametrise wet deposition in the model, was also investigated. While the base runs set this parameter at 3.0 cm™ ", we also ran

further simulations with the coefficients set to 1.0 cm™! (‘Scav_1"), 5.0 cm~! (‘Scav_5"), 7.0 cm~! (‘Scav_7’) and 10.0 cm™!
(‘Scav_10’). These values span the full range of scavenging coefficients tabulated for common species in Prinn and Rosenkranz
(1994) (1.0 to 5.0 cm~1) and extend to higher scavenging coefficients to fully explore the impacts of even higher rates of wet
deposition. Finally, a single run (‘HO>’) was performed to explore the impact of including the reversible reaction between
CF3CHO and the HO, radical, which has been suggested as a potential additional sink for CF3CHO in the atmosphere. This
model run incorporates the forward (2.48 x 1073 molecules cm 3 s~!) and reverse (1.73 x 103 s~1) rate constants derived
from theoretical calculations taken from Long et al. (2022). This run was compared to the ‘base’ scenario, to assess the impact

of this reaction of HFC-23 production.

Full details of all sensitivity analysis runs can be found in Supplementary Table S1.
2.5 Global Warming Potentials

Global Warming Potentials (GWPs) quantify the climate impact of a greenhouse gas species, by comparing the time-integrated
radiative forcing of a single pulse of emissions to that of carbon dioxide, over a given time horizon (typically 20, 100 and 500
years). The lifetime of the species relative to the time horizon is an important factor in determining the GWP. For example,
short-lived species such as HFOs typically have very small GWPs, since their breakdown on timescales far shorter than the
time horizon means that their time-integrated radiative impact is much smaller than species with longer lifetimes (Burkholder
et al., 2022).

Generally, only the radiative impact of the single species is considered in such calculations, and not the impact of any
breakdown products. However, for gases that breakdown to form long-lived, radiatively active species such as HFC-23, the
indirect GWP may need to be considered, incorporating both the source gas’s radiative impact and that of its breakdown
products. This has been done previously for various HFOs (McGillen et al., 2023; Garavagno et al., 2025), considering only
their ozonolysis, and for some of the HFOs that break down to CF3CHO (Thomson et al., 2024). A similar approach has

10
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been taken for chlorofluorocarbons (CFCs) as well, due to the negative radiative forcing resulting from their ability to deplete
stratospheric ozone (Collins et al., 2026).

We calculated indirect GWPs for each of the eight source gases considered here. These were derived by assimilating the rates
and yields of reactions contributing to the in-atmosphere HFC-23 production into a simple one-box model of the atmosphere.
The reactions of each source gas with OH were simulated, using the same rate constants as in the STOCHEM-CRI model
(see table 1). A uniform temperature in the box model of 265 K was chosen to most accurately simulate the tropospheric
lifetimes of the source gases. The concentration of OH radicals in the box model was a uniform 0.04 ppt. For the HFOs, the
loss via reaction with O3 was also simulated, with the same (temperature-independent) rate constants as in the 3D model and a
uniform O3 concentration of 50 ppb. From each member of the STOCHEM-CRI ensemble of runs, the CF3CHO lifetime and
the fraction of the loss that yielded HFC-23 was extracted. The loss of HFC-23 via reaction with OH was also incorporated
into the kinetic scheme, tuned such that HFC-23 had a tropospheric lifetime of 243 years (Burkholder et al., 2022).

To determine the indirect GWPs, a 1 kg pulse of emissions was emitted at t = O for each source gas species independently.
The evolution of HFC-23 over time was tracked over time periods of 20, 100 or 500 years. This was integrated with respect
to time and multiplied by the radiative forcing. To give an indirect global warming potential for each source gas due to the
production of HFC-23, this was divided by the equivalent time-integrated radiative forcing for an equivalent pulse of COa,

taken from Burkholder et al. (2022).

3 Results and Discussion

In this section, we report in-atmosphere HFC-23 production from each of the model runs, assess how varying the parameters
in STOCHEM-CRI impacts these values, and finally, calculate indirect global warming potentials for each of the source gas

species due to their breakdown to HFC-23.
3.1 HFC-23 production

Across the twenty model scenarios, total HFC-23 production ranged from 0.013 Gg yr~! to 0.035 Gg yr~!, with all but two
of the runs yielding HFC-23 production rates between 0.016 and 0.022 Gg yr~!. The factors influencing HFC-23 produc-
tion are discussed below. Fig.1a illustrates that the main source of HFC-23 in these model runs comes from the photolysis of
CF3CHO, with the remaining production (< 17% in all cases) coming from ozonolysis reactions. The absolute contribution
from ozonolysis is similar for most runs, since most of the parameters investigated do not significantly impact that reaction
pathway. However, differences in HFC-23 produced from ozonolysis are seen when the spatial distribution of HFO emissions
is changed, and this is discussed below. Previous work (Van Hoomissen et al., 2025) put the contribution of ozonolysis reac-
tions at 4% of the total production, with photolysis of CF3sCHO yielding the remaining 96%. Our results suggest a slightly
larger relative contribution, with ozonolysis contributing between 5% and 17% of the total HFC-23 production and a mean

contribution of 11% across the twenty runs.

11
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Figure 1. (a) Annually averaged in-atmosphere production of HFC-23 under all scenarios in the sensitivity analysis (section 2.4). The darker
bars show the contribution of CF3sCHO photolysis to HFC-23 production, while the lighter bars show the ozonolysis contribution. The
dashed vertical grey line indicates the HFC-23 production in the ‘base’ scenario and acts as a guide to the eye for comparison of other runs.
(b) Percentage contribution of the five processes in the model (photolysis pathways (a) and (b), reaction with OH, wet and dry deposition) to
CF3CHO loss in each STOCHEM run.

These results are an order of magnitude lower than than the previous estimate of in-atmosphere HFC-23 production by
Van Hoomissen et al. (2025), who estimated global emissions of 0.215 Gg yr—! from photochemical sources for 2022. That
value, however, was calculated as an conservative upper bound and so is consistent with the results presented here. These results
confirm that in-atmosphere HFC-23 production is likely negligible compared to the global emissions derived from atmospheric
measurements. Modelled in-atmosphere production in this study was between 0.1% and 0.25% of the global emissions of 14.0
Gg yr~! published for 2023 (Adam et al., 2024). While some parameters influencing HFC-23 production (such as deposition
and in-cloud hydrolysis of CF3CHO) are poorly constrained by experimental data, these model runs were designed to capture a
wide range of plausible values for the production of HFC-23. As a result, it is likely that the true contribution of in-atmosphere

production to the global HFC-23 burden lies within this range.
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HFC-23 production from different reactions
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B HFC-365mfc + OH - CF3CHO - HFC-23 [ HFO-1233zd(E) + OH -» CF3CHO - HFC-23

Figure 2. Plot of the contribution of each HFO reaction to in-atmosphere HFC-23 production in ‘base’ scenario. The CF3CHO photolysis
pathway reactions are shown in solid bars, while the contribution from ozonolysis is shown as hatched bars. The reaction of HFC-236fa with

OH and that of HFO-1336mzz(Z) with ozone are not shown, as their contributions to total HFC-23 emissions are <0.1% of the total.

3.2 Factors affecting HFC-23 production
3.2.1 Emissions

Comparison of the ‘Em_Hi’ and ‘Em_Low’ runs to the ‘base’ scenario illustrates how HFC-23 production is influenced by
HFO emissions (see Fig.1a). HFOs are not the only source gases considered in this model, but we believe that the emissions of
the long-lived HFC species are much better constrained, and so we do not vary their emissions in this ensemble. As expected,
the generation of HFC-23 from each of the six reactions considered is linear in the emissions of the HFOs. The contribution
of the long-lived HFC source gases to HFC-23 production is constant at approximately 0.010 Gg yr~* in all three emissions
scenarios, and the contribution of HFOs scales linearly with increasing emissions as expected. In our low emissions scenarios,
HFOs contribute approximately 0.0027 Gg yr—! of HFC-23 (21% of the total), whereas with our estimated upper bound for
HFOs emissions they contribute 0.023 Gg yr—! (71% of the total). As HFOs replace HFCs in emissive applications due to
HFC phase-down regulations, we would expect them to dominate as source gases for HFC-23 production in the atmosphere.
The contribution of each source gas and reaction to the total HFC-23 produced in the ‘base’ scenario is shown in Figure 2, in
which HFOs contribute 44% of HFC-23 production and HFCs contribute 56%. HFO-1234ze(E) and HCFO-1233zd(E) make
the largest contributions of the HFOs investigated, while HFC-143a is the largest contributor of the long-lived species, followed
by HFC-245fa and HFC-365mfc. The relative ordering of the contributions within the HFC species is consistent with results in
Van Hoomissen et al. (2025), although that study suggested that the contribution from HFOs dominated (80%) the total HFC-23
production. This is a similar contribution to our ‘Em_Hi’ scenario, in which HFOs contribute 71% of HFC-23 production.

Table 4 shows the total HFC-23 generated (in kg) from each of the three HFOs considered in the model, per Gg of HFO
emitted. The mean and standard deviation for each species are obtained from the full ensemble of simulations.

These yields can be compared to those published by Van Hoomissen et al. (2025), who report production of 790, 1100 and
700 kg HFC-23 from photolysis per Gg source gas emission for HFO-1234ze(E), HFO-1336mzz(Z) and HCFO-1233zd(E),
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Table 4. Mean yield of HFC-23 per mass of emissions of each of the three HFOs considered in this model, reported in kg of HFC-23 per Gg

of source gas species with the standard deviation (1o) of this value across the twenty model runs.

Species Ozonolysis / kg per Gg emitted | CF3CHO photolysis / kg per Gg emitted
HFO-1234z¢(E) 150 £+ 30 370 £ 30
HFO-1336mzz(Z) 1.8+0.3 260 £ 20
HCFO-1233zd(E) 100 + 15 320 +20

respectively. The corresponding reported values for ozonolysis of HFO-1234ze(E) and HFO-1336mzz(Z) are 78 and 2.5 kg
HFC-23 per Gg source gas emission (HCFO-1233zd(E) is not reported in their study). For photolysis, our range of yields is
significantly lower than the previously published values for all three species, and for ozonolysis, the published values also
differ from those presented here. Our ozonolysis yield is 48% greater than the published value for HFO-1234ze(E) and 39%
lower for HFO-1336mzz(Z). These discrepancies may be attributed to the more thorough treatment of the photochemical and
physical behaviour of CF3CHO in our model, as well as the more detailed three-dimensional transport scheme, compared to the
calculation in the previous study. Our model also uses an updated value for the HFC-23 yield from HFO-1234ze(E) ozonolysis
(Garavagno et al., 2025), which explains the increased yield for that species.

The linearity of HFC-23 production with respect to HFO emissions allows our estimates of in-atmosphere HFC-23 produc-
tion to be updated, should better estimates of HFO emissions become available. Yield calculations are not performed for the
HFC source gases considered in this study, since their longer lifetimes mean that their contribution to the CFsCHO burden
varies over time and is dependent on both the background mole fraction and the emission rate. However, the HFC-23 produced
by a single ‘pulse’ emission of these gases is modelled below when exploring the indirect GWP of these species.

We find that the spatial distribution of emissions has a minimal impact on the total HFC-23 production. Relative to the ‘base’
runs, where HFO emissions were distributed according to a modified version of the EDGAR HFC-134a inventory, running with
emissions evenly distributed over the earth’s surface, or over the land only, increased the HFC-23 production by roughly 5%.
Similarly, placing all the emissions at the equator or at the poles increased HFC-23 production by 3% and 6%, respectively. In
the ‘Dist_equator‘ scenario, we would expect less ozonolysis due to the lower ozone concentrations at lower latitudes, and vice
versa for the ‘Dist_polar’ scenario. This is borne out by the results as seen in Figure 1, although it appears that changes in the
photolysis and ozonolysis pathways largely cancelled each other out between the different spatial distributions of emissions.
Overall, this suggests that the assumptions we make in spatially distributing HFO emissions in section 2.2 do not have a

significant impact on the overall HFC-23 production in the model.
3.2.2 UV Photolysis

The sensitivity analysis explores the impact of changing the quantum yield of CF3CHO to its high- and low-pressure limits.
We find that these limits have a modest impact on the overall HFC-23 production in the model, with the ‘Phot_Hi’ scenario

increasing HFC-23 production by 18% and the ‘Phot Low’ scenario decreasing HFC-23 production by 9%. Increasing or
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decreasing the absorption cross-section of CF3sCHO in the model had a smaller impact, changing the HFC-23 production
by < 4%. Figure 1 suggests that uncertainties in photolysis parameters make a similar contribution to uncertainties in the
deposition parameters in terms of their overall contribution to the uncertainty in HFC-23 production in the atmosphere. While
more measurements of these parameters (namely quantum and product yields at different wavelengths and pressures, and
absorption cross-sections at different temperatures) would help to constrain in-atmosphere HFC-23 production even further,
existing uncertainties appear to be sufficiently small for meaningful conclusions about the role of in-atmosphere production in

the HFC-23 budget to be drawn.
3.2.3 Wet and dry deposition

The impact of varying the wet and dry deposition parameters for CF3CHO in STOCHEM-CRI was explored in a set of model
runs that independently varied the scavenging coefficients (which govern wet deposition) and the deposition velocity (which
governs dry deposition). Increasing the rate at which CF3CHO is removed from the atmosphere via these processes would be
expected to give a lower atmospheric burden, leading to less loss via photolysis and less HFC-23 production. It was found that
varying these parameters did indeed have an impact on HFC-23 production. Increasing the dry deposition velocity across four
orders of magnitude (from 0.001 cm s~! to 10.0 cm s~ 1) decreased HFC-23 production by approximately 10%, although dry
deposition only became a significant loss process for CF3CHO at dry deposition velocities of 1.0 cm s~! and higher, as shown
in Fig.1b. Similarly, increasing the dynamic and convective scavenging coefficients by an order of magnitude (from 1.0 cm ™! to
10.0 cm~1) decreased the quantity of HFC-23 produced by approximately 23%. Investigation of the intermediate values of the
scavenging coefficients suggests a non-linear relationship between scavenging coefficient and HFC-23 production. However,
further increasing the value of the scavenging coefficients appears unlikely to substantial decrease the HFC-23 yield, as the
deposition process becomes limited by other factors such as diffusion and/or precipitation rate.

By imposing dry deposition velocities ranging across four orders of magnitude in the model, we explore the full range
of possibilities for a parameter poorly constrained by experimental data. The velocities explored are beyond what has been
suggested as an upper limit for the deposition of CF3CHO over a continental surface (Pérez-Pefia et al., 2023), and above
the range modelled by Zhang et al. for a range of different atmospheric trace species. Similarly, by varying the scavenging
coefficient over the range 1.0 - 10.0 cm ™3
coefficients (HLCs) for CF3CHO. For example, a highly soluble species such as HNO3 has a HLC on the order 10> M atm—!
(Sander, 2023), an order of magnitude higher than that suggested for CF3CHO by Nielsen et al. (2025a). Prinn and Rosenkranz

, we believe we are exploring a wide range of possible Henry’s Law solubility

(1994) report the dynamic and convective scavenging coefficients for HNO3 as 2.4 cm™! and 4.7 cm ™! respectively. Similar,
methanesulfonic acid (another highly soluble trace gas with HLCs reported in the range 10> M atm~' to 10® M atm™!) is
reported to have dynamic and convective scavenging coefficients of 5.0 cm~! and 1.5 cm™1!, respectively. Thus, even if the
HLC of CF3CHO is as high as suggested in previous literature (Nielsen et al., 2025a), it appears unlikely that it will have
a scavenging coefficient outside the range explored in this study, although further experimental work would be required to
confirm this hypothesis. Our results show that in this model, the value of the scavenging coefficient (and by extension the

Henry’s Law coefficient) for CF3CHO likely has a similar impact on the uncertainty in the in-atmosphere production of HFC-
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23 to uncertainties in the photolysis parametrisation, but less of an impact than HFO emissions magnitudes. Further modelling
of the chemistry of CF3CHO and its deposition with different models, as well as experimental measurements of the various

deposition parameters, would help to enhance our understanding of these processes.
3.3 CF3CHO sinks

Given the importance of atmospheric CF3CHO to the in-atmosphere production of HFC-23, the fate of this compound was
investigated. The sinks considered in the model were photolysis via two different pathways, reaction with the OH radical, and
wet and dry deposition. As illustrated in Fig. 1b, photolysis pathway (a) (generating non-HFC-23 products) was the dominant
loss process in every model run, except for ‘Scav_7’ and ‘Scav_10’ in which it was surpassed by wet deposition. Photolysis
removed between 43% and 71% of the atmospheric CFsCHO across the twenty runs, while wet deposition (23-48%) and
reaction with OH (6-12%) made up most of the remaining CF3CHO loss. Dry deposition contributed 11% of CF3CHO loss in
the ‘Dep_10’ run and 2.4% in the ‘Dep_1’ run, but <0.3% in all other runs. Pathway (b) photolysis contributed <0.1% in all
runs. In the ‘HO2’ run, in which loss of CF3CHO via the reversible reaction with HOs was included in the chemistry scheme,
the relative contribution of the major loss processes was unchanged from the ‘base’.

Again, the relative contribution of CF3CHO sinks can be compared with previous estimates in the literature. Pérez-Pefia
et al. (2023) modelled the photolysis pathway (a) as contributing between 46% and 74% of the total CF3sCHO loss, which
agrees well with the range of values from this study. The contribution of deposition processes (wet and dry) in this study was
also similar to that in Pérez-Pefa et al. (2023) (23-48% compared to 7-41% in that work). However, the contribution of the
photolysis pathway (b) (i.e., that which produces HFC-23) in this study is far lower, because Pérez-Pefia et al. (2023) assumed a
HFC-23 quantum yield much greater than measured experimentally in Van Hoomissen et al. (2025) and Thomson et al. (2024).

3.4 HFO lifetime validation

The globally averaged lifetimes of the HFOs considered here can be calculated and compared to the literature, to assess the
model’s simulation of their breakdown. For all three HFOs, the lifetime was the same through all the model runs except for
those that varied the spatial distribution of emissions. In these, a large variation in lifetimes was seen, which can be attributed
to the zonal distribution of the OH radicals that represent the main sink of HFOs. While some of these spatial distributions are
unrealistic, they show that changing the spatial emission profile would make a minimal difference to HFC-23 production. The
lifetimes quoted here are from the ‘base’ scenario.

For HFO-1234ze(E), the modelled lifetime was 19.0 days, in excellent agreement with the literature value of 19 days (Liang
et al., 2022). The other species also showed good agreement with the literature values (24.5/27 days and 36.0/41.9 days for
the modelled/literature lifetimes for the HFO-1336mzz(Z) and HCFO-1233zd(E), respectively). While the model tended to
slightly underestimate the lifetimes, all three species agree to within 12% of the literature value. This suggests a reasonable

simulation of the sinks of these species, especially given the large variation in their lifetimes with latitude.
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3.5 Global Warming potentials

For the eight source gases investigated here, their indirect global warming potential due to their breakdown to HFC-23 is
calculated over 20-, 100- and 500-year time horizons. The 100-year indirect GWPs are presented in Table 5, while the 20-
and 500-year values can be found in the supplement. The GWP values are dependent on the fractional yield of HFC-23 from
CF3CHO loss, which varied across the twenty model runs from 0.05% to 0.07%. Here, we present the mean and standard devia-
tion in the GWP;( values obtained from the STOCHEM-CRI simulations, alongside their published direct GWPs (Burkholder
et al., 2022).

Table 5. Direct and indirect 100-year global warming potentials (GWP100) for each of the eight source gases considered in the model. Values
of the direct GWP1¢ are taken from Burkholder et al. (2022), while the mean and standard deviation (1o) of the indirect GWP1o¢ values

calculated across the twenty model runs are presented here.

species Direct GWP1oo | Indirect GWP;¢o

HFC-143a 5900 434+03

HFC-236fa 9120 0.81 4+ 0.06
HFC-245fa 966 23+02
HFC-365mfc 969 284+02
HFO-1234z¢(E) 1 85+04
HFO-1336mzz(Z) 2 72403
HCFO-1233zd(E) 4 7.1+0.5

From Table 5, we see that the indirect GWPs for the long-lived source gases are negligible compared to their direct GWPs.
The indirect GWPs of the HFOs, however, are larger than their very low direct GWPs. The implications of these higher GWPs
are discussed in the next section. While indirect GWPs that incorporate both the reactions with OH and O3 for the HFOs have
not been previously published, our results can be compared with literature values for the OH-only GWP; g (~ 6, taken from
Thomson et al. (2024)) and Os-only GWP;yg calculated for HFO-1234ze(E) (~ 3.3, taken from Garavagno et al. (2025)).
Summing these two values gives an indirect GWP1¢g of 9.3, which is in reasonable agreement with the value determined in

this study.

4 Conclusions

In this work, we present new estimates of HFC-23 production from the breakdown of fluorinated source gases in the atmo-
sphere, using a full global chemistry and transport model. We carry out a set of sensitivity tests, in order to explore the impact
of uncertain parameters (namely source gas emissions, CFsCHO photolysis quantum yields and CFsCHO deposition parame-
ters) on in-atmosphere HFC-23 production. We find that the contribution of these breakdown processes to the global HFC-23
budget is likely in the range of 0.013 - 0.035 Gg yr—!, which is far lower than previous ‘upper bound’ calculations. Further

work to better characterize the key parameters described above would lead to more accurate estimates of HFC-23 production.
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These findings suggest that global emissions of HFC-23 are dominated by direct emissions into the atmosphere, and that
the contribution of in-atmosphere production to the global discrepancy between inferred and reported emissions is negligible.
As discussed above, the bulk of the emissions are likely to be associated with HCFC-22 production, although other industrial
processes may also contribute. Therefore, investigations into the source of the ‘missing” HFC-23 should focus on verifying
reported abatement rates at HCFC-22 production facilities (e.g. Rust et al., 2024) and identifying other potential sources.
Even at the top end of our range of estimates, in-atmosphere production cannot account for more than a small fraction of the
emissions gap.

Strategies based on abatement of emissions from industrial sources are likely to be more effective in reducing HFC-23
emissions than minimising the in-atmosphere production pathway. Even as HFO usage increases in response to HFC phase-
down under the Kigali Amendment, it would require a dramatic increase in HFO emissions (of at least two orders of magnitude)
to lead to HFC-23 production comparable with reported direct emissions, assuming that emissions of other HFCs stay constant.
Indeed, the HFCs contribute between 29% and 79% of in-atmosphere HFC-23 production in our modelled scenarios, and future
abundances of these compounds may have a larger impact on in-atmosphere HFC-23 production than future HFO emissions.
On the other hand, all the long-lived species considered in this model are controlled under the Kigali Amendment to the
Montreal Protocol, and their abundances are expected to decrease as production and consumption are phased out globally,
reducing the additional impact of their breakdown products (Liang et al., 2022).

Whilst our results show that in-atmosphere production has a small impact on the present day HFC-23 budget, they also
show that some HFOs have a larger impact on climate than previously thought. When the indirect effects of their breakdown
products are considered, the overall GWPs of HFO-1234ze(E), HFO-1336mzz(Z) and HCFO-1233zd(E) increase by at least
a factor of two, and, at the top of our range of plausible values, by almost an order of magnitude. These indirect GWPs are
still orders of magnitude lower than the direct GWPs of other HFCs in widespread use (such as HFC-134a, GWP1oo = 1470,
HFC-32, GWP1g9 = 749 and HFC-125, GWP; ¢ = 3820), and would still be a significant improvement on those HFCs in terms
of climate impact. For example, European F-gas regulations are phasing out the use of F-gases with direct GWPyo( greater
than 150 from 2025 onwards (European Union, 2024), and even at the top end of the estimated range of indirect GWP1gs,
the HFOs considered here would not meet the criterion for phase-out. Nonetheless, the adoption of HFOs without sufficient
consideration of their possible long-term impacts on both the climate and the environment echoes previous changes in policy
concerning fluorinated species that had unintended consequences. As a result, the importance of understanding the atmospheric

fate of these species cannot be understated.

Code and data availability. The data presented in this study are available on request from the corresponding authors.
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