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Abstract. Sources and budgets of the persistent, anthropogenic compound trifluoroacetate (TFA) are poorly
quantified across different environmental media. Recently, the introduction of hydrofluoroolefins and the con-
tinued use of other fluorinated compounds has increased environmental levels of TFA. Here, we present con-
centrations of TFA observed in precipitation and surface waters in Switzerland during three years of continuous
monitoring and in archived water samples, collected since 1984. Mean observed TFA concentrations ranged from
0.30 to 0.96 ugL~! across 14 precipitation sites and from 0.33 to 0.88 ugL~! across 9 river sites in 2021-2023
— a four-to-six-fold increase since 1996/1997. Simulated atmospheric degradation of known TFA precursors
accounted for 63 % (58 %—70 %) of the observed deposition (48 % (41 %—54 %) hydrofluoroolefins and 15 %
(12 %—18 %) long-lived fluorinated gases; mean and range across sites) for sites on the Swiss Plateau. In Switzer-
land, atmospheric (wet+dry) deposition of TFA amounted to 24.5 4+ 9.6 Mgyr~!, whereas TFA terrestrial inputs
from the degradation of plant protection products (PPP) and-veterinary-pharmaceuticals in soils, estimated from
the literature, ranged from 3-9 to 13:2Mg yr~!, depending on the assumption on degradation efficiency. TFA
inputs from the degradation of PPP dominated 2-3 times over atmospheric deposition in Swiss croplands. These
inputs were balanced by exports through the major rivers, 31 =4 Mgyr~—!. Archived precipitation samples from
the period 1986 to 2020 revealed that TFA was formed in the atmosphere before the introduction of known
atmospheric precursors, whereas in the 1990s TFA deposition increased along with their concentrations. How-
ever, simulated atmospheric degradation underestimates summertime TFA deposition five-fold. Continued use of
fluorinated compounds is likely to enhance TFA deposition in the future. Additional environmental monitoring
and source attribution studies are paramount for refining the assessment of TFA sources and levels for potential
health and environmental risks.

1 Introduction acid is completely miscible in water and therefore partitions
or dissolves readily into the aqueous phase (surface waters
Trifluoroacetic acid is the shortest perfluoroalkyl carboxylic and atmospheric cloud and rain droplets), where it forms salts

acid with the chemical formula CF;CO,H. It is a very with other available ions. Because of its high mobility with
strong acid (pK,; =0.52, Rumble, 2024) and, hence, ex- water, TFA is ubiquitously spread through different environ-
sists in water only in its deprotonated form (trifluoroac- mental media. Although TFA does not generally bioaccumu-
etate, TFA, CF3COO). Commonly, TFA is classified as a late, elevated TFA concentrations were, however, observed in
per- and polyfluoroalkyl substance (PFAS), for example in leaf material and plant extracts (Rollins et al., 1989; Benesch
the OECD’s PFAS-definition (OECD, 2021). Trifluoroacetic and Gustin, 2002; Zhang et al., 2019; Scheurer and Nodler,
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2021). As other salts, TFA will accumulate in terminal wa-
ter bodies in arid regions that are dominated by evaporation
(Russell et al., 2012; Cahill, 2024) and in the oceans (Scott
et al., 2005).

Original toxicology studies of TFA were conducted in the
1990s exploring the impacts on aquatic plants and algae, ter-
restrial plants, and animals (Boutonnet et al., 1999; Seiber
and Cahill, 2021). For the most sensitive aquatic algae (Sele-
nastrum capricornutum) a no-observed-effect concentration
10 of 120 ug L ~! was reported by Berends et al. (1999). In 2020,

the German environmental protection agency (UBA) derived

from toxicological information a non-regulatory guideline
value of 60 ugL~! for TFA in drinking water, emphasizing
that the emissions of TFA to water bodies should be min-
15 imized and a value of 10pugL~! in drinking water should
generally not be exceeded (UBA, 2020a, b; Adlunger et al.,

2021). In 2023, the Dutch National Institute for Public Health

and the Environment (RIVM) derived an indicative drinking

water guideline value of 2.2 ugL~! (RIVM, 2025). Renewed
20 concern was raised about the toxicity of TFA to mammals

(Dekant and Dekant, 2023) and the need for more human-

relevant studies was expressed (Arp et al., 2024). Currently,

the European Food Safety Authority (EFSA) is reviewing the

health-based reference values for TFA (EFSA, 2024). In May
25 2025, the German authorities classified TFA as toxic to re-
production (Category 1B), very persistent and very mobile
(vPvM) and submitted a corresponding classification dossier
to the European Chemicals Agency (ECHA) for comment-
ing (UBA, 2025). As a consequence of those initiatives, the
potential risk posed to human health by TFA is getting in-
creased attention not only by policy makers, but also by the
broad public and the media.

Under environmental conditions and in the aqueous phase,
TFA is extremely stable (Ellis et al., 2001a) and may have
lifetimes in the order of centuries to millennia (Lifongo et al.,
2010). Initial studies on TFA degradation under anaerobic
conditions in sediment suggested a considerable environ-
mental loss process (Visscher et al., 1994), whereas other
studies concluded that TFA is inert (Emptage et al., 1997).
In the atmosphere, gaseous trifluoroacetic acid may degrade
by reaction with hydroxyl radicals (OH) with lifetimes in the
order of 230 d (Hurley et al., 2004) or be subject to overtone-
induced photodissociation with tropospheric lifetimes in the
order of 8 to 217 years (Reynard and Donaldson, 2002).
However, trifluoroacetic acid is more rapidly (order of days)
removed from the atmosphere by dry and wet deposition,
hence, the OH reaction and photodissociation cannot be seen
as significant destruction pathways for TFA in the environ-
ment.
so A major anthropogenic source of TFA is the atmospheric

degradation of volatile fluorinated compounds such as hy-

drochlorofluorocarbons (HCFCs), saturated hydrofluorocar-
bons (HFCs), and unsaturated hydrofluoroolefins (HFOs),
which are used in a variety of applications, mostly as re-
ss frigerants and foam-blowing agents (Solomon et al., 2016;

o

3

S

3

&

4

S

4

o

Madronich et al., 2023). In addition, some fluorinated in-
halation anaesthetics (FIAs) are known to produce TFA dur-
ing their atmospheric degradation (Madronich et al., 2023).
Due to their long atmospheric lifetime (order of years) and
negative impact on global warming and/or the depletion of
the ozone layer, national (e.g., EU Regulation on fluori-
nated greenhouse gases 2024/573 and American Innovation
& Manufacturing (AIM) Act of 2020, European Parliament
and Council, 2024; Office of the Law Revision Counsel of
the United States House of Representatives, 2020, respec-
tively) and international (Montreal Protocol) regulations are
starting to target the emissive use of HCFCs and HFCs.
Hence, a transition towards the use of HFOs with short at-
mospheric lifetimes (order of days to weeks) is ongoing.
Some of these newly introduced HFOs degrade with a 100 %
molecular yield to TFA in the atmosphere (e.g., HFO-1234yf
(CF3CH,F), Hurley et al., 2008), which is opposed to smaller
yields for many of the major HFCs (e.g., 7%—-20% for
HFC-134a (CF3CFCHy), Wallington et al., 1996). Larger
TFA yields and shorter lifetimes will enhance the deposi-
tion closer to the major emission sources. A number of at-
mospheric modelling studies have quantified the effect of the
HFC to HFO transition on TFA deposition (Luecken et al.,
2010; Henne et al., 2012b; Wang et al., 2018; Holland et al.,
2021; Garavagno et al., 2024) and come to the conclusion
that TFA concentrations in precipitation will increase by a
factor of 10 to 100 in major HFO source regions compared
to levels forecasted from HFC degradation or previously ob-
served.

From an observational perspective, considerable increases
in TFA concentrations after 2010 for different environmental
compartments (precipitation, surface waters, ground water,
drinking water) have been reported in various studies (see
Arp et al., 2024, and references therein). Although, the gen-
eral tendency of increased TFA deposition is evident, it is
more difficult to draw quantitative conclusions as to sources
and fate of TFA, since no continuous monitoring of TFA
fluxes in the environment over the complete timescales of
the observed increase exists besides a few reported ice core
records (Pickard et al., 2020; Hartz et al., 2023).

Besides secondary atmospheric production, other anthro-
pogenic TFA sources to the environment were identified from
direct use and discharge from chemical industry and waste
water treatment plants (WWTP) (Scheurer et al., 2017). Fur-
thermore, TFA is produced in the environment from the
metabolic and ambient degradation of plant protection prod-
ucts (PPP), pharmaceuticals and other per- or polyfluorinated
substances carrying a C—CF3z-moiety (e.g., Arp et al., 2024,
and references therein). The high-temperature use and com-
bustion of fluoropolymers may present an additional anthro-
pogenic source of TFA (Ellis et al., 2001b; Améduri, 2023).
Earlier studies have speculated about the existence of natural
sources of TFA (i.e., deep-sea vents Scott et al., 2005). More
recently (2022/2023), TFA concentrations of ocean samples
down to a depth of 4590 m in the North Atlantic were esti-
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mated in the range of 237 to 294 ng L~!, with slight decreases
with depth and higher TFA concentrations at the ocean sur-
face, 260-306 ng L~! (UBA, 2024). A comparison with ear-
lier observations is hindered by questions of measurement
quality and validity. Furthermore, it was argued that the large
quantities of TFA present in the oceans do not agree with
an inventory of anthropogenic consumption of fluorides and
potential releases of TFA integrated over the period 1930
to 1999 (Lindley, 2023). However, others concluded against
significant natural sources, which would not be able to ex-
plain observed increases in TFA levels (Joudan et al., 2021).

There is no general consensus whether or not current and
forecasted TFA burdens pose toxicological risks to the envi-
ronment and/or human health (Madronich et al., 2023; Arp
et al., 2024). The UNEP Environmental Effects Assessment
Panel reviewed the risks of TFA to ecosystems and human
health and conclude that at current TFA concentration lev-
els the risk to humans is de minimis (Neale et al., 2025).
Hanson et al. (2024) identified several research gaps that
should to be addressed to improve our understanding of the
TFA sources, fate and toxicity. Improved atmospheric and
hydrological modelling to characterise TFA budgets is one
of these areas. Several earlier studies have simulated atmo-
spheric degradation of TFA precursors and TFA deposition
from the global to the regional scale, frequently forecast-
ing future burdens of TFA (Kanakidou et al., 1995; Kota-
marthi et al., 1998; Luecken et al., 2010; Henne et al., 2012b;
Wang et al., 2018; Holland et al., 2021). However, few stud-
ies have directly linked observed TFA deposition fluxes to
model forecasts and source attribution.

Here, we present an effort to monitor and attribute sources
of TFA in precipitation and surface waters in Switzerland
by combining three years of continuous observations from
a dense network of precipitation and surface water sites with
simulations of atmospheric degradation of fluorinated pre-
cursor gases. Furthermore, archived precipitation samples
dating back to as early as 1984 were analysed for TFA and al-
low us to consistently document the history and trend of TFA
deposition in Switzerland and its relation to atmospheric pre-
Cursor gases.

2 Methods

2.1 TFA sampling and analysis

TFA concentrations were continuously observed in different
water bodies and precipitation for the period November 2020
to December 2023. Figure 1 and Table 1 give an overview of
the location of the observation sites for precipitation and sur-
face water (lakes and rivers). The sampling locations were
distributed over all major Swiss river catchments and clima-
tological zones, covering the Ticino river catchment south
of the Alps, the Rhone catchment in the central Alps, the Inn
catchment in the Eastern Swiss Alps and the Rhine, Thur and
Aare catchments in the northern Alps and the Swiss Plateau.
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Figure 1. Sites with TFA (coloured symbols) and HFO (black
crosses) observations in Switzerland. Colours refer to different river
basins: Rhine (different shades of red), Rhone(shades of blue),
Aare/Limmat (shades of green), Thur (purple), Inn (yellow), Ticino
(grey). Precipitation, river and lake sampling sites are marked by tri-
angles/upper case letters, wavy arrows/lower case letters, and open
circles/Greek letters, respectively. Letters refer to individual sites as
itemised in Table 1. Coordinates refer to Swiss coordinate system
(LV03).

TFA samples from precipitation were taken from monthly
composite rain samples collected as part of the Swiss Ob-
servation of Isotopes in the Water Cycle’ (ISOT) network
(Schiirch et al., 2003) and, for the high-Alpine site of
Jungfraujoch and the urban site of Bern, by the University of
Bern (Climate and Environmental Physics group). Monthly
composite samples correspond to the total of all precipita-
tion events, collected continuously. Samplers were not closed
during dry periods and therefore, contain dry deposition of
atmospheric compounds as well as wet deposition. The sites
of the ISOT network are co-located with automatic weather
stations of the SwissMetNet operated by the Swiss Federal
Office of Meteorology and Climatology (MeteoSwiss). ISOT
samples were shipped from the stations to the Swiss Federal
Office for the Environment (FOEN) in PE bottles.

Furthermore, TFA concentrations were analysed from sur-
face water samples taken from rivers and lakes, covering the
major river network. Flow rate proportional 7d- or 14d com-
posite samples were taken at nine sites of the National Long-
Term Network of Swiss Rivers (NAWA FRACHT/NADUF;
Storck et al., 2022) and sent to Eawag, Diibendorf, or the
International Rhine survey station (RiiS), Weil, to compose
28d-composite samples. Grab samples were taken at ten dif-
ferent locations from six of the major Swiss lakes, both at the
surface and close to the lake bottom.

Archived precipitation samples, representing monthly in-
tegrated precipitation, from the ISOT network for the pe-
riod 1986 to 2020 and for the sites Jungfraujoch and Bern
city (sample archive University of Bern), and archived sur-
face water samples from the NADUF network (Porte-du-
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Table 1. List of observational sites in Switzerland. Observed TFA concentrations are given as the mean and standard deviation (1o) for N
samples in the the period 2021-2023. Deposition flux, river load and pooled TFA in lakes, were derived by multiplication with precipitation
rates, flow rates, and lake volumes, respectively. Sites were associated with major Swiss river basins. The rivers Aare, Limmat and Thur all
empty into the Rhine prior to the Rhine exiting Switzerland at Weil. Lake samples where taken both at surface and bottom of the lake, if not

otherwise stated. Labels as used in Fig. 1.

Site Label Basin Longitude Latitude Altitude Conc. Flux/load N
°E °N ma.s.l. ug L!

Precipitation kg km 2 y1r_1

Basel-Binnigen (BAS) A Rhine 7.5827  47.5412 316 0.73+£0.15 0.61+0.17 36
Sevelen (SEV) B Rhine 9.4907  47.1165 460 0.47+0.10 0.59+0.18 36
St.Gallen (STG)? C Thur 9.3995  47.4256 779 0.43+0.11 0.70+0.23 35
Buchs-Suhr (BUS) D Aare 8.0820 47.3710 397  0.51+£0.12 0.50+0.16 36
Bern (BER) E Aare 7.4432  46.9495 553 0.96+0.35 0.74+£0.21 35
Belp (BEP) F Aare 7.5035 46.8910 520 0.57+£0.17 049+£0.16 36
La Brévine (BRL) G Aare 6.6071  46.9801 1042 0.63+0.20 0.66+0.19 27
Grimsel — Hospiz (GRH) H Aare 8.3316  46.5712 1950 0.44+0.13 0.63£0.16 36
Jungfraujoch (JFJ) I Aare 7.9800 46.5489 3570  0.30+0.08 031£0.10 35
Nyon — Changins (CGI) J Rhone 6.2330  46.3974 436  0.66£0.21 046+0.14 34
Grichen — St. Niklaus (GRC) K Rhone 7.8411  46.2024 1605 0.86+£0.22 041+£0.12 35
Samedan (SAM)P L Inn 9.8808  46.5275 1709 0.64+0.29 0.52+0.26 16
Pontresina (PON)P M Inn 9.8878  46.5094 1790 0.93+0.74 041+026 11
Locarno-Monti (OTL) N Ticino 8.7874  46.1726 379 0.65+0.16 1.284+0.44 33
Rivers Mg yr_1

Weil a Rhine 7.5947  47.6014 244 0.65+0.1 199+£3.19 39
Rekingen b Rhine 8.3294  47.5708 326  0.47+£0.08 6.18+£0.99 39
Diepoldsau c Rhine 9.6409 47.3831 410  0.36+0.06 247+040 39
Andelfingen d Thur 8.6767  47.5996 361 0.81+0.13 1.26£0.20 39
Brugg e Aare 8.1949  47.4825 332 0.55+£0.09 528£0.85 39
Hagneck f Aare 7.1842  47.0555 441 0.41=£0.07 2.17+£035 39
Chancy g Rhone 59707 46.1530 336  0.88+0.15 837141 35
Porte du Scex h Rhone 6.8886  46.3496 377 0.80+£0.13 4.02+0.64 39
S-chanf i Inn 9.9952  46.6157 1650 0.33£0.05 0.19+0.03 39
Lakes Mg

Lake Constance, Berlingen o Rhine 9.0000 47.6763 397 0.35+0.14 16.99 £6.94 6
Lake Constance, Uttwil B Rhine 9.3739  47.6286 397 0.34+0.14 16.26+£6.64 6
Lake Biel, Niedau® y Aare 7.2371  47.1227 429 0.51£0.26 0.57+028 4
Lake Biel, DW44 8 Aare 7.1976  47.1043 429 0.56+£0.28 0.62+£0.31 4
Lake Zurich, Thalwil € Limmat 8.5910 47.2858 406 0.34=£0.12 1.14+0.40 8
Lake Geneva, SHL24 ¢ Rhone 6.5887  46.4527 372 1.00+£0.50 88.61 +£44.3 4
Lake Geneva, Paquis® n Rhone 6.1578  46.2102 372 0.9240.65 81.93+579 2
Lake Maggiore, Ghiffad l Ticino 8.6448  45.9641 193  0.25+0.12 949+474 4
Lake Maggiore, Ascona® K Ticino 8.7688  46.1319 193 0.43+£0.22 16.42 +£8.21 4
Lake Maggiore, Locarno® 0 Ticino 8.8270  46.1570 193 0.46+0.23 17.65 +8.83 4
Lake Lugano, Figino A Ticino 8.8968  45.9584 271 0.54£0.19 2.53+0.89 8

4 The precipitation site St. Gallen was associated with the Thur basin although it is at the border between the Thur and Rhine basin. b Sampling in Pontresina only
until March 2022. Since August 2022 replaced by sampling in nearby Samedan. ¢ Sampling at lake surface. d Sampling at lake bottom.

Scex/Rhone, Weil/Rhine) were analysed for TFA. Archived
samples were stored in amber glass bottles capped with screw
tops and inserted septa at temperatures of 12 to 14 °C (Schot-
terer et al., 2010) under predominantly dark conditions in a
s cellar. Storage conditions were checked for long-term sta-

bility of stable water isotope consistency by redetermination
of stable isotopes using Cavity Ring Down Spectrometry af-
ter decades of storage (Leuenberger and Ranjan, 2021) in
comparison to previous conventional determination by mass
spectrometry on these samples right after sampling as part of 1o
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the JAEA GNIP programme (International Atomic Energy
Agency, 2025). Unused new septa were eluated in the lab
with blank-free water and tested for TFA release to assure
that storage did not change TFA concentrations.

Finally, four water samples from the ice core B82-1,
drilled in 1982 at the saddle of Colle Gnifetti glacier
(45.92997°N, 7.87436°E) at an elevation of 4450 m were
analysed for TFA. These four samples correspond approxi-
mately to precipitation originating from 1978 (Bag 8), 1942
10 (Bag 50) and 1892 (Bag 97, two samples) (Ddscher et al.,

1995, 1996).

All water samples were filled in PE centrifuge vials pre-
pared at FOEN, RiS or Eawag and shipped to the DVGW-
Technologiezentrum Wasser (German Water Centre) in Karl-

1s sruhe, Germany, where they were analysed by ion exchange
liquid chromatography (LC) coupled to electrospray tandem
mass spectrometry (MS-MS) with a limit of quantification
(LOQ) determined as 50ngL~! (Scheurer et al., 2017). Any
values reported below the LOQ (97 of a total of 1570 sam-
ples) were given as 0.04ngL~! and were treated as such in
any averaging. Field blank tests were conducted by filling
and shipping blank-free ultra-pure water in the same way as
the samples.

o

2

15}

2.2 Monitoring of atmospheric precursors

2s The global monitoring of a number of atmospheric precursor
gases of TFA (HCFCs, HFCs, FIAs) is routinely conducted
by two principal networks: (1) the Advanced Global Atmo-
spheric Gases Experiment (AGAGE) network of continuous
observation sites (Prinn et al., 2018) and (2) the National
s Oceanic And Atmospheric Administration (NOAA) flask
sampling network, which collects weekly air flasks from a
number of sites worldwide and subsequently analyses these
flask in a central laboratory (Montzka et al., 2018). As part
of the AGAGE network Empa operates a Medusa GC/MS
s (Miller et al., 2008) at the high-altitude site Jungfraujoch in
the Central Swiss Alps (Reimann et al., 2020). This includes
the continuous analysis of newly-marketed HFOs such as
HFO-1234yf, HFO-1234ze(E), HCFO-1233zd(E) (Vollmer
et al., 2015), and HFO-1336mzz(Z) (Rust et al., 2023). In ad-
0 dition, observations from two Swiss lower altitude locations
are available from two multi-month campaigns conducted at
Beromiinster and Sottens as well as from a site in The Nether-
lands, Cabauw, (Rust et al., 2022, 2023). Additional long-
term European monitoring sites for halogenated compounds
4 include Mace Head, Ireland, Tacolneston, UK, and Monte
Cimone, Italy, which are part of the AGAGE network.

2.3 Simulation of atmospheric degradation of fluorinated
precursors and TFA deposition

2.3.1 Long-lived HCFCs, HFCs, fluorinated inhalation

anaesthetics

TFA deposition contributions from long-lived HFCs, HCFCs
and, FIAs were calculated based on (i) a single-box model
presented in Behringer et al. (2021) and (ii) using the
AGAGE atmospheric 12-box model (Rigby et al., 2008),
both constrained by atmospheric concentration observations
from the AGAGE network (Prinn et al., 2018). The first
approach was used for all compounds listed in Table 2,
whereas the second could not be applied to HCFC-123,
HCFC-133a and the fluorinated inhalation anaesthetics for
which either no reliable, long-term atmospheric record or no
recent 12-box simulations were available at the writing of
this manuscript. Other widely-used HCFCs, like HCFC-22,
HCFC-141b, and HCFC-142b, do not contain a CF3; group
and, hence, do not contribute to TFA formation in the at-
mosphere and were not considered here. Results from both
approaches are compared to assure consistency.

Both calculations assume that the main loss of HCFCs,
HFCs, and FIAs is through reaction with OH. After the ini-
tial reaction with OH a constant molecular yield to TFA was
assumed for each compound (Table 2). In both approaches,
it is assumed that TFA deposits close to where it was formed
in the atmosphere, such that molecular loss rates per sur-
face area multiplied by molecular TFA yields directly pro-
vide molecular TFA deposition rates. Given the relatively ho-
mogeneous atmospheric distributions of the precursor gases
this assumption should give a good first order estimate of
average hemispheric deposition rates. This expectation is in
line with previous model studies of HCFC/HFC degradation,
which suggest relatively homogeneous TFA spatial distribu-
tions (Kanakidou et al., 1995; Kotamarthi et al., 1998; Hol-
land et al., 2021). Spatial differences may occur due to vari-
ability in OH and precipitation distributions.

For the single-box model the atmospheric lifetime and
background mole fractions observed at the Jungfraujoch ob-
servatory, both listed in Table 2, are the only drivers deter-
mining the loss rate L4 (units molm~2yr~!) of a compound
A

_Ca_Naa

La=—"—= , ey
TA TA

where C4 is the column molar density of compound A (units
molm™2), t4 is the OH lifetime (years), N the column molar
density of air, and x4 the average mole fraction of compound
A. A single deposition rate for each compound representa-
tive of the years 2021-2023 was calculated. In the second
approach, monthly variable OH concentrations for each of
the 12 atmospheric boxes were used to more explicitly cal-
culate monthly precursor loss rates for each of the 12 boxes.
We combine the loss rates from all six northern hemispheric
boxes to derive a loss rate per surface area, which, once
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Table 2. HFCs, HCFCs, F1As considered for calculation of TFA formation/deposition. Average mole fractions as observed at the AGAGE site
Jungfraujoch, Switzerland, during background conditions in 2021-2023, except for HCFC-123, which was taken from observations from the

NOAA flask network (Montzka et al., 2018) (Isacc Vimont, NOAA, personal communication,

). TFA yields are taken from (Madronich

et al., 2023) and references therein. Mean (2021-2023) deposition rates are taken from the 12-box model, if not stated otherwise, and
calculated with mean, minimal, and maximal TFA yields and represent average northern hemispheric conditions.

Compound Mole fraction Lifetime Molecular TFA yield Deposition rate
(pmol mol~1) (years) =) (g km—2 yro D)
hydrochlorofluorocarbons
HCFC-123* 0.325 1.3 0.6 (0.5-0.7) 5.4 (4.5-6.3)
HCFC-124 0.921 59 1.0 5.7
HCFC-133a* 0.528 4.6 0.39 (0.22-0.55) 1.6 (0.91-2.3)
hydrofluorocarbons
HFC-125 45.7 30.0 0.06 (0.01-0.1) 2.9 (0.52-5.2)
HFC-134a 134.5 13.4 0.14 (0.07-0.2) 49 (25-72)
HFC-143a 31.38 47.1 0.16 (0.02-0.3) 3.5 (0.44-6.6)
HFC-227ea 2.396 389 1.0 2.4
HFC-236fa 0.257 213 0.2 (0.1-0.3)  0.007 (0.0035-0.011)
HFC-245fa 3.964 7.7 0.09 (0.01-0.17) 1.6 (0.18-3.1)
HFC-365mfc 1.323 8.7 0.55 (0.1-1.0) 3.0 (0.54-5.4)
HFC-43-10mee 0.323 17.0 0.57 (0.54-0.6) 0.39 (0.37-0.41)
anaesthetics
halothane* 0.010 1.0 0.6 (0.5-0.7) 0.22 (0.18-0.25)
isoflurane™ 0.152 32 0.95 (0.92-0.98) 1.6 (1.6-1.7)
desflurane™ 0.345 9.0 0.12 (0.03-0.2) 0.16 (0.042-0.28)
sevoflurane™ 0.264 14 0.49 (0.02-0.95) 3.3(0.14-6.5)
Total 81 (43-119)

* Derived from single-box model and NH background concentrations.

again, can be multiplied by molecular TFA yields to provide
mean hemispheric deposition rates. The precursor emissions
entering the model were constrained by using the temporal
evolution of atmospheric observations from different sites of
the AGAGE network representative of the mole fraction in
each of the four lower atmospheric boxes in an inverse esti-
mation step. The approach yields monthly deposition rates
from 1995 to 2023. The uncertainty on the estimated av-
erage hemispheric deposition rate will mainly be driven by
the uncertainty of the emissions. The latter was estimated as
part of the 12-box model simulations and, as an a posteri-
ori estimate of a Bayesian inversion, includes contributions
from the observational uncertainty and transport model un-
certainty. Furthermore, uncertainties of the OH lifetime are
considered. For details on the 12-box model please refer to
Rigby et al. (2008).

Three scenarios were calculated, assuming the average,
minimal and maximal TFA yield as suggested by Madronich
et al. (2023) and given in Table 2. The latter two serve
as an uncertainty estimate and assume fully correlated un-
certainty between TFA yields for different compounds. For
compounds with a commonly agreed on TFA yield of 1, this
value was used in all three scenarios.

2.3.2 Short-lived HFOs

Due to the short lifetimes of HFOs, a simple box-model
approach, as for the long-lived compounds, cannot be ap-
plied, but explicit transport and chemistry of emitted HFOs
needs to be considered. As a replacement refrigerant in mo-
bile and stationary air conditioning, HFO-1234yf is cur-
rently the most widely used HFO in Europe and exhibits
a 100 % molecular TFA yield (Hurley et al., 2008). Hence,
we explicitly simulated TFA formation and deposition from
HFO-1234yf emissions, whereas TFA from other HFOs was
only considered indirectly.

To this extent, we utilised a similar model approach as
in Henne et al. (2012b), based on the Lagrangian Particle
Dispersion Model (LPDM) FLEXPART (Pisso et al.,
2019), which offers the possibility to cover a sufficiently
large transport domain at relatively low computational
costs. This allowed the description of HFO-1234yf degra-
dation to TFA, which happens in the order of days to
weeks. The model simulates atmospheric HFO-1234yf
mole fractions based on emissions from Europe only.
HFO-1234yf degradation due to reaction with OH and
Cl is described following the scheme and rate constants
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(kog = 1.26 x 10_12t>,xp(—35/T)cm3 molec.~!s! and
kc1 =7.03 x 10~ cm3 molec.™! s—1) suggested by Hurley
et al. (2008). OH and CI concentrations were fixed to a
constant climatology in FLEXPART utilising a multi-model
OH estimate (Fiore et al., 2009). The resulting trifluo-
roacetyl fluoride (TFF, CF3C(O)F) further hydrolyses in
cloud droplets, forming trifluoroacetic acid (Luecken et al.,
2010). In FLEXPART, hydrolysis and deprotonation happens
instantaneously during a single model time step of 600s
as soon as any cloud water is present in a respective grid
cell. TFA is then removed from the atmosphere through
dry and wet deposition. Both processes are represented in
FLEXPART, assuming that TFA behaves like nitric acid
(employing a constant effective Henry’s Law constant of
1 x 10 Matm™!; Wesely, 1989; Stohl et al., 2005), which
corresponds to the vast majority of TFA residing in the
liquid phase and, hence, fast washout through in-cloud wet
scavenging. FLEXPART treats in-cloud and below-cloud
scavenging of gases separately, with the latter only depend-
ing on precipitation rates. Additionally, gas phase destruction
of trifluoroacetic acid by reaction with OH is considered
in the model (Hurley et al., 2008). Recently, Holland et al.
(2021) pointed out the importance of stabilised Criegee
intermediates in gas phase trifluoroacetic acid destruction.
However, they showed that including this degradation path
was mainly important in tropical forested regions and, hence,
was omitted in our simulations.

As a Lagrangian particle dispersion model, FLEXPART
does not forecast concentrations in a spatially-fixed grid, but
along a multitude of trajectories of the flow field assuming a
Markov process to describe turbulent transport. Trajectories
were calculated for air parcels released at the model’s surface
and representing a given amount of emitted HFO-1234yf (see
below). Individual air parcels were tracked for 60d in the at-
mosphere undergoing mean transport and turbulent and con-
vective dispersion. The chemical composition of these air
parcels was simulated according to the above description.
Gridded concentrations and deposition rates were then ob-
tained by sampling all air parcels within a given grid cell or
column and during a respective averaging interval.

The FLEXPART model version, previously used by Henne
et al. (2012b) for the simulations of HFO-1234yf degrada-
tion, branched off from the official FLEXPART release ver-
sion 8.1. The developments required for the description of
TFA formation were not fed back into the main develop-
ment version of FLEXPART. The previous version, however,
was lacking several important developments that were im-
plemented in FLEXPART in the meantime (especially par-
allelisation and improved handling of input/output). Hence,
the features required for a description of TFA formation
and deposition were ported to a more recent version of
FLEXPART (9.02), allowing for higher-resolution simula-
tions, larger problem sizes, and accelerated calculations.

For the present study FLEXPART was driven by me-
teorological fields taken from the European Centre for

Medium range Weather Forecast (ECMWF) making use of
their HRES analysis/forecast system and made available for
nested input to FLEXPART. We used a high-resolution do-
main (0.1° x 0.1°; 8 km x 10km) for most of Western and
Central Europe with hourly resolution. Outside this domain,
ECMWEF fields were available at 0.5° x 0.5° and 3-hourly
resolution. In comparison to our previous study (Henne et al.,
2012b), we increased the number of model air parcels re-
leased during a month from 1.5 million to 10 million, which
results in a more robust estimation of concentration fields.
The maximal age of air parcels was increased as well, from
30 to 60d, which assures that also during the cold season
most of the released HFO-1234yf will be degraded before
individual air parcels are terminated.

Currently, no European emission inventory or database
for HFOs exists. To realistically drive our degradation sim-
ulations we used annual mean HFO-1234yf emissions de-
rived from concentration observations at Jungfraujoch, Mace
Head, Monte Cimone, and Tacolneston and inverse mod-
elling (Vollmer et al., 2025). Here, we only employ the es-
timates as obtained from Empa’s Lagrangian regional in-
version system (ELRIS) (Henne et al., 2016). These con-
sist of a total of four sensitivity inversions obtained by em-
ploying two different a priori distributions (population-based
and uniform over land) as well as two different atmospheric
transport models (FLEXPART and NAME). HFO-1234yf
emissions from EU27+ (EU27 plus Norway, Switzerland,
United Kingdom) increased from virtually none in 2014 to
about 2.5 4 0.3 Ggyr~! in 2023 (Fig. Al). The inversion as-
signed large HFO-1234yf emissions to the Benelux region,
UK, Western and South-eastern Germany, as well as France
and the Po Valley. This distribution largely follows the ex-
pectation that HFO-1234yf emissions will align with pop-
ulation distributions. To overcome limitations in terms of
spatial distribution and resolution of the inversion results,
we re-distributed the estimated European emission total at
0.1° x 0.1° spatial resolution according to proxy distribu-
tions previously used by Henne et al. (2012b) for generating
HFO-1234yf emission maps. These include a proxy for emis-
sions along the road transportation network, as expected for
a compound dominantly used in mobile air conditioning, and
population density as a proxy for both mobile and stationary
HFO-1234yf applications (Fig. A2). Remapped annual aver-
age emissions were then used to create monthly release files
for FLEXPART by linearly interpolating between annual av-
erages. No seasonality in emissions was considered.

The model simulations were initialised for 1 October
2020 and we allowed for three months of model spin-
up. Hence, simulation results were available from 1 Jan-
uary 2021 onwards. Daily mean concentration fields of
HFO-1234yf, TFF and TFA, as well as dry and wet depo-
sition rates of TFA were stored at 0.1° x 0.1° resolution.

In order to access additional aspects of the TFA deposi-
tion and evaluate uncertainties in the chemistry and transport
simulations, sensitivity simulations were carried out next to
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the base simulation (BASE). One experiment contained only
HFO-1234yf emissions from Switzerland (CH). Since we
only consider first-order degradation chemistry, subtracting
mole fractions and deposition rates obtained from this experi-
ment from the base simulation with complete European emis-
sions, one can obtain the European contribution to concen-
trations and deposition rates in Switzerland. Two additional
sensitivity simulations (SLOW and FAST) were run to eval-
uate the impact of the uncertainty of the rate constant of the
initial degradation reaction of HFO-1234yf with OH. Rates
were varied to the lower/upper range given by Papadimitriou
et al. (2008), which reflects an overall 10 % slower/faster ini-
tial reaction. The impact of the initial degradation rate on
TFA deposition is not expected to be linear and will depend
on the relative sampling location with respect to the main
emission sources. The hydrolysis of TFF to TFA was con-
sidered to be complete within a single model time step of
600's (compared to a hydrolysis rate of 150s~! according to
George et al., 1994), too short for the current model scale
to allow for quantitative sensitivity tests and to assess it as a
source of uncertainty.

The final deposition of TFA from the atmosphere is de-
scribed through three different pathways in the model: dry
deposition at the ground, wet deposition through below-
cloud scavenging and wet deposition through in-cloud scav-
enging. FLEXPART employs parameterisations for dry de-
position and in-cloud scavenging that depend on the Henry’s
law constant of the gas, whereas below-cloud scavenging
only depends on the precipitation intensity. Using a very
large Henry’s law constant in the model, as suggested for
HNO3, assumes that almost all TFA will reside in the cloud-
phase, and, in case of precipitating clouds, resulted in very
large scavenging coefficients (i.e., very rapid (< 1 h) washout
time scales) in our BASE simulations. A sensitivity simu-
lation with reduced below-cloud scavenging coefficients re-
sulted in an increased TFA lifetime against washout. How-
ever, the results of these simulations were considered unre-
alistic since, on the one hand, they reduced TFA wet deposi-
tion, but, on the other hand, increased TFA dry deposition to
such extent that dry deposition dominated over wet deposi-
tion. The latter seems to be unrealistic given previous simula-
tion results using atmospheric transport and chemistry mod-
els other than FLEXPART (Luecken et al., 2010; Wang et al.,
2018; Henne et al., 2012b; Holland et al., 2021). The latest
version of FLEXPART (v11, Bakels et al., 2024) features an
improved description of atmospheric deposition and future
simulations should benefit from this update and should also
consider a more specific and temperature dependent Henry’s
law constant for TFA.

HFOs/HCFOs other than HFO-1234yf that are already
marketed at considerable amounts and detectable in the at-
mosphere are HFO-1234ze(E), HCFO-1233zd(E) (Vollmer
etal., 2015), and HFO-1336mzz(Z) (Rust et al., 2023). HFO-
1234ze(E) has a similar atmospheric lifetime as HFO-1234yf
(approximately 19 vs. 12 d). Therefore, and assuming a sim-

ilar European source distribution, the TFA deposition distri-
bution resulting from HFO-1234ze(E) is expected to be simi-
lar to that of HFO-1234yf. However, the molecular TFA yield
from HFO-1234ze(E) is expected to be considerably smaller
than for HFO-1234yf, 2 %-30 % (Madronich et al., 2023).
At the same time, current (2021-2023) European emissions
of HFO-1234ze(E) are about a factor of two smaller than
those of HFO-1234yf (see Table 3). Hence, an additional
TFA contribution from HFO-1234ze(E) in the order of 1 %—
15% of that of HFO-1234yf can be expected. The atmo-
spheric lifetime of HFO-1336mzz(Z) is more than twice that
of HFO-1234yf. Hence, resulting TFA production and depo-
sition is expected to be more dispersed. No European scale
emission estimate of HFO-1336mzz(Z) is available. Com-
paring the emission estimate in Rust et al. (2023) for the
Netherlands with a Dutch HFO-1234yf estimation (Vollmer
et al., 2025), 30 vs. 120 Mg yr’l, we assume European emis-
sions of HFO-1336mzz(Z) to be four times smaller (mass
basis) than HFO-1234yf. Considering a molecular TFA yield
of 4 %—60 % (Madronich et al., 2023), an upper range of
TFA deposition from HFO-1336mzz(Z) can be expected
in the order of 1%-15% of that of HFO-1234yf. HCFO-
1233zd(E) has an atmospheric lifetime of 42d and an esti-
mated molecular TFA yield of 2 %—30 % (Madronich et al.,
2023). With European mass emissions being about a factor
of two smaller than those of HFO-1234yf (Table 3) associ-
ated TFA deposition is expected in the range of 1 %—-15%
of that of HFO-1234yf. Overall, TFA deposition from these
compounds can be expected to add about 24 % to that of
HFO-1234yf, with this value being the mean considering the
literature on TFA yields (minimum-maximum: 3 %—45 %).
In all estimates of TFA depostion from HFO-1234yf, we add
these 24 % to account for other HFOs in use, well knowing
that due to different atmospheric lifetimes the relationship
between emissions and TFA deposition will not be fully lin-
ear everywhere.

3 Results

3.1 TFA concentrations in recent precipitation and

surface waters

In total, 441 monthly precipitation samples were analysed
for the period January 2021 to December 2023. TFA concen-
trations ranged from 0.04 ugL ™! at Buchs-Suhr in January
2021 to 5.7 ugL~" at Bern in June 2023. Note that the lowest
concentration was just below the estimated limit of quantifi-
cation of 0.05 ugL~!. Overall, only three precipitation sam-
ples fell below this limit. The average and standard deviation
of all samples was 0.58 £0.58 ugL ™!, indicating the large
variability in the observations.

The level of observed TFA concentrations in rainwater
was strongly dependent on the season, with generally higher
concentrations during the summer and lower concentrations
during the winter (Fig. 2a). Some exceptions for individ-
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Table 3. HFOs/HCFOs considered for calculation of TFA formation/deposition. Background mole fractions as observed at AGAGE site
Jungfraujoch, Switzerland. TFA yields are taken from (Madronich et al., 2023) and references therein. EU27+ emission estimates are taken
from inverse modelling for the years 2021-2023 and using the ELRIS inversion system (Vollmer et al., 2025), if not stated otherwise.

Compound Mole fraction Lifetime Molecular TFA yield EU27+ emissions
(pmol mol~1) (days) =) (Gg yrfl)

hydrofluoroolefins

HFO-1234yf 0.060 12 1 2.0+0.23

HFO-1234z¢(E) 0.095 14 0.16 (0.02-0.3) 1.3+0.07

HFO-1336mzz(Z) 0.02 27 0.32 (0.04-0.6) 0.6

hydrochlorofluoroolefins

HCFO-1233zd(E) 0.200 42 0.16 (0.02-0.3) 1.24+0.07

* Upscaled from Dutch HFO-1336mzz(Z) estimate of Rust et al. (2023).

ual months (e.g., February 2023) exist. The variability be-
tween sites was smaller during the winter, whereas during
the summer individual sites frequently differed considerably
from each other. Furthermore, observed concentration distri-
s butions varied from site to site with the lowest concentrations
generally observed at the inner Alpine site of Jungfraujoch
(JFJ), and highest concentrations at the city location of Bern
(BER, Fig. 2a).
High TFA concentrations are not necessarily connected
10 with large TFA deposition loads, but may arise from small
precipitation amounts as well. Observed TFA concentra-
tions in precipitation were converted into TFA deposition
rates using monthly precipitation amounts. TFA deposition
rates shared the same seasonal features as the TFA con-
1s centrations with largely increased rates during the summer
months (Fig. 2b). Furthermore, differences between river
basins are more clearly discernible during the summer. By
far the largest average TFA deposition rates were observed
south of the Alps at Locarno (OTL, 1.28kgkm2yr~!),
20 whereas deposition rates in the central Alps (Jungfraujoch,
JFJ, 0.31 kgkm_2 yr’l, and Grichen St. Niklaus, GRC,
0.41 kgkm~2 yr=!) were smallest. The average TFA deposi-
tion rate across all sites was 0.59 # 0.23 kgkm =2 yr~! for the
years 2021 to 2023 (here, we explicitly exclude the samples
25 taken in late 2020 to rule out seasonal effects in the calcula-
tion of the average).

The pronounced seasonality in TFA rainwater concen-
trations and TFA deposition rates, together with the much
weaker seasonality in TFA precursor concentrations (see

» Fig. 5), are a strong indicator that atmospheric degrada-
tion processes are the main driver of atmospheric TFA in-
puts: degradation of precursors is generally accelerated dur-
ing the summer due to larger availability of radical species
and higher temperatures. Other direct and seasonally inde-

ss pendent TFA sources to the atmosphere (e.g., from waste
incineration or industry) do not seem to contribute a major
fraction at most sites, given the current observational data.

Continuous river water monitoring resulted in the analysis
of 347 28 d samples from nine locations. In these, concen-
trations ranged from 0.21 to 2.8 ugL~!, measured in August
2022 and February 2021 at Porte du Scex (at the exit of the
Rhone valley into Lake Geneva), respectively. Despite the
large seasonality in TFA concentrations in rainwater, there is
very little evidence for a robust seasonality in TFA concentra-
tions in the investigated rivers (Fig. 3a). However, seasonal-
ity of TFA loads (concentration multiplied by flow rate) with
a summertime peak was observed at S-Chanf and Diepold-
sau, where there are no greater lakes in the catchment up-
stream and we can expect little delay between the concen-
tration maximum in precipitation and that in river discharge
(Fig. 3b). The latter seasonality of loads is clearly related to
the discharge seasonality at these sites, with greater discharge
in the summer, partly from snow and glacier melt, offset-
ting the concentration signal. An inverted seasonality in TFA
concentrations was observed for some, more polluted sites,
most prominently for Porte du Scex. Here, largely increased
TFA concentrations were observed during the spring months.
These increases are most likely due to reduced dilution of
industrial emissions or communal WWTP contributions and
are aligned with a minimum in the Rhone flow rate, such that
the TFA load remains more constant throughout the whole
year. In winter, Rhone discharge at Porte du Scex consists
almost completely of stored water from the previous sum-
mer, which can be deduced from stable isotope signature at
Porte-du-Scex (ISOT) and general seasonal precipitation pat-
terns (Schotterer et al., 2010), together with discharge data
(FOEN) and storage data of hydropower dams (Swiss Fed-
eral Office of Energy, 2025). Therefore, the observed peak in
TFA concentrations during winter/early spring is most likely
due to the large share of summer precipitation stored in hy-
droelectric dams and released in winter.

A clear increase of TFA concentrations along the individ-
ual rivers was noticeable. Concentrations were smallest for
locations higher up in the individual catchments (Diepoldsau,
Hagneck, S-chanf) than at the outlets of the Rhone (Chancy)
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Figure 2. Time series of (a) measured TFA concentrations in monthly rainwater samples and (b) derived monthly TFA deposition rates. Sites

are coloured by different catchments: Rhine (red), Thur (purple), Aare

(green), Rhone (blue), Inn (yellow), Ticino (grey). Darker colours

represent sites farther down-stream in the respective catchment. Note logarithmic y-axis scale.

and Rhine (Weil). Increased TFA levels were also observed
at the outlet of the Thur into the Rhine (Andelfingen). Sam-
ples taken relatively high within the Inn and Rhine catch-
ments (e.g., S-chanf or Diepoldsau) showed generally lower
s concentrations than precipitation in the respective areas (e.g.,
Pontresina/Samedan, Sevelen), suggesting that increases in
rainwater concentrations have not reached the groundwa-
ter sources of these areas and/or that glacial melt and run-
off contributes considerably to diluting TFA from rainwa-
10 ter. More positive stable isotopes signature §'80 from sum-

mer/fall precipitation can be seen in the Rhone in winter,
which supports this assumption (Schotterer et al., 2010). Ad-
ditional surface water grab samples from Massa river at sta-
tion Blatten (Naters) below the Aletsch glacier between May
and October 2022 exhibited TFA concentrations of 0.15 to
0.22 ugL~!, reinforcing the findings of low TFA concentra-
tions in remote areas and dilution with melt water, similar to
Diepoldsau and S-Chanf. This is also supported by glacial
ice samples taken from ice cores extracted from the Colle
Gnifetti glacier in the upper Rhone catchment that did not

20
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Figure 3. Time series of (a) measured TFA concentration in monthly river samples and (b) estimated TFA loads in rivers. Sites are coloured
by different catchments: Rhine (red), Thur (purple), Aare (green), Rhone (blue), Inn (yellow). Darker colours represent sites farther down-
stream in the respective catchment. Note logarithmic y-axis scale.

contain any TFA above the limit of quantification. The sam- in the Lake Constance (Berlingen, Uttwil) were similar to 1o
pled glacial ice dates from 1892 to 1978. The indeterminable those measured upriver in the Rhine at Diepoldsau, those in
TFA concentrations in these samples is in line with TFA Lake Biel agreed with observations in the Aare at Brugg, and
analysis from Arctic ice samples that consistently indicate Lake Geneva concentrations were in the same range as those
s very low TFA deposition rates before the end of the 1980s at the Rhone outlet in Chancy. The samples taken at Ghiffa,

(Pickard et al., 2020; Hartz et al., 2023). Lake Maggiore, were taken at the deepest point of the lake 15
TFA concentrations measured in Swiss lakes were gener- (360 m depth) and exhibited the lowest TFA concentrations
ally in line with those measured in the adjacent rivers (com- (0.22-0.28 ug L™ 1), suggesting that increases in surface con-
pare Table 1 for average lake concentrations). Concentrations centration have not reached the lake bottom yet. However,
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Figure 4. Boxplot summary of observed TFA concentrations in (a) rainwater, (b) rivers, and (c) lakes. Boxplot centre lines represent median
values, the box the inter-quartile range and the whiskers the range of continuous data (largest/smallest data point that lies 1.5 times the
inter-quartile range outside the box). Individual observations outside this range are represented as outliers (empty circles). Numbers below
the boxplots give the number of samples at each site. Numbers at the top give values of individual outliers beyond the plot range. The
black horizontal line and grey bar in panels (b) and (c) indicate the average TFA concentration in rainwater. Sites are coloured by different
catchments: Rhine (red), Thur (purple), Aare (green), Rhone (blue), Inn (yellow), Ticino (grey). Darker colours represent sites farther down-

stream in the respective catchment.

higher TFA concentrations (0.34 to 0.54 ugL~! observed in
surface water, 20 cm depth, of Lake Maggiore near Locarno
and Ascona may have resulted from the nearby agglomera-
tion at the north shore and the river Ticino and related inputs
of TFA. No significant TFA differences between lake surface
and lake bottom were observed in the Lake Zurich and Lake
Geneva (Table 1). Lake water concentrations in the Lake of
Geneva were strongly increased compared to all other lakes
(1pgL~"), indicating a long term accumulation of TFA, con-
10 sidering mean residence time of lake water of 11.3 years
(Commission internationale pour la protection des eaux du
Léman, 2024).

3

3.2 Simulated TFA deposition

3.2.1 Contribution from atmospheric degradation of

long-lived fluorinated compounds

15

Two different approaches were used to estimate TFA pro-
duction/deposition from long-lived precursor compounds, a
single-box model, which provided a single TFA production
rate representative for the years 2021-2023, and a 12-box
20 model, which provided monthly TFA production rates for
the period 1995-2023. Both approaches assume that hemi-
spheric TFA production/deposition rates are representative
for northern mid latitudes. Applying the single box model,
we obtain an average deposition rate of 81 gkm™2yr~!
2s for the years 2021-2023. This value is larger than the
62 gkm~2yr~! published in Behringer et al. (2021), using
the same approach, for the years 2018 due to continued in-
creases in the most relevant HFCs and HCFCs and because a
more complete set of compounds was considered here. The
a0 by far largest contributor to TFA formation was HFC-134a

with 49 gkm =2 yr~!, which is equivalent to 60 % of the total
from all considered HCFCs, HFCs, and FIAs.

The 12-box model simulations (without treatment of
HCFC-123, HCFC-133a and FIAs) were initialised in 1995,
when, due to the minimal HFC concentrations, TFA con-
tributions from these compounds were close to zero (com-
pare Fig. B1). With the exponential increase of HCFC/HFC
concentrations in the following decades the estimated north-
ern hemispheric TFA deposition rate increased likewise and
reached an average of 68.3 gkm ™2 yr~! for 2021-2023 (Ta-
ble 2), which is in very close agreement to the rate esti-
mated from the single-box model, 68.8 gkm™2yr~!, when
only the compounds included in the 12-box model are con-
sidered (Fig. B1). Due to the seasonally variable OH concen-
tration and atmospheric temperatures, simulated TFA deposi-
tion rates were considerably smaller for winter compared to
summer, 40 and 105 gkm~2yr~! for the 2021-2023 mean,
respectively.

For further comparison with observations, we combine es-
timates from the single and 12-box model by giving prefer-
ence to the results from the 12-box model and only employ-
ing the constant value from the single box model for HCFC-
123, HCFC-133a and the FIAs.

3.2.2 Simulated HFO-1234yf and resulting TFA
deposition

The detailed simulations of HFO-1234yf degradation can be
evaluated both against atmospheric concentration observa-
tions of HFO-1234yf itself and against TFA in precipitation.
With respect to the first, a reasonable model performance was
achieved in terms of temporal correlation, peak magnitude
and bias, as demonstrated for the observations at the Swiss
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AGAGE site Jungfraujoch (Fig. 5). The model seems to un-
derestimate summertime mole fractions as seen especially
in summer 2022 and 2023, which may have to do with an
insufficient representation of vertical mixing in Alpine ter-
rain during convective conditions. Model performance for
HFO-1234yf was similar for the observations performed dur-
ing a seven month campaign on the Swiss Plateau, Sottens,
in 2021 (Rust et al., 2023). Satisfactory results were also
obtained for Monte Cimone and the two AGAGE sites on
10 the British Isles (Mace Head and Tacolneston, see Fig. B2).
However, at Mace Head on the Irish West coast and during
winter, the simulation underestimated HFO-1234yf levels,
which we attribute to HFO transport from North America,
not covered by the simulation. Nevertheless, the good agree-
1s ment of simulated HFO-1234yf in the Swiss domain con-
firms the general suitability of the model approach.
Simulated daily deposition rates of TFA resulting from
the degradation of HFO-1234yf at two representative sites
in Switzerland are given in Fig. 6. Deposition rates at the
pre-Alpine, sub-urban location Belp were generally larger
than at the inner-, high—Alpine site Jungfraujoch. Large de-
position rates occurred during the warmer season, whereas
winter time deposition was often very small. Individual peak
deposition rates equivalent to up to 2.5kgkm™2yr~!

o

2

15}

were
forecasted, highlighting the large temporal variability as can
be expected from individual precipitation events. This makes
the comparison of TFA concentration/deposition observed in
earlier studies difficult, as these often sampled individual rain
events and not total monthly precipitation.

s  Average spatial distributions of TFA deposition rates re-
sulting from HFO-1234yf degradation for the period 2021—
2023 for Europe and Switzerland are shown in Fig. 7. In gen-
eral, deposition patterns are not similar to HFO-1234yf emis-
sion patterns, which exhibit maxima in the densely popu-

a5 lated Benelux region and other European population hotspots
(Fig. A2). In contrast, TFA deposition maxima often align
with regions of increased precipitation (coastlines, mountain
chains) and more intensive photochemistry. Especially pro-
nounced are the high deposition rates in the southern pre-

a0 Alps, north of the Po Valley. These can be explained as the
result of large HFO emissions in the Po Valley, slow transport
in the region due to trapping between Alps and Apennines
mountains, relatively fast photochemical processing due to
cloud free conditions in the prevailing Mediterranean an-
ticyclone, and finally intense precipitation on the southern
flank of the Alps. Next to the dominating deposition max-
imum south of the Alps, a secondary maximum is present
in Switzerland north of the Alps with an emphasis in east-
ern Switzerland. In contrast, deposition rates are strongly re-
so duced in the inner-Alpine areas, indicating the rapid washout
of TFA as simulated by the model.

2

a

4

o

3.2.3 Comparison to observed TFA deposition

When combining the simulations of TFA deposition from
HCFCs, HFCs, and FIAs and HFOs (explicitly simulated
HFO-1234yf plus approximated contribution from other
HFOs), a direct comparison to observations can be at-
tempted. Compared with the observed TFA deposition rates,
the simulations captured the seasonal cycle very well, as
demonstrated for the sites Jungfraujoch and Belp (Fig. 8).
However, summertime deposition was largely underesti-
mated by the simulations. Overall, the simulated deposition
rates were able to explain around 60 % of the the observed
monthly variability (R? > 0.6). In the simulations, the sea-
sonal cycle was dominated by the TFA contributions from
HFO degradation and reached near zero contributions in win-
ter. In contrast, TFA from HCFCs, HFCs, and FIAs was sim-
ulated with a less pronounced seasonality. On the one hand,
this is caused by some of the compounds being treated in
the single-box approach without seasonal variability of life-
times. On the other hand, hemispheric loss rates were taken
from the 12-box model, which may overestimate the winter-
time loss in mid-latitudes. Observed and simulated summer-
time deposition rates were considerably smaller at the Alpine
site Jungfraujoch as compared to the Swiss Plateau site Belp.
Although the distance between the sites is only about 50 km,
this gradient is also qualitatively captured in the HFO-1234yf
simulations.

The large summertime underestimation of TFA deposition
rates in the model also leads to an underestimation of average
annual deposition rates, which varies with the location of the
investigated sites. For sites on the Swiss Plateau 60 %—70 %
of the observed TFA deposition rates can be explained by
the simulation, with 40 %—54 % of the observed TFA origi-
nating from HFO degradation and 12 %—17 % from HCFC,
HFC, and FIA degradation (Fig. 9). The explained fraction
was considerably smaller for two sites in more urban/sub-
urban environments (Bern, Basel-Binnigen), which may in-
dicate additional anthropogenic primary sources of TFA to
the atmosphere. Secondary production from very short-lived
compounds could play a role as well, whereas compounds
considered here have sufficiently long lifetimes, such that lo-
cal enhancements of TFA close to the emission source is less
likely. For sites in mountainous terrain the fraction of TFA
deposition explained by the model was generally smaller
than for the Swiss Plateau sites (30 %—40 %), with the ex-
ception of the site at Jungfraujoch. This may indicate that the
simulated minimum of TFA deposition in the inner Alpine
area is too pronounced in the model. The latter could be
explained by a too rapid washout of TFA when rain is in-
duced at the flanks of the mountains. In addition, deposition
rates at the only site south of the Alps (Locarno-Monti) are
largely underestimated (42 % explained). The site is located
just north of the TFA deposition maximum simulated for the
north-western part of the Po Valley (compare Fig. 7). Again,
the washout may be slightly too fast in the model and maxi-
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Figure 5. (a, ¢) Temporal evolution of (blue) observed and (orange) simulated daily mean mole fractions of HFO-1234yf at (a) Jungfraujoch

and (c) Sottens. (b, d) Scatter plot including (grey) linear regression,

(dashed) 1-to-1 line, and comparison statistics: bias (X-Y), bias-

corrected root mean squared error (BRMS), squared Pearson’s correlation coefficient, Rz, at (b) Jungfraujoch and (d) Sottens.
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Time

Figure 6. Temporal evolution of simulated daily total (wet+dry)
TFA deposition at the sites (red) Jungfraujoch and (blue) Belp.

mum deposition may therefore occur too far south. However,
such steep gradients in deposition rates remain challenging
for the transport model and additional observations south of
the Alps would be required for a more thorough characteri-
sation and model validation.

The estimated combined uncertainty of the simulated TFA
deposition, accounting for uncertainty in TFA yields and pre-
cursor emissions, was about 66 % for the precipitation sites
on the Swiss Plateau (compare Fig. C1 and cannot fully ex-
plain the unaccounted fraction. Even if upper limit emissions
and TFA yields are considered, only about 80 % of observed

TFA can be accounted for by the model for the Swiss Plateau
sites (Fig. C1). For the year 2021, simulations with slower
and faster OH degradation were carried out. Results in terms
of total annual TFA deposition (dry+wet) were compared to
those of the base simulation. A 10 % faster OH degradation
resulted in an increase of TFA deposition in the Swiss do-
main of 4 %. Vice-versa, a 10 % slower OH degradation de-
creased deposition by 4 %. On the European scale differences
over the continent remained in a similar order as for the Swiss
domain, whereas differences were larger over the more re-
mote maritime areas with clear tendencies to increased and
decreased deposition for the slower and faster degradation,
respectively. The 10 % percent uncertainty range explored
here encompasses more recent kinetic data that suggest a
slower best estimate of the OH reaction than used here (Orkin
et al., 2010; Tokuhashi et al., 2018). Garavagno et al. (2024)
explored the impact of the slower reaction rates by Tokuhashi
et al. (2018) on near-surface TFA concentrations in an at-
mospheric transport and chemistry model and derived be-
tween 2 % and 5 % higher concentrations over Europe, which
agrees well with our estimate. Therefore, uncertainty on the
reaction rate of the initial degradation step does not seem to
be a major contributor to unaccounted TFA deposition. An
attempt to reconcile the simulated and observed TFA deposi-
tion rates is presented in Sect. 3.5.
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Figure 7. Average of total (wet+dry) TFA deposition as derived from HFO-1234yf degradation for the period 2021-2023 (a) across Europe
and (b) within Swiss domain. The symbols mark the locations of the precipitation observations, with orange circles referring to the sites Bern
and Jungfraujoch, for which time series of TFA deposition are given in Fig. 6.
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3.3 Total TFA fluxes, source attribution and budget in dard deviation across observational sites). Using the simu-
Switzerland lated TFA deposition distribution and TFA deposition rates

. . o scaled to the observations (see Sect. 3.5), lower total depo-
Usmg the average observed depos.ltlf)n rate (all pr.emplt.atlon sition is obtained: 20.7 +5.3Mgyr~', which is related to
sites, 2021~2023), total atmospheric input of TFA in Switzer- a potential underestimation of deposition rates in the Alps

s land is estimated to be 24.5+9.6Mgyr~! (mean and stan-
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Figure 9. Simulated, relative contributions to observed, average
TFA deposition at the Swiss monitoring sites for the period 2021
to 2023. Simulated TFA deposition from HFOs (yellow), HCFC-
s/HFCs/FIAs (orange), and unaccounted fraction (green). Grey
shaded bars indicate sites with an incomplete observation cover-
age (<90 %). Sites Basel-Binnigen and Bern are urban/suburban
locations. Sites Belp to Nyon-Changins are located on the Swiss
Plateau. Locarno-Monti is located south of the Alps. All other sites
are mountain sites, either with the Alps or the Jura mountains (La
Brévine).

even after scaling. Of the TFA originating from HFOs, 18 %
can be attributed to HFO emissions from Switzerland (CH
simulation with only Swiss emissions). For HFO originating
from long-lived compounds no explicit attribution to emis-
sions from Switzerland is feasible. However, since hemi-
spheric background mole fractions determine the TFA de-
position, the domestic fraction should be similar to the Swiss
contribution to global emissions of these compounds, which
is smaller 0.3 % for the long-lived compounds considered.
In the case of HFC-134a, Swiss emission of 410 Mgyr~!
(Swiss Federal Office for the Environment, 2024b) in 2022
can be contrasted by global emissions of 260 + 30 Ggyr~!
(Western et al., 2025), hence, a Swiss contribution of 0.16 %.

For non-atmospheric sources of TFA, some assumptions
can be made for plant protection products (PPP) and-veteri-
nary-pharmaceuticals. Joerss et al. (2024) estimated for the
years 2011 to 2017 the average use of plant protection prod-
ucts, which contain a CF3 terminal group and which may
form TFA in the environment. Using their estimate, the an-
nual input of TFA from PPPs to Swiss soils can be calcu-
lated as 2.9 to 9.8 Mgyr~!. Poiger et al. (2025), taking into
consideration additional PPPs and more recent sales num-
bers from the Swiss Federal Office for Agriculture (2025),
estimated an even higher TFA input of up to 11.8 Mgyr~!

for the years 2011 to 2023. An-additional-emission-pathway
e T T s the d ot ‘ . Irugs. eitl
frord ion | . | land
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Altogether, these sources sum up to 334 11 Mgyr~! TFA,

Annual TFA exports from rivers exiting Switzerland were es-
timated to 31 &4 Mgyr~!. This includes the directly mea-
sured export at the two major rivers leaving Switzerland
(Rhine at Weil and Rhone at Chancy, Table 1). Both sites
include additional non-Swiss territories in their catchments.
Although, these areas are relatively small compared to the
Swiss part of the catchment, the above loads have to be taken
as upper limits when applied to the Swiss TFA budget. The
flux through the river Inn was only measured relatively high
up in the catchment, 0.1940.03Mgyr~!, at S-chanf, and
a factor of two was applied to this flux to account for the
Swiss catchment of the Inn below S-chanf. The flux through
the river Ticino in southern Switzerland was not directly
monitored. However, from episodical TFA samples taken in
September 2024 at Riazzino (Ticino) and Locarno (Mag-
gia), we estimate an approximate flux of 2.6 + 1.3 Mgyr—!.
Similarly, TFA samples for the river Doubs in north-western
Switzerland were taken in summer 2023 only, allowing for
an approximate estimation of TFA exports by the Doubs of
0.1 £0.06 Mgyr—!. Rivers exiting Switzerland without any
available TFA observations are the Adige and Adda in south
eastern Switzerland. Their catchments and flows are small
compared to the major Swiss river basins and, hence, their
TFA exports were neglected in the budget.

There may still be considerable imbalance in the presented
Swiss TFA budget, depending on the yield of PPP trans-
formation, the assumption of a steady state of the fluxes
within the 3 years of TFA observations and unaccounted in-
puts/sources and exports (e.g., groundwater formation). One
previously suspected source is from communal or industrial
WWTPs, which discharge into the river system but were not
separately sampled in the current study. Thus, representative
observations in WWTP discharge would be very valuable to
improve the TFA budget and differentiate these from other
unknown sources. Given the high mobility and stability of
TFA, bigger storage effects seem to be negligible in surface
waters within the 3 years of observation. However, lakes with
long residence times like Lake Geneva (11 years) form an
exception as the stored TFA (approx. 85 Mg, Table 1) corre-
sponds to 10.2 times of the current annual export by the river
system.

A local budget can be assessed for the catchment of
S’Chanf (Inn) in the Canton of Grison. The average river
load at this site was 0.1940.03Mgyr~! (see Table 1),
whereas the average deposition rate at the two precipi-
tation sites in the catchment above S’Chanf (Pontresina,
Samedan) was 0.48 +0.26kgkm~2yr—!, which, with a
catchment area of 616 kmz, translates into a total TFA in-
put of 0.29 +0.16 Mgyr~!. Larger input from precipitation
than export through the above ground river, indicates export
towards groundwater formation and confirms the expecta-
tion of insignificant other sources of TFA in this high Alpine
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An additional emission pathway of TFA to soils is the degradation of veterinary drugs, either on pastures after deposition by grazing cattle or on cropland through manure application. Concerning this pathway, no quantitative information is available so far, however, we estimate it to be considerably smaller than the above sources. 
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catchment. Note, that all local WWTP discharge happens be-
low the station at S’Chanf.

To compare the impact of different TFA inputs for dif-
ferent surface land types, we calculated the TFA input per
surface area from atmospheric deposition and PPPs, assum-
ing that these occur over the entire Swiss surface and crop-
land only, respectively (with surface areas taken from Swiss
Federal Statistical Office (2025)). Observed TFA fluxes
from atmospheric deposition were 0.59 +0.23 kgkm ™2 yr~!
(Table 1), whereas fluxes from PPP usage on croplands
were 1.7 + 0.9 kgkm™2 yr~!. These results indicate that over
Swiss cropland PPPs may be the more relevant source of
TFA to environmental aqueous phases (i.e., rivers, lakes and
groundwater). The additional input of TFA from veterinary
drugs via manure application on cropland may further in-
crease TFA input to groundwater below croplands. This is
in line with the observation that TFA concentrations in Swiss
ground water are highest in areas with large cropland frac-
tions (Swiss Federal Office for the Environment, 2024a). I
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3.4 Long term trend from archived samples

The assessment of archived precipitation samples for TFA
concentrations allows for a long term analysis of TFA depo-
sition trends in Switzerland. The earliest samples analysed
date back to the year 1986/1987 and were collected at two
sites (Belp and Jungfraujoch) (Fig. 10). Nine of these 25 sam-
ples did not contain any TFA above the LOQ of 0.05 ugL =",
whereas the other samples showed maximal concentrations
of up to 0.23ugL~! and the precipitation weighted mean
(PWM) TFA concentration was 0.085 ugL~!. In 1986/1987,
only one of the winter samples contained concentrations
larger than the LOQ, indicating that atmospheric photochem-
ical production was a main driver to TFA deposition al-
ready. Twelve samples taken in 1992, showed a consider-
ably larger PWM concentration of 0.173 ugL~!. Because of
the small sample size and short period of analysis, it is not
possible to relate these elevated observations to a general
increase in TFA loads since 1988. Of the eleven samples
taken in 1994/1995, only four showed concentrations larger
than the LOQ and an overall mean of 0.090 ugL~! (PWM:
0.062 ugL~1).

These concentrations can be compared to previously re-
ported TFA concentrations in Switzerland and neighbouring
countries. However, earlier reports of TFA concentrations
in precipitation often sampled individual rain events and a
comparison to monthly mean TFA samples is not straight-
forward. TFA concentrations in rain samples were analysed
by Frank et al. (1995) for samples collected in Bayreuth, Ger-
many, in 1994. Reported concentrations ranged from < 0.003
to 0.12ugL~! for 11 individual rain samples. For March

17

to December 1995, the same authors estimated mean TFA
concentrations in 34 rain samples of 0.1 ugL~!, with indi-
vidual samples ranging from 0.03-0.24 ug L ™!, for Bayreuth
and concentrations in the range of 0.04-0.08 ugL~! for two
locations in Switzerland, Ziirich and Alpthal (Frank et al.,
1996). Extending this time series to the end of 1996, Jor-
dan and Frank (1999) estimated average TFA concentra-
tions in rainwater in Bayreuth of 0.110ugL~! (range 0.01—
0.41ugL™1). Berg et al. (2000) reported mean TFA con-
centrations in 73 Swiss rainwater samples from 6 locations
collected during 1996/1997 of 0.151 ugL.~! (range < 0.003-
1.55ugL~"). Overall and given the different nature of the
sampling strategy, these earlier analysis are largely in line
with our analysis of archived precipitation samples (compare
thick crosses in Fig. 10). Compared to archived samples and
previously published observations, current 2021-2023 TFA
concentrations have increased about four-fold in the last 25
years. This increase in precipitation is similar to trends (two-
to five-fold) in archived plant material from Germany be-
tween 1989-2020 (Freeling et al., 2022). Similarly, increas-
ing TFA concentrations in wine have been reported within
the last decades (Burtscher-Schaden et al., 2025).

Archived precipitation samples from 2000 onwards were
analysed more continuously, showing large variability for in-
dividual months and a continued increase in concentrations
(Fig. 10). For 2011, 36 archived precipitation samples were
analysed, yielding a mean concentration of 0.200ugL~!
(PWM: 0.183ugL~"). For the same period and in agree-
ment with the current analysis, Henne et al. (2012a) pub-
lished PWM concentrations of 0.14 to 0.24 ugL~! collected
at three Swiss sites from April-October 2011. The latter were
compiled from 99 weekly total precipitation samples.

In 2018, mean TFA concentrations of 0.379ugL~!
(PWM: 0.307 ug L") were estimated from 17 archived pre-
cipitation samples from Swiss sites. Freeling et al. (2020)
analysed 1187 24 h (or multi-day) precipitation samples col-
lected at 8 sites across Germany between February 2018 to
January 2019. Precipitation weighted mean TFA concentra-
tions ranged from 0.186 to 0.520ugL~" for the different
sites, whereas individual 24 h samples reached maximal con-
centrations of 38.0ugL~!. After 2019, the increase in TFA
concentrations in precipitation accelerated reaching mean
(all sites) concentrations of 0.643ugL~! in 2023 (PWM:
0.496 ugL™1), which, qualitatively, is in line with a strong
increase of HFO emissions in the same period (see Fig. Al).

For the period 1987 to 2011, archived river water samples
were analysed for three sites: Weil (Rhine), Porte du Scex
(Rhone) and S-Chanf (Inn) (Fig. 11). Different behaviour
was observed for the three rivers. TFA concentrations be-
fore 2000 showed rather little variability at Weil with con-
centrations remaining below 0.1 ugL~!. Since 2000 concen-
trations rose exponentially (Fig. 11, note logarithmic y-axis).
In 2017, Scheurer et al. (2017) reported TFA concentrations
in the Rhine in Basel of 0.4 ug L™, in line with the long-term
increase and current (2021-2023) levels of 0.65 ug L~! (Ta-
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Figure 10. Observed monthly mean TFA in rainwater concentrations from (a) archived and recent precipitation samples and (b) focus on
recent monitoring period. Thick pluses represent ranges of historical observations from Switzerland (dark grey) and Germany (light grey).
The latter do not represent monthly means but a variety of sampling strategies, see text for details. Values below the limit of quantification

(LOQ =0.05) are plotted at half the LOQ. Note the logarithmic y-axis.

ble 1). Further downstream (Scheurer et al., 2017) observed
strongly enhanced TFA concentrations in the Rhine (up to
1.3 ugL™") and traced these to industrial sources and WWTP
discharges. In the Netherlands, TFA is monitored by RIWA at
several locations along the Rhine. Annually reported concen-
trations have largely remained above 1 ugL. ™! since 2017, al-
though peak concentrations (as expected from industrial dis-
charges) have decreased in recent years (Fig. 1.18 in RIWA-
Rijn, 2024). Similarly but at a lower level, TFA concentra-
10 tions increased gradually at S-Chanf from 2000 onwards.

For Weil previous observations for 1996/1997 with an aver-

age TFA concentration of 0.075 ugL~! were reported (Berg

et al., 2000), in close agreement with the archived samples.

In the upper Bavarian catchment of the river Inn, Christoph
15 (2002) observed 0.04 to 0.08 ugL~! TFA in 1998/99. Again,
this is in agreement with results from archived samples from
S-Chanf taken in 2002.

The interpretation of the archived samples from the Rhone
at Porte du Scex, just before it enters Lake Geneva, is less
straight forward. Three archived water samples from be-
fore 1990 did not contain TFA above the LOQ, whereas af-
ter 1990 samples frequently contained large TFA concentra-
tions of up to 4.4 ugL~!. During the recent sampling period,
TFA concentrations once again were more comparable to the
25 other Swiss sites, although some months with high concen-

tration were recorded (2.8 ugL~'in January 2021). The large

historic concentrations in the Rhone agree with the large
amount of TFA accumulated in the Lake of Geneva and sug-
gest sources other than atmospheric deposition (most likely
s industrial as outlined in the following). Storck (2017) ob-
served TFA concentrations of 1.7 to 2ugL ™! in spring 2017
between Sion and Porte-du-Scex during a longitudinal sur-
vey campaign of the Rhone, while concentrations in the up-
per catchment were much lower (0.2 to 0.32ugL~"). Pre-
ss vious elevated TFA inputs are also supported by the find-
ings of Christoph (2002), who detected elevated TFA con-
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Figure 11. Observed TFA concentrations in rivers from archived
samples and from recent monitoring period for selected sites.
Thick pluses represent ranges of historical observations from the
same/close-by locations (Weil and Porte du Scex (Berg et al.,
2000) and Basel (Scheurer et al., 2017)) or similar catchment (Inn
(Christoph, 2002) and Rhone (Storck, 2017)). Values below the
limit of quantification (LOQ =0.05) are plotted at half the LOQ.
Note the logarithmic y-axis.

centrations in Swiss spruce needles in the Rhone valley com-
pared to other Swiss sites in 1999 and suspected potential
emissions from the regional chemical industry. A potential
source could be aluminium smelting using the Hall-Héroult
method, which employs cryolite Naz AlFg and has the poten-
tial to generate fluorocarbons and release these into the envi-
ronment both the atmosphere and wastewater. Two such alu-
minium smelters were operational along the Rhone in Chip-
pis and Steg until 1993 and 2006, respectively (Canton Du
Valais, 2018).

Compared to average TFA concentrations in Swiss rivers
reported at 0.087 ugL~! in 1996/1997 (Berg et al., 2000) and
in agreement with the archived river water samples, a fac-
tor of six increase of TFA concentrations over the last 25
years can be estimated (2021-2023 average: 0.521 ugL~!,
excluding the observations from the Rhone). In 1996/1997
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TFA concentrations in precipitation were considerably larger
than those in rivers (0.151 ugL™! vs. 0.087 ugL~!), whereas
for 2021-2023 average concentrations were much more sim-
ilar in both media (0.58 ugL~! vs. 0.521 ugL~!). Together
with the fact that TFA concentrations in the uppermost parts
of the rivers were generally smaller than those downstream,
this could be an additional indicator for increased inputs
from industrial waste water and from the degradation of
C—CFz-containing PPPs and pharmaceuticals. A very sim-
ilar six-fold increase in TFA concentrations in stream wa-
ter was observed in Northern California between 1998 and
2021 (Cahill, 2022). However, they note that 2021 was char-
acterised by little precipitation, such that the comparison was
somewhat distorted.

Berg et al. (2000) reported TFA concentrations from “mid-
land” lakes in 1996/1997, these being the more shallow
lakes Greifensee, Murtensee and Sempachersee, as com-
pared to the larger and deeper lakes sampled in the cur-
rent study. The average TFA concentration for these mid-
land lakes was 0.119 ugL~!. Compared to our 0.416 ugL.~!
(excluding Lake Geneva) a four-fold increase in the last
25 years is evident in lake water as well. From July 1998
to July 1999, surface water from Bavarian rivers and lakes
(14 sites) were sampled and analysed for TFA by Christoph
(2002) every 3 month. Average TFA concentrations in rivers
were 0.11ugL~! (with elevated concentrations of up to
0.22ugL~! in the lower Main) and in big lakes a range of
0.05 to 0.12 ug L~ were recorded, close to the observations
from Switzerland at the time, but excluding the Altmiihlsee,
which showed TFA concentrations of up to 0.465 ug L™

3.5 Discussion
Reconciliation of simulated and observed deposition

'When comparing the long time series of observed TFA
deposition rates with those calculated from the degradation
of long-lived compounds (symbols vs. thick gray line in
Fig. 12), it is obvious that especially summertime deposi-
tion rates are largely underestimated by our model assump-
tion for the period 1995 to 2015. Furthermore, we had seen
in Sect. 3.2.1 that the combined simulations of TFA deposi-
tion from long-lived and short-lived fluorinated gases cannot
fully explain observed deposition rates for recent years either.
To further quantify and attribute this deficiency we attempt a
rescaling of the simulated deposition rates to the observed
data.

For the period 1995 to 2015 we assume that TFA depo-
sition is dominated by contributions from long-lived fluori-
nated gases and we use our estimate for contributions from
HCFC, HFC, and FIA degradation as the sole predictor of
observed TFA deposition. However, we allow for a season-
ally variable scaling factor, such that

do =di+€ =mi(a; +ap sin(2wt) 4+ a3 cos(2mt))+e€, (2)

where d, and d) represent the observed TFA deposition rates
and the one simulated for long-lived compounds, m is the
original TFA deposition simulated for these compounds, ¢
gives time in years, a; to a3 are fit parameters and € is the
model error. With this model, we thus estimate the first an-
nual harmonic of a linear scaling factor for our originally
simulated values.

Optimising a; to a3 by employing non-linear least-square
regression (Bates and Watts, 1988), we obtain an average
scaling factor of 0.83 for wintertime and 4.9 for summer-
time. The minimum in the scaling factor is estimated for
mid January. The scaled HCFCs/HFCs/FIAs contribution is
shown by the orange curve in Fig. 12. The scaled model is
able to follow the positive trend in TFA deposition rates ob-
served during this period. Hence, we may attribute this trend
to growing HCFCs/HFCs/FIAs concentrations. However, for
the limited observations before 2000, when concentrations
of these compounds were very low, the model cannot explain
the larger than zero observations. An alternative regression
model that considers a base TFA deposition before the in-
troduction of HCFCs, HFCs, and FIAs simulates peak sum-
mertime deposition rates of 0.15kgkm™2yr~! before 1994.
When combined with scaled contributions of HCFCs, HFCs,
and FIAs this model did not well describe the increase of
deposition between 2000 and 2015. This may indicate that
whatever compound contributed to European TFA deposition
before 2000, may have declined thereafter. Furthermore and
as described above, glacial ice dating back to 1978 did not
contain TFA above the LOQ, which would imply an earliest
possible onset and slow growth of a significant contribution
of an atmospheric precursor to TFA deposition in the Swiss
Alps at the beginning of the 1980s.

For the recent period 2021-2023, the scaled contribution
from long-lived fluorinated compounds, even when added to
the contribution from short-lived compounds, remains insuf-
ficient in explaining total observed TFA deposition. Hence,
we employ an additional scaling for this period, which we
describe by a simple linear factor b on the contribution from
HFO degradation, ds,
do=di+ds+e€=d +(bym) +e€. 3)
The fit was only applied to the observations from the Swiss
Plateau sites to avoid the potential misrepresentation of in-
ner Alpine sites. The factor b1 was estimated as 1.19, corre-
sponding to an addition of 19 % of TFA from degradation of
HFOs or other short-lived precursors. The resulting ds + d|
is given by the yellow lines (for individual sites) in Fig. 12.
Overall, the scaling largely improves the fit to the observa-
tions with a near zero bias, a centred root mean-squared error
of 0.23 kgkm™2yr~!, and a squared correlation coefficient of
R*=0.72.

For the five-fold underestimation of summertime TFA de-
position before the large scale market introduction of short-
lived HFOs several reasons may be suggested. Firstly, we
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Figure 12. Observed monthly mean TFA deposition from (a) archived precipitation samples and (b) from recent monitoring period. Lines
represent different model simulations: (dark gray) TFA from HCFC/HFC/FIA and (light gray) HFO for individual sites in panel (b), (orange)
re-scaled TFA from HCFC/HFC/FIA, see text for detail, (yellow) re-scaled TFA from HCFC/HFC/FIA plus re-scaled TFA from HFO-1234yf

for individual sites. Note the logarithmic y-scale.

may lack information of other TFA-forming precursor sub-
stances in the atmosphere. We associated the increase in TFA
deposition before 2015 to long-lived compounds. However,
the seasonal variability of the derived scaling factor may in-
dicate that some short-lived compounds may be responsi-
ble for this process as well. Jordan and Frank (1999) specu-
lated that pyrolysis and thermolysis of fluoropolymers during
waste incineration could be a major source of observed TFA,
which they were unable to explain by HCFC/HFC degrada-
10 tion. Ellis et al. (2001b, 2003) suggested that the thermoly-
sis of fluoropolymers may occur at temperatures larger than
their suggested range of use (e.g., 260°C for PTFE) and be a
source of TFA, either through a direct release of TFA at high
temperatures or through the formation of hexafluoropropene
15 (CF,=CFCF3, HFP, HFO-1216) followed by atmospheric
degradation to TFA with a 100 % yield and an average atmo-
spheric lifetime of 9 d (Mashino et al., 2000). Similarly, (Gar-
cia et al., 2007) detected HFP as the main pyrolysis product
of PTFE at 850 °C, whereas HFP yields were small (<5 %)
20 for fuel rich combustion (incineration) of PTFE. Solid waste
incineration, as implemented in Europe, is required to per-
form at high temperatures (> 850 °C), which is not likely to
produce any TFA or HFP (Wahlstrom et al., 2021; Améduri,
2023). However, total fluoropolymer waste was estimated to
25 amount to 23.5 Gg in the EU in 2020 (Conversio, 2022), 84 %
of which undergo incineration or thermal destruction. A 5 %
yield (by mass) of HFP and consequently TFA from fluo-
ropolymer waste treatment would results in 1 Gg TFA and
could well explain the larger-than-simulated TFA deposition
a0 rates. Another indication for a considerable role of direct or
indirect sources of TFA from fluoropolymers could be the
increased TFA deposition rates we observed in urban envi-
ronments (Bern, Basel-Binnigen). Next to the higher popula-
tion density and, hence, larger potential TFA emissions from
a5 direct fluoropolymer thermolysis, for both sites major waste

o

incinerators are within 5 km of the sampling locations. How-
ever, a small-scale waste incinerator is also located close to
the site Buchs-Suhr, without observed increases in TFA de-
position rates. Dedicated atmospheric observations of TFA
and/or HFP would help to improve the quantification of the
impact of fluoropolymer waste treatment on TFA deposition.

Secondly, although we evaluated uncertainties in TFA de-
position arising from reported uncertainties in TFA yields
and were not able to explain the gap in observed deposition
solely by using upper limit TFA yields, it may still be possi-
ble that yields remain underestimated in the literature and/or
that laboratory derived yields are not representative for at-
mospheric conditions. Potentially, yields are not constant in
time and space, but may depend on atmospheric conditions
that may favour different degradation pathways. Especially,
the TFA yield of the main contributing long-lived fluorinated
compounds (HFC-134a) should be re-evaluated, since its cur-
rently accepted value of 7 %—20 % is based on a small num-
ber of experiments conducted three decades ago (Wallington
et al., 1996). With the above scaling factors an annual av-
erage yield of 42 % from HFC-134a (summer: 68 %; winter:
16 %) could explain most of observed gap and would be close
to yields reported in earlier global chemistry simulations
(37 % Kotamarthi et al., 1998). Furthermore, the relative im-
portance of the degradation pathways of the intermediate
CF3;CHO (trifluoroacetaldehyde), formed during degrada-
tion of some HFCs (e.g., HFC-143a, 236fa, 245fa, 365mfc)
and HFOs (e.g., HFO-1234ze(E), HFO-1336mzz(Z), HCFO-
1233zd(E)) may differ from what was assumed in the yields
used here (see Tables 2 and 3). Three main degradation paths
exist for CF3CHO: reaction with OH, photolysis, and hydrol-
ysis. TFA yields from the OH reaction are small, whereas
hydrolysis leads mostly to TFA and no TFA is formed in
the photolysis path. However, the latter gained recent atten-
tion due to the potential of forming HFC-23 (a very stable
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compound with a large GWP). Hence, lifetimes of CF3CHO
lifetimes were recently re-evaluated (Baumann et al., 2025;
Sulbaek Andersen et al., 2023; Nielsen et al., 2025). The up-
dated results suggest that previously used TFA yields may be
too small and that yields will strongly vary across the tro-
posphere. Even with larger yields the degradation of HFCs
along this path may not add considerable amounts to TFA de-
position (compare Table 2). However, increased TFA yields
from the degradation of HFOs (other than 1234yf) could
likely explain gaps between observed and simulated TFA de-
position rates. Renewed efforts to improve our understand-
ing of degradation routes for fluorinated gases are required
to better predict future burdens.

Thirdly, the environmental degradation of longer-chained
fluorinated compounds to TFA may partly occur through the
atmosphere as well. PPPs or their intermediate degradation
products may enter the atmosphere during application or
through windblown dust. Transport and dispersion of these
compounds as well as further atmospheric degradation may
contribute to TFA deposition away from the source. The cur-
rent study does not provide evidence for such a contribution,
since TFA deposition in rural areas were not enhanced com-
pared to urban areas. However, further investigation of the
atmospheric fate of PPPs is required. Fluorotelomers are a
group of PFAS that are used in a wide range of applica-
tions ranging from fire-fighting to food packaging. Thack-
ray et al. (2020) simulated the atmospheric degradation of
such compounds in a global chemistry and transport model.
Their simulations underestimated observed TFA deposition
in mid-latitudes and the Arctic (Pickard et al., 2020) by more
than one order of magnitude, suggesting that, given our cur-
rent knowledge of fluorotelomer chemistry, their atmospheric
degradation is not the dominating source of TFA.

Finally, we cannot rule out that underestimated TFA de-
position could be caused by the assumption of homogene-
ity in TFA formation and deposition that was applied in
the simple model approach for long-lived fluorinated com-
pounds. On the one hand, we may expect increased deposi-
tion rates in regions with increased precipitation as seen for
HFO-1234yf degradation (compare Fig. 7). Hence, our box
model may miss this increase and therefore overall tend to
an underestimation in a precipitation-rich area like Switzer-
land. On the other hand, similar underestimation of observed
TFA deposition was derived from a similar simulation for
sites across Germany as well, that experienced different to-
tal precipitation amounts (Behringer et al., 2021). Further-
more, spatially resolved atmospheric transport and chem-
istry simulations of HCFCs and HFC-134a revealed strong
latitudinal gradients with maxima in the tropics for result-
ing TFA deposition, whereas longitudinal gradients were
smaller (Kanakidou et al., 1995; Kotamarthi et al., 1998; Hol-
land et al., 2021; Garavagno et al., 2024). Kanakidou et al.
(1995) simulated TFA deposition from HFC-134a, HCFC-
123, HCFC-124 degradation in Central Europe for the year
ss 2020, assuming a 2.5 times larger TFA yield from HFC-

134a but with forecasted atmospheric concentrations close
to those actually observed. Their estimate was smaller than
our estimates (0.034kgkm™2yr~! vs. 0.060kgkm=2yr~!,
compare Table 2). Model predictions by Kotamarthi et al.
(1998) for TFA deposition from the same species amounted
to 0.061 kgkm~2yr—! (corrected for larger assumed TFA
yield) for Central Europe in 2010. Additional detailed and
spatially resolved atmospheric chemistry and transport sim-
ulations of long-lived fluorinated compounds with explicit
description of their degradation chemistry as conducted by
Holland et al. (2021) for HFC-134a would help improve TFA
deposition estimates from long-lived compounds. The under-
estimation of TFA production/deposition from HFOs, esti-
mated to about 19 % of the current model estimate, may well
be explained by uncertainties in the TFA yields and emission
strength/distributions of these compounds and the neglected
non-European HFO emissions. Development of more realis-
tic, spatially resolved emission inventories would allow for
more detailed chemistry simulations and validation against
observations in the future.

4 Conclusions

TFA concentrations are increasing in the environment due
to continued use of fluorinated precursor substances such as
fluorinated gases, plant protection products, pharmaceuticals
and a switch to short-lived, high-yield compounds (HFOs
compared to HCFCs and HFCs). For the first time, the cur-
rent study presents a comprehensive observation and mod-
elling study quantifying and attributing TFA sources, bur-
dens and exports for a country as a whole. At the same time
current measurements are put in a historical perspective.
TFA concentrations in precipitation have increased in
Switzerland by at least a factor of four in the last three
decades, reaching average levels of 0.58 ugL~! in 2021-
2023. Similarly, TFA concentrations in the major river
network have increased six-fold with average concentra-
tions of 0.52ugL~" in 2021-2023 (excluding the indus-
trially highly impacted river Rhone with an average of
0.8 ugL™"). Average atmospheric TFA deposition rates were
0.59kgkm~2yr~!. A large fraction of the observed deposi-
tion was directly associated by means of atmospheric mod-
elling to the degradation of long-lived HCFCs/HFCs/FIAs
(12 %—-17 %) and short-lived HFOs (40 %—54 %). The largest
contributing long-lived precursor was HFC-134a, whereas
HFO-1234yf constitutes the single most important short-
lived precursor, with currently quickly growing emissions
in Europe. The remainder of the observed atmospheric de-
position (29 %—-48 %) was not explained by the simulated
degradation of known precursor compounds. This gap may
be associated with unknown precursor compounds, underes-
timated TFA yields from known precursors, model shortcom-
ings or a combination of these. Renewed scientific efforts are
required to improve our understanding of atmospheric chem-
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istry and fate of fluorinated compounds in the atmosphere as
well as in soils and water bodies.

In the future, HFO usage in Europe is expected to increase
further and may reach 23 to 47 Ggyr~! by the year 2050
(Behringer et al., 2021), whereas atmospheric concentrations
of HFC-134a may not have decreased significantly by then
(Velders et al., 2022). Assuming a linear concentration/depo-
sition response to emissions, expected TFA deposition rates
for Switzerland and other parts of Central Europe may then
reach levels 10-20 times larger than now (5.8-11.6 ugL™1),
close to or above recommend safety thresholds for drinking
water (Adlunger et al., 2021; RIVM, 2025). Common water
treatment technologies for potable water like activated car-
bon or ozonation are not suitable to remove TFA, while ion
exchange and reverse osmosis can be used (Scheurer et al.,
2017). However, economic and ecological criteria often pre-
vent large scale application of the latter both techniques.

Therefore, it is fundamental to continue efforts to aban-
don all non-essential uses of TFA and its precursors, to avoid
further, continued accumulation of TFA. Both industry and
policy makers are called to increase their level of ambi-
tion. Also, continued continent-wide monitoring, including
human biomonitoring, will be necessary to surveil progress
and to further improve both our understanding of TFA bud-
gets and our ability to forecast future burdens by atmospheric
simulations.

Appendix A: European HFO-1234yf emissions
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Figure A1. Total annual emissions of HFO-1234yf as estimated
by atmospheric inverse modelling for EU27 plus Norway, Switzer-
land, United Kingdom. Results are taken from Vollmer et al. (2025)
and represent four sensitivity inversions carried out with Empa’s
Lagrangian regional inversion system (ELRIS) using two different
a priori distributions (population-based and uniform land) and two
different atmospheric transport models (NAME and FLEXPART).
Dashed lines represent a priori estimates, solid lines a posteriori
results, and the black line the mean over the four sensitivity inver-
sions, which was used as input for the HFO-1234yf degradation
simulations.
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Figure A2. Annual mean emissions of HFO-1234yf as used in
FLEXPART simulations for the year 2023. The red box marks
the domain in which FLEXPART was driven by high resolution
ECMWEF input at 0.1°x 0.1°. Note that emissions outside the
EU27+ countries were set to zero.

Appendix B: Additional simulation results
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Figure B1. Temporal evolution of simulated mean hemispheric
TFA deposition rate from HCFC/HFC/FIA degradation: (pink rib-
bon) monthly and (gray ribbon and black line) annual rates of all
considered HFCs and HFCF-124 using the 12-box model, (light
blue error bar) 2021-2023 mean from single-box model for HFCs
and HCFC-124, (blue error bar) 2021-2023 mean from single-box
model for all considered HFCs/HCFCs/FIAs. The uncertainty esti-
mate is based on the range of TFA yields given in Table 2 assuming
fully correlated uncertainty between compounds (see Sect. C).
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Figure B2. (a, ¢) Temporal evolution of observed (blue) and simulated (orange) daily mean mole fractions of HFO-1234yf at (a) Monte
Cimone, (c) Mace Head, (e) Tacolneston. (b, d, f) Corresponding scatter plots including linear regression (grey), 1-to-1 (dashed) line, and
comparison statistics: bias, bias-corrected root mean squared error, squared Pearson’s correlation coefficient.
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Appendix C: Uncertainty estimate of simulated TFA
deposition rates

The uncertainty of simulated TFA deposition rates for both
long-lived and short-lived compounds was assessed as fol-
lows. For long-lived compounds we consider two sources of
quantifiable uncertainty: simulated loss rates and TFA yields.
The uncertainty of the former is taken from the a posteri-
ori uncertainty estimate of global emissions for individual
compound as estimated with the 12-box model. This esti-
mate contains the uncertainty of the atmospheric observa-
tions propagated through the inverse modelling step and an
additional lifetime uncertainty (see Rigby et al., 2008). For
most compounds the by far larger uncertainty originates from
the TFA yields. We assume that the values given in Table 2
represent the 95 % confidence range of the yields. We use
Gaussian error propagation to combine both sources of un-
certainty and sum over all long-lived compounds, where we
assume fully uncorrelated uncertainty between yields and
emissions and fully correlated uncertainties for the yields be-
tween compounds, since many of these come from uncer-
tainties of yields from intermediate compounds. Similarly,
we combine the uncertainty estimate on European emissions
and yields for the additional HFO/HCFOs (Table 3). Not
formally quantified in this calculation are other sources of
model uncertainty (transport, reaction and deposition rates)
and representativeness, which are discussed qualitatively in
the main text. The resulting uncertainty range for the relative
contributions to observed deposition rates (Fig. C1) repre-
sents the 95 % confidence range of this assessment.
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Figure C1. Simulated, relative contributions to observed, average
TFA deposition at the Swiss monitoring sites for the period 2021
to 2023. Simulated TFA deposition from HFOs (yellow), HCFC-
s/HFCs/FIAs (orange), and unaccounted fraction (green). Lighter
shaded bars indicate the uncertainty range estimated for the simula-
tions. Grey shaded bars indicate sites with an incomplete observa-
tion coverage (< 90 %).

Code and data availability. The observational TFA data, the
FLEXPART-simulated time series of TFA atmospheric deposi-
tion at the discussed sites, FLEXPART monthly TFA deposi-
tion maps, as well as simulated TFA deposition rates from long-
lived compounds are publicly available from the following DOI:
https://doi.org/10.5281/zenodo.17220023 (Henne et al., 2025).
HFO observations and emission estimates are part of Vollmer et al.
(2025) and can be obtained there. The FLEXPART model code used
in this study is publicly available on gitlab.com (https://gitlab.com/
empa503/atmospheric-modelling/flexpart_ifs_empa.git’=ii, branch
TFA, login required).

Author contributions. The concept of the study was designed by
FRS, HW, MKY, SR, and SH. FRS supervised and carried out pre-
cipitation and surface water sampling. MKV conducted halocarbon
observations at Jungfraujoch. ML provided archived precipitation
samples and access to ice core material. SH carried out atmospheric
simulations, prepared and wrote the manuscript with inputs and re-
visions from all co-authors.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibil-
ity lies with the authors. Views expressed in the text are those of the
authors and do not necessarily reflect the views of the publisher.

Acknowledgements. FLEXPART simulations were carried out
at the Swiss National Supercomputing Centre (CSCS) under in-
stitutional contract ID em05. Precipitation data have been pro-
vided by the Swiss Federal Office of Meteorology and Climatol-
ogy, MeteoSwiss. Two sensitivity runs of the inverse modelling
of HFO-1234yf emissions were based on transport simulations us-
ing the NAME model and were carried out by Alistair Manning
(UK MetOffice). Lucas Passera and Markus Gerber (FOEN) man-
aged the database of TFA observations and provided support in
data collocation and analysis. Marc Schiirch (FOEN) managed the
ISOT network and provided access to precipitation samples. Loic
Schmidely (FOEN) contributed with comments to the manuscript.
Laboratories AUA of Eawag and RUS/AUE BS supported sample
handling and shipping. Discharge data for load calculations was
provided by FOEN. The measurements of HFOs, HFCs and IFAs
at Jungfraujoch are funded by the Swiss National Programs HAL-
CLIM and CLIMGAS-CH (Swiss Federal Office for the Environ-
ment, FOEN), and supported by the International Foundation for
High Altitude Research Stations Jungfraujoch and Gornergrat (HF-
SJG). The measurements at Monte Cimone are supported by the De-
partment of Pure and Applied Sciences of the University of Urbino
and by the Italian component of ACTRIS (Aerosol, Clouds and
Trace Gases Research Infrastructure), under the Programma Op-
erativo Nazionale Ricerca e Innovazione 2014-2020 PIRO1 00015

30

35

40

45

50

55

60

65

70

75

80


https://doi.org/10.5281/zenodo.17220023
https://gitlab.com/empa503/atmospheric-modelling/flexpart_ifs_empa.git
https://gitlab.com/empa503/atmospheric-modelling/flexpart_ifs_empa.git
https://gitlab.com/empa503/atmospheric-modelling/flexpart_ifs_empa.git

S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland 25

“PER-ACTRIS-IT”. Operations at Mace Head and Tacolneston are
supported by the University of Bristol through contracts from The
Department for Energy Security & Net Zero (prj_1604) and NASA
(80ONSSC21K1369). Last but not least the authors would like to

s thank anonymous reviewers and T. J. Wallington, S. Madronich, O.
J. Nielsen, K. R. Solomon, M. P. Sulback Andersen for their con-
structive comments that helped improve this manuscript.

Financial support. This research has been supported by the
NAME OF FUNDER (grant no. GRANT AGREEMENT NO).

10 Review statement. This paper was edited by Ivan Kourtchev and
reviewed by three anonymous referees.

References

Adlunger, K., Anke, J. M., Bachem, G., Banning, H.,
Biegel-Engler, A., Blondzik, K., Braun, U., Eckhardt, A.,
15 Gildemeister, D., Hilliges, F., Hoffmann, G., Jentzsch, F.,
Klitzke, S., Kuckelkorn, J., Martens, K., Miiller, A., Pickl, C.,
Pirntke, U., Rechenberg, J., Sittler, D., Schmidt, U., Speichert,
G., Warnke, 1., Wehner, J., and Wischer, R.: Reducing the
input of chemicals into waters: trifuloroacetate (TFA) as a
20  persistent and mobile substance with many sources, Tech. rep.,
UBA - Umweltbundesamt, https://www.umweltbundesamt.
de/publikationen/reducing- the-input-of-chemicals-into- waters
(last access: 24 February 2025), 2021.
Améduri, B.: Fluoropolymers as Unique and Irreplaceable Ma-
25 terials: Challenges and Future Trends in These Specific
Per or Poly-Fluoroalkyl Substances, Molecules, 28, 7564,
https://doi.org/10.3390/molecules28227564, 2023.
Arp, H. P. H., Gredelj, A., Gliige, J., Scheringer, M., and Cousins,
I. T.: The Global Threat from the Irreversible Accumulation of
30  Trifluoroacetic Acid (TFA), Environmental Science & Technol-
ogy, 58, 19925-19935, https://doi.org/10.1021/acs.est.4c06189,
2024.
Bakels, L., Tatsii, D., Tipka, A., Thompson, R., Diitsch, M.,
Blaschek, M., Seibert, P., Baier, K., Bucci, S., Cassiani, M., Eck-
s hardt, S., Groot Zwaaftink, C., Henne, S., Kaufmann, P., Lechner,
V., Maurer, C., Mulder, M. D., Pisso, 1., Plach, A., Subramanian,
R., Vojta, M., and Stohl, A.: FLEXPART version 11: improved
accuracy, efficiency, and flexibility, Geosci. Model Dev., 17,
7595-7627, https://doi.org/10.5194/gmd-17-7595-2024, 2024.
40 Bates, D. and Watts, D.: Nonlinear Regression: Iterative Estima-
tion and Linear Approximations, in: Nonlinear Regression Anal-
ysis and Its Applications, Wiley Series in Probability and Statis-
tics, Wiley, 32—66, https://doi.org/10.1002/9780470316757.ch2,
1988.
4s Baumann, F., Fernholz, C., Lelieveld, J., and Crowley, J. N.: Ki-
netics of the reaction of CF3CHO with OH between 204 K and
361 K, Physical Chemistry Chemical Physics, 27, 18907-18916,
https://doi.org/10.1039/D5CP028717J, 2025.
Behringer, D., Heydel, F., Gschrey, B., Osterheld, S., Schwarz,
o W., Warncke, K., Freeling, F, Nolder, K., Henne, S.,
Reimann, S., Blepp, M., Jorss, W., Liu, R., Ludig, S., Rii-
denauer, I., and Gartiser, S.: Persistent degradation prod-

ucts of halogenated refrigerants and blowing agents in the
environment: type, environmental concentrations, and fate
with particular regard to new halogenated substitutes with
low global warming potential, Tech. rep., German Environ-
ment Agency, https://www.umweltbundesamt.de/publikationen/
persistent-degradation-products-of-halogenated ,2021.

Benesch, J. A. and Gustin, M. S.: Uptake of trifluoroacetate
by Pinus ponderosa via atmospheric pathway, Atmospheric
Environment, 36, 1233-1235, https://doi.org/10.1016/S1352-
2310(01)00562-3, 2002.

Berends, A. G., Boutonnet, J. C., Rooij, C. G. D., and Thomp-
son, R. S.: Toxicity of trifluoroacetate to aquatic organisms,
Environmental Toxicology and Chemistry, 18, 1053-1059,
https://doi.org/10.1002/etc.5620180533, 1999.

Berg, M., Miiller, S. R., Miihlemann, J., Wiedmer, A., and
Schwarzenbach, R. P.: Concentrations and mass fluxes of
chloroacetic acids and trifluoroacetic acid in rain and natural wa-
ters in Switzerland, Environmental Science & Technology, 34,
2675-2683, https://doi.org/10.1021/es990855f, 2000.

Boutonnet, J. C., Bingham, P., Calamari, D., Rooij, C. D.,
Franklin, J., Kawano, T., Libre, J.-M., McCulloch, A., Ma-
linverno, G., Odom, J. M., Rusch, G. M., Smythe, K.,
Sobolev, I., Thompson, R., and Tiedje, J. M.: Environmen-
tal Risk Assessment of Trifluoroacetic Acid, Human and Eco-
logical Risk Assessment: An International Journal, 5, 59-124,
https://doi.org/10.1080/10807039991289644, 1999.

Burtscher-Schaden, H., Langemann, S.,  Lyssimachou,
A., and Roynel, S.: Message from the bottle, https:
/Iwww.pan-europe.info/sites/pan-europe.info/files/public/
resources/reports/Message %20from%20the %20bottle_TFA %
20in%20wine%20_23042025.pdf , 2025.

Cahill, T. M.: Increases in Trifluoroacetate Concentrations in Sur-
face Waters over Two Decades, Environmental Science & Tech-
nology, 56, 9428-9434, https://doi.org/10.1021/acs.est.2c01826,
2022.

Cahill, T. M.: Assessment of Potential Accumulation of Trifluoroac-
etate in Terminal Lakes, Environmental Science & Technology,
58, 29662972, https://doi.org/10.1021/acs.est.3c08822, 2024.

Canton Du Valais: Ehemalige Aluminium-Produktionsstitten
Chippis und Steg — Abschluss der Sanierungsarbeiten,
https://www.vs.ch/de/web/communication/detail ?groupld=
529400&articleld=3549767 (last access: 3 June 2025), 2018.

Christoph, E. H.: Bilanzierung und Biomonitoring von Trifluo-
racetat und anderen Halogenacetaten, Dissertation, Universitét
Bayreuth, Bayreuth, https://epub.uni-bayreuth.de/id/eprint/1016/

1/eugen-christoph.pdf , 2002.
Commission internationale pour la protection des eaux
du Léman: Rapport de la Commission internationale
pour la protection des eaux du Léman, Campagne

2023, https://www.cipel.org/wp-content/uploads/2025/02/
fiche-signaletique-leman-2024.pdf , 2024.

Conversio: Fluoropolymer waste in Europe 2020 — End-of-life
(EOL) analysis of fluoropolymer applications, products and as-
sociated waste streams, Tech. rep., Conversio Market & Strat-
egy GmbH, https://www.ft.dk/samling/20222/almdel/euu/spm/
49/svar/1951975/2698345.pdf (last access: 26 January 2025),
2022.

Dekant, W. and Dekant, R.: Mammalian toxicity of trifluoroac-
etate and assessment of human health risks due to environ-

55

60

65

70

75

80

85

920

95

00

05

10


https://www.umweltbundesamt.de/publikationen/reducing-the-input-of-chemicals-into-waters
https://www.umweltbundesamt.de/publikationen/reducing-the-input-of-chemicals-into-waters
https://www.umweltbundesamt.de/publikationen/reducing-the-input-of-chemicals-into-waters
https://doi.org/10.3390/molecules28227564
https://doi.org/10.1021/acs.est.4c06189
https://doi.org/10.5194/gmd-17-7595-2024
https://doi.org/10.1002/9780470316757.ch2
https://doi.org/10.1039/D5CP02871J
https://www.umweltbundesamt.de/publikationen/persistent-degradation-products-of-halogenated
https://www.umweltbundesamt.de/publikationen/persistent-degradation-products-of-halogenated
https://www.umweltbundesamt.de/publikationen/persistent-degradation-products-of-halogenated
https://doi.org/10.1016/S1352-2310(01)00562-3
https://doi.org/10.1016/S1352-2310(01)00562-3
https://doi.org/10.1016/S1352-2310(01)00562-3
https://doi.org/10.1002/etc.5620180533
https://doi.org/10.1021/es990855f
https://doi.org/10.1080/10807039991289644
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://www.pan-europe.info/sites/pan-europe.info/files/public/resources/reports/Message%20from%20the%20bottle_TFA%20in%20wine%20_23042025.pdf
https://doi.org/10.1021/acs.est.2c01826
https://doi.org/10.1021/acs.est.3c08822
https://www.vs.ch/de/web/communication/detail?groupId=529400&articleId=3549767
https://www.vs.ch/de/web/communication/detail?groupId=529400&articleId=3549767
https://www.vs.ch/de/web/communication/detail?groupId=529400&articleId=3549767
https://epub.uni-bayreuth.de/id/eprint/1016/1/eugen-christoph.pdf
https://epub.uni-bayreuth.de/id/eprint/1016/1/eugen-christoph.pdf
https://epub.uni-bayreuth.de/id/eprint/1016/1/eugen-christoph.pdf
https://www.cipel.org/wp-content/uploads/2025/02/fiche-signaletique-leman-2024.pdf
https://www.cipel.org/wp-content/uploads/2025/02/fiche-signaletique-leman-2024.pdf
https://www.cipel.org/wp-content/uploads/2025/02/fiche-signaletique-leman-2024.pdf
https://www.ft.dk/samling/20222/almdel/euu/spm/49/svar/1951975/2698345.pdf
https://www.ft.dk/samling/20222/almdel/euu/spm/49/svar/1951975/2698345.pdf
https://www.ft.dk/samling/20222/almdel/euu/spm/49/svar/1951975/2698345.pdf

26 S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland

mental exposures, Archives of Toxicology, 97, 1069-1077,
https://doi.org/10.1007/s00204-023-03454-y, 2023.

Doscher, A., Gaggeler, H. W., Schotterer, U., and Schwikowski, M.:
A130 years deposition record of sulfate, nitrate and chloride from

s ahigh-alpine glacier, Water, Air, and Soil Pollution, 85, 603-609,
https://doi.org/10.1007/BF00476895, 1995.

Doscher, A., Giaggeler, H. W., Schotterer, U., and Schwikowski,
M.: A historical record of ammonium concentrations from a
glacier in the Alps, Geophysical Research Letters, 23, 2741—

10 2744, https://doi.org/10.1029/96GL02615, 1996.

EFSA: Per- and polyfluoroalkyl substances
(PFAS), https://www.efsa.europa.eu/en/topics/
per-and-polyfluoroalkyl-substances-pfas, (last access: 24
February 2025), 2024.

15 Ellis, D. A., Hanson, M. L., Sibley, P. K., Shahid, T,
Fineberg, N. A., Solomon, K. R., Muir, D. C. G., and
Mabury, S. A.: The fate and persistence of trifluoroacetic and
chloroacetic acids in pond waters, Chemosphere, 42, 309-318,
https://doi.org/10.1016/S0045-6535(00)00066-7, 2001a.

20 Ellis, D. A., Mabury, S. A., Martin, J. W., and Muir, D. C. G.:
Thermolysis of fluoropolymers as a potential source of halo-
genated organic acids in the environment, Nature, 412, 321-324,
https://doi.org/10.1038/35085548, 2001b.

Ellis, D. A., Martin, J. W., Muir, D. C. G., and Mabury, S. A.:

25 The use of 19F NMR and mass spectrometry for the elucidation
of novel fluorinated acids and atmospheric fluoroacid precursors
evolved in the thermolysis of fluoropolymers, Analyst, 128, 756—
764, https://doi.org/10.1039/B212658C, 2003.

Emptage, M., Tabinowski, J., and Odom, J. M.: Effect of

s fluoroacetates on methanogenesis in samples from selected
methanogenic environments, Environmental Science & Technol-
ogy, 31, 732-734, https://doi.org/10.1021/es9603822, 1997.

European Parliament and Council: Regulation (EU) 2024/573 of the
European parliament and of the council on fluorinated green-

s house gases, https://eur-lex.europa.eu/eli/reg/2024/573/0j (last
access: 24 February 2025), 2024.

Fiore, A. M., Dentener, F. J., Wild, O., Cuvelier, C., Schultz, M. G.,
Hess, P., Textor, C., Schulz, M., Doherty, R. M., Horowitz,
L. W., MacKenzie, I. A., Sanderson, M. G., Shindell, D. T.,

40  Stevenson, D. S., Szopa, S., Van Dingenen, R., Zeng, G., Ather-
ton, C., Bergmann, D., Bey, 1., Carmichael, G., Collins, W. J.,
Duncan, B. N., Faluvegi, G., Folberth, G., Gauss, M., Gong,
S., Hauglustaine, D., Holloway, T., Isaksen, I. S. A., Jacob,
D. J., Jonson, J. E., Kaminski, J. W., Keating, T. J., Lupu,

45 A., Marmer, E., Montanaro, V., Park, R. J., Pitari, G., Pringle,
K. J., Pyle, J. A., Schroeder, S., Vivanco, M. G., Wind, P., Wo-
jeik, G., Wu, S., and Zuber, A.: Multimodel estimates of in-
tercontinental source-receptor relationships for ozone pollution,
Journal of Geophysical Research-Atmospheres, 114, D04301,

so  https://doi.org/10.1029/2008JD010816, 2009.

Frank, H., Renschen, D., Klein, A., and Scholl, H.: Trace analysis of
airborne haloacetates, Journal of High Resolution Chromatogra-
phy, 18, 83-88, https://doi.org/10.1002/jhrc.1240180203, 1995.

Frank, H., Klein, A., and Renschen, D.: Environmental trifluo-

55 roacetate, Nature, 382, 34-34, https://doi.org/10.1038/382034a0,
1996.

Freeling, F., Behringer, D., Heydel, F., Scheurer, M., Ternes, T. A.,
and Nodler, K.: Trifluoroacetate in Precipitation: Deriving a

Benchmark Data Set, Environmental Science & Technology, 54,
11210-11219, https://doi.org/10.1021/acs.est.0c02910, 2020.
Freeling, F., Scheurer, M., Koschorreck, J., Hoffmann, G., Ternes,
T. A., and Nodler, K.: Levels and Temporal Trends of Triflu-
oroacetate (TFA) in Archived Plants: Evidence for Increasing
Emissions of Gaseous TFA Precursors over the Last Decades,
Environmental Science & Technology Letters, 9, 400-405,

https://doi.org/10.1021/acs.estlett.2c00164, 2022.

Garavagno, M. d. . A., Holland, R., Khan, M. A. H., Orr-Ewing,
A. J., and Shallcross, D. E.: Trifluoroacetic Acid: Toxicity,
Sources, Sinks and Future Prospects, Sustainability, 16, 2382,
https://doi.org/10.3390/su16062382, 2024.

Garcia, A. N., Viciano, N., and Font, R.: Products obtained
in the fuel-rich combustion of PTFE at high temperature,
Journal of Analytical and Applied Pyrolysis, 80, 85-91,
https://doi.org/10.1016/j.jaap.2007.01.004, 2007.

George, C., Saison, J. Y., Ponche, J. L., and Mirabel, P.: Ki-
netics of Mass-Transfer of Carbonyl Fluoride, Trifluoroacetyl
Fluoride, and Trifluoroacetyl Chloride at the Air/Water In-
terface, Journal of Physical Chemistry, 98, 10857-10862,
https://doi.org/10.1021/j100093a029, 1994.

Hanson, M. L., Madronich, S., Solomon, K., Sulbaek An-
dersen, M. P, and Wallington, T. J.: Trifluoroacetic Acid
in the Environment: Consensus, Gaps, and Next Steps,
Environmental Toxicology and Chemistry, 43, 2091-2093,
https://doi.org/10.1002/etc.5963, 2024.

Hartz, W. F., Bjornsdotter, M. K., Yeung, L. W. Y., Hodson, A.,
Thomas, E. R., Humby, J. D., Day, C., Jogsten, I. E., Kdrrman,
A., and Kallenborn, R.: Levels and distribution profiles of Per-
and Polyfluoroalkyl Substances (PFAS) in a high Arctic Sval-
bard ice core, Science of The Total Environment, 871, 161830,
https://doi.org/10.1016/j.scitotenv.2023.161830, 2023.

Henne, S., Shallcross, D. E., Reimann, S., Xiao, P., Boulos, S.,
Gerecke, A. C., and Brunner, D.: Environmental Impacts of
HFO-1234yf and Other HFOs, in: Ashrae/Nist Refrigerants Con-
ference, Amer Soc Heating, Refrigerating and Air-Conditioning
Engs, Atlanta, Proceedings Paper ASHRAE/NIST Refrigerants
Conference 29-30 October 2012, Gaithersburg, Atlanta, USA,
182-194, , 2012a.

Henne, S., Shallcross, D. E., Reimann, S., Xiao, P., Brunner, D.,
O’Doherty, S., and Buchmann, B.: Future Emissions and Atmo-
spheric Fate of HFC-1234yf from Mobile Air Conditioners in
Europe, Environmental Science & Technology, 46, 1650-1658,
https://doi.org/10.1021/es2034608, 2012b.

Henne, S., Brunner, D., Oney, B., Leuenberger, M., Eugster, W.,
Bamberger, 1., Meinhardt, F., Steinbacher, M., and Emmeneg-
ger, L.: Validation of the Swiss methane emission inventory
by atmospheric observations and inverse modelling, Atmos.
Chem. Phys., 16, 3683-3710, https://doi.org/10.5194/acp-16-
3683-2016, 2016.

Henne, S., Storck, F. R., Wohrnschimmel, H., Leuenberger, M. C.,
Vollmer, M. K., and Reimann, S.: Observations and Atmo-
spheric Simulations of Trifluoroacetate (TFA) in Precipita-
tion and Surface Waters in Switzerland, Zenodo [data set],
https://doi.org/10.5281/zenodo.17220023 , 2025.

Holland, R., Khan, M. A. H., Driscoll, 1., Chhantyal-Pun, R.,
Derwent, R. G., Taatjes, C. A., Ormr-Ewing, A. J., Percival,
C. J., and Shallcross, D. E.: Investigation of the Production of
Trifluoroacetic Acid from Two Halocarbons, HFC-134a and

60

65

70

75

80

85

90

95

00

05

10

15


https://doi.org/10.1007/s00204-023-03454-y
https://doi.org/10.1007/BF00476895
https://doi.org/10.1029/96GL02615
https://www.efsa.europa.eu/en/topics/per-and-polyfluoroalkyl-substances-pfas
https://www.efsa.europa.eu/en/topics/per-and-polyfluoroalkyl-substances-pfas
https://www.efsa.europa.eu/en/topics/per-and-polyfluoroalkyl-substances-pfas
https://doi.org/10.1016/S0045-6535(00)00066-7
https://doi.org/10.1038/35085548
https://doi.org/10.1039/B212658C
https://doi.org/10.1021/es9603822
https://eur-lex.europa.eu/eli/reg/2024/573/oj
https://doi.org/10.1029/2008JD010816
https://doi.org/10.1002/jhrc.1240180203
https://doi.org/10.1038/382034a0
https://doi.org/10.1021/acs.est.0c02910
https://doi.org/10.1021/acs.estlett.2c00164
https://doi.org/10.3390/su16062382
https://doi.org/10.1016/j.jaap.2007.01.004
https://doi.org/10.1021/j100093a029
https://doi.org/10.1002/etc.5963
https://doi.org/10.1016/j.scitotenv.2023.161830
https://doi.org/10.1021/es2034608
https://doi.org/10.5194/acp-16-3683-2016
https://doi.org/10.5194/acp-16-3683-2016
https://doi.org/10.5194/acp-16-3683-2016
https://doi.org/10.5281/zenodo.17220023

S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland 27

HFO-1234yf and Its Fates Using a Global Three-Dimensional
Chemical Transport Model, ACS Earth and Space Chemistry, 5,
849-857, https://doi.org/10.1021/acsearthspacechem.0c00355,
2021.

s Hurley, M. D., Sulbaek Andersen, M. P., Wallington, T. J., Ellis,
D. A., Martin, J. W., and Mabury, S. A.: Atmospheric Chem-
istry of Perfluorinated Carboxylic Acids: Reaction with OH Rad-
icals and Atmospheric Lifetimes, The Journal of Physical Chem-
istry A, 108, 615-620, https://doi.org/10.1021/jp036343b1089-

1o 5639 ,2004.

Hurley, M. D., Wallington, T. J., Javadi, M. S., and Nielsen,
O. J.: Atmospheric chemistry of CF3CF=CHj: Prod-
ucts and mechanisms of Cl atom and OH radical initi-
ated oxidation, Chemical Physics Letters, 450, 263-267,

15 https://doi.org/10.1016/j.cplett.2007.11.051, 2008.

International Atomic Energy Agency: Global Network of Isotopes
in Precipitation (GNIP), https://www.iaea.org/services/networks/
gnip (last access: 20 September 2025), 2025.

Joerss, H., Freeling, F., van Leeuwen, S., Hollender, J., Liu, X.,

20  Nodler, K., Wang, Z., Yu, B., Zahn, D., and Sigmund, G.: Pes-
ticides can be a substantial source of trifluoroacetate (TFA)
to water resources, Environment International, 193, 109061,
https://doi.org/10.1016/j.envint.2024.109061, 2024.

Jordan, A. and Frank, H.: Trifluoroacetate in the environ-

25 ment. Evidence for sources other than HFC/HCFCs,
Environmental Science & Technology, 33, 522-527,
https://doi.org/10.1021/es980674y, 1999.

Joudan, S., De Silva, A. O., and Young, C. J.: Insufficient ev-
idence for the existence of natural trifluoroacetic acid, En-

s vironmental Science: Processes & Impacts, 23, 1641-1649,
https://doi.org/10.1039/D1EMO00306B, 2021.

Kanakidou, M., Dentener, F. J., and Crutzen, P. J.: A global
three-dimensional study of the fate of HCFCs and HFC-
134a in the troposphere, J. Geophys. Res., 100, 18781-18801,

s https://doi.org/10.1029/95JD01919, 1995.

Kotamarthi, V. R., Rodriguez, J. M., Ko, M. K. W., Tromp, T. K.,
Sze, N. D, and Prather, M. J.: Trifluoroacetic acid from degrada-
tion of HCFCs and HFCs: A three-dimensional modeling study,
Journal of Geophysical Research: Atmospheres, 103, 5747—

40 5758, https://doi.org/10.1029/97JD02988, 1998.

Leuenberger, M. C. and Ranjan, S.: Disentangle Kinetic From Equi-
librium Fractionation Using Primary (6170, §180, §D) and Sec-
ondary (A170, dex) Stable Isotope Parameters on Samples From
the Swiss Precipitation Network, Frontiers in Earth Science, 9-

45 2021, https://doi.org/10.3389/feart.2021.598061, 2021.

Lifongo, L. L., Bowden, D. J., and Brimblecombe, P.: Thermal
degradation of haloacetic acids in water, International Journal of
the Physical Sciences, 5, 738—747, https://academicjournals.org/
journal/IJPS/article-full-text-pdf/SF760EB26778 , 2010.

so Lindley, A. A.: An Inventory of Fluorspar Production, Industrial
Use, and Emissions of Trifluoroacetic Acid (TFA) in the Period
1930 to 1999, Journal of Geoscience and Environment Protec-
tion, 11, 1-16, https://doi.org/10.4236/gep.2023.113001, 2023.
Luecken, D. J., Waterland, R. L., Papasavva, S., Taddonio, K. N.,
55 Hutzell, W. T., Rugh, J. P., and Andersen, S. O.: Ozone and
TFA Impacts in North America from Degradation of 2,3,3,3-
Tetrafluoropropene (HFO-1234yf), A Potential Greenhouse Gas
Replacement, Environmental Science & Technology, 44, 343—
348, 2010.

Madronich, S., Sulzberger, B., Longstreth, J. D., Schikowski,
T., Andersen, M. P. S., Solomon, K. R., and Wilson,
S. R.: Changes in tropospheric air quality related to the
protection of stratospheric ozone in a changing climate,
Photochemical & Photobiological Sciences, 22, 1129-1176,
https://doi.org/10.1007/s43630-023-00369-6, 2023.

Mashino, M., Ninomiya, Y., Kawasaki, M., Wallington, T. J., and
Hurley, M. D.: Atmospheric Chemistry of CF3CF=CF;: Kinetics
and Mechanism of Its Reactions with OH Radicals, Cl Atoms,
and Ozone, The Journal of Physical Chemistry A, 104, 7255—
7260, https://doi.org/10.1021/jp000498r1089-5639 , 2000.

Miller, B. R., Weiss, R. F.,, Salameh, P. K., Tanhua, T., Greally,
B. R., Miihle, J., and Simmonds, P. G.: Medusa: A Sample
Preconcentration and GC/MS Detector System for in Situ Mea-
surements of Atmospheric Trace Halocarbons, Hydrocarbons,
and Sulfur Compounds, Analytical Chemistry, 80, 1536-1545,
https://doi.org/10.1021/ac702084k, 2008.

Montzka, S. A., Velders, G. J. M., Krummel, P. B., Miihle, J., Orkin,
V. L., Park, S., Shah, N., and Walter-Terrinoni, H.: Update on
Ozone-Depleting Substances (ODSs) and Other Gases of Interest
to the Montreal Protocol, Chapter 2 Hydrofluorocarbons, Tech.
Rep. Global Ozone Research and Monitoring Project — Report
No. 58, World Meteorological Organization, , 2018.

Neale, P. J., Hylander, S., Banaszak, A. T., Hider, D.-P., Rose,
K. C., Vione, D., Wingberg, S.-A., Jansen, M. A. K., Bus-
quets, R., Andersen, M. P. S., Madronich, S., Hanson, M. L.,
Schikowski, T., Solomon, K. R., Sulzberger, B., Wallington, T. J.,
Heikkild, A. M., Pandey, K. K., Andrady, A. L., Bruckman,
L. S., White, C. C., Zhu, L., Bernhard, G. H., Bais, A., Au-
camp, P. J., Chiodo, G., Cordero, R. R., Petropavlovskikh, I.,
Neale, R. E., Olsen, C. M., Hales, S., Lal, A., Lingham, G.,
Rhodes, L. E., Young, A. R., Robson, T. M., Robinson, S. A.,
Barnes, P. W., Bornman, J. F., Harper, A. B., Lee, H., Calderén,
R. M., Ossola, R., Paul, N. D., Revell, L. E., Wang, Q.-W., and
Zepp, R. G.: Environmental consequences of interacting effects
of changes in stratospheric ozone, ultraviolet radiation, and cli-
mate: UNEP Environmental Effects Assessment Panel, Update
2024, Photochemical & Photobiological Sciences, 24, 357-392,
https://doi.org/10.1007/s43630-025-00687-x, 2025.

Nielsen, O. J., Andersen, M. P. S., and Franklin, J.: Com-
ment on “Assessing the atmospheric fate of trifluoroacetalde-
hyde (CF3CHO) and its potential as a new source of fluo-
roform (HFC-23) using the AtChem2 box model” by Pérez-
Pena et al., Environ. Sci.: Atmos., 2023, 3, 1767-1777, DOI:
10.1039/D3EA00120B, Environmental Science: Atmospheres,
5, 530-534, https://doi.org/10.1039/D4EA00123K, 2025.

OECD: Reconciling Terminology of the Universe of Per- and
Polyfluoroalkyl Substances: Recommendations and Practical
Guidance, Tech. Rep. OECD Series on Risk Management — No.
61, Organisation for Economic Co-operation and Development,

, 2021.

Office of the Law Revision Counsel of the United States
House of Representatives: Air Pollution Prevention And
Controlsubchapter VII-American Innovation And Manufac-
turing, https://uscode.house.gov/view.xhtml?req=granuleid:
USC-prelim-title42-section7675(a)&num=0&edition=
prelim! (last access: 24 February 2025), 2020.

Orkin, V. L., Martynova, L. E., and Ilichev, A. N.: High-Accuracy
Measurements of OH Reaction Rate Constants and IR Ab-

60

65

70

75

80

85

90

95

00

110

115


https://doi.org/10.1021/acsearthspacechem.0c00355
https://doi.org/10.1021/jp036343b1089-5639
https://doi.org/10.1021/jp036343b1089-5639
https://doi.org/10.1021/jp036343b1089-5639
https://doi.org/10.1016/j.cplett.2007.11.051
https://www.iaea.org/services/networks/gnip
https://www.iaea.org/services/networks/gnip
https://www.iaea.org/services/networks/gnip
https://doi.org/10.1016/j.envint.2024.109061
https://doi.org/10.1021/es980674y
https://doi.org/10.1039/D1EM00306B
https://doi.org/10.1029/95JD01919
https://doi.org/10.1029/97JD02988
https://doi.org/10.3389/feart.2021.598061
https://academicjournals.org/journal/IJPS/article-full-text-pdf/5F760EB26778
https://academicjournals.org/journal/IJPS/article-full-text-pdf/5F760EB26778
https://academicjournals.org/journal/IJPS/article-full-text-pdf/5F760EB26778
https://doi.org/10.4236/gep.2023.113001
https://doi.org/10.1007/s43630-023-00369-6
https://doi.org/10.1021/jp000498r1089-5639
https://doi.org/10.1021/ac702084k
https://doi.org/10.1007/s43630-025-00687-x
https://doi.org/10.1039/D4EA00123K
https://uscode.house.gov/view.xhtml?req=granuleid:USC-prelim-title42-section7675(a)&num=0&edition=prelim
https://uscode.house.gov/view.xhtml?req=granuleid:USC-prelim-title42-section7675(a)&num=0&edition=prelim
https://uscode.house.gov/view.xhtml?req=granuleid:USC-prelim-title42-section7675(a)&num=0&edition=prelim
https://uscode.house.gov/view.xhtml?req=granuleid:USC-prelim-title42-section7675(a)&num=0&edition=prelim
https://uscode.house.gov/view.xhtml?req=granuleid:USC-prelim-title42-section7675(a)&num=0&edition=prelim

28 S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland

sorption Spectra: CH2=CF—CF3 and trans-CHF=CH—-CF3,
The Journal of Physical Chemistry A, 114, 5967-5979,
https://doi.org/10.1021/jp9092817, 2010.
Papadimitriou, V. C., Talukdar, R. K., Portmann, R. W., Rav-
5 ishankara, A. R., and Burkholder, J. B.: CF3CF=CH; and
(Z)—CF3CF=CHF: temperature dependent OH rate coefficients
and global warming potentials, Physical Chemistry Chemical
Physics, 10, 808-820, 2008.
Pickard, H. M., Criscitiello, A. S., Persaud, D., Spencer, C., Muir,
1o D. C. G., Lehnherr, 1., Sharp, M. J., De Silva, A. O., and
Young, C. J.: Ice Core Record of Persistent Short-Chain Flu-
orinated Alkyl Acids: Evidence of the Impact From Global
Environmental Regulations, Geophysical Research Letters, 47,
€2020GL087535, https://doi.org/10.1029/2020GL087535, 2020.
15 Pisso, 1., Sollum, E., Grythe, H., Kristiansen, N. I, Cas-
siani, M., Eckhardt, S., Arnold, D., Morton, D., Thomp-
son, R. L., Groot Zwaaftink, C. D., Evangeliou, N., Sode-
mann, H., Haimberger, L., Henne, S., Brunner, D., Burkhart,
J. F, Fouilloux, A., Brioude, J., Philipp, A., Seibert, P., and
20  Stohl, A.: The Lagrangian particle dispersion model FLEX-
PART version 10.4, Geosci. Model Dev., 12, 4955-4997,
https://doi.org/10.5194/gmd-12-4955-2019, 2019.
Poiger, T., Baumgartner, D., and Balmer, M.: Maximum forma-
tion potential of trifluoroacetic acid (TFA) calculated based
25 on annual sales data for pesticide active ingredients in
Switzerland from 2008 to 2023 (1.0), Zenodo [data set],
https://doi.org/10.5281/zenodo.15497861, 2025.
Prinn, R. G., Weiss, R. F., Arduini, J., Arnold, T., DeWitt, H. L.,
Fraser, P. J., Ganesan, A. L., Gasore, J., Harth, C. M., Her-
30 mansen, O., Kim, J., Krummel, P. B., Li, S., Loh, Z. M., Lun-
der, C. R., Maione, M., Manning, A. J., Miller, B. R., Mitrevski,
B., Miihle, J., O’Doherty, S., Park, S., Reimann, S., Rigby, M.,
Saito, T., Salameh, P. K., Schmidt, R., Simmonds, P. G., Steele,
L. P, Vollmer, M. K., Wang, R. H., Yao, B., Yokouchi, Y., Young,
s D., and Zhou, L.: History of chemically and radiatively impor-
tant atmospheric gases from the Advanced Global Atmospheric
Gases Experiment (AGAGE), Earth Syst. Sci. Data, 10, 985—
1018, https://doi.org/10.5194/essd-10-985-2018, 2018.
Reimann, S., Vollmer, M. K., Hill, M., Schlauri, P., Guille-
4 vic, M., Brunner, D., Henne, S., Rust, D., and Emmeneg-
ger, L.: Long-term Observations of Atmospheric Halo-
genated Organic Trace Gases, Chimia, 74, 136-141,
https://doi.org/10.2533/chimia.2020.136, 2020.
Reynard, L. M. and Donaldson, D. J.: Overtone-Induced Chem-
45 istry of Trifluoroacetic Acid: An Experimental and Theoretical
Study, The Journal of Physical Chemistry A, 106, 8651-8657,
https://doi.org/10.1021/jp021084w1089-5639 , 2002.
Rigby, M., Prinn, R. G., Fraser, P. J., Simmonds, P. G., Langen-
felds, R. L., Huang, J., Cunnold, D. M., Steele, L. P., Krummel,
o P. B., Weiss, R. F,, O’Dobherty, S., Salameh, P. K., Wang, H. J.,
Harth, C. M., Miihle, J., and Porter, L. W.: Renewed growth of at-
mospheric methane, Geophysical Research Letters, 35, L22805,
https://doi.org/10.1029/2008GL036037, 2008.
RIVM:  https://www.rivm.nl/documenten/bijlage-bij-rivm-brief-
55 aan-ilt-indicatieve-drinkwaterrichtwaarde-trifluorazijnzuur-tfa,
(last access: 10 March 2025), 2025.
RIWA-Rijn: Jaarrapport 2023 — De Rijn, Tech. rep., RIWA-
Rijn, Vereniging van Rivierwaterbedrijven, Nieuwegein,

the Netherlands, https://www.riwa-rijn.org/publicatie/
jaarrapport-2022-de-rijn/ ,2024.

Rollins, A., Barber, J., Elliott, R., and Wood, B.: Xenobiotic
Monitoring in Plants by 19F and 1H Nuclear Magnetic Reso-
nance Imaging and Spectroscopy: Uptake of Trifluoroacetic Acid
in Lycopersicon esculentum, Plant Physiology, 91, 1243-1246,
https://doi.org/10.1104/pp.91.4.1243, 1989.

Rumble, J. R., ed.: Handbook of Chemistry and Physics,
105th edn., CRC Press, https://hbcp.chemnetbase.com/chemical/
ChemicalSearch.xhtml , 2024,

Russell, M. H., Hoogeweg, G., Webster, E. M., Ellis, D. A.,
Waterland, R. L., and Hoke, R. A.: TFA from HFO-1234yf:
Accumulation and aquatic risk in terminal water bodies,
Environmental Toxicology and Chemistry, 31, 1957-1965,
https://doi.org/10.1002/Etc.1925, 2012.

Rust, D., Katharopoulos, I., Vollmer, M. K., Henne, S., O’Doherty,
S., Say, D., Emmenegger, L., Zenobi, R., and Reimann, S.: Swiss
halocarbon emissions for 2019 to 2020 assessed from regional
atmospheric observations, Atmos. Chem. Phys., 22, 2447-2466,
https://doi.org/10.5194/acp-22-2447-2022, 2022.

Rust, D., Vollmer, M. K., Henne, S., Bithlmann, T., Frumau, A.,
van den Bulk, P., Emmenegger, L., Zenobi, R., and Reimann,
S.: First Atmospheric Measurements and Emission Estimates of
HFO-1336mzz(Z), Environmental Science & Technology, 57,
11903-11912, https://doi.org/10.1021/acs.est.3c01826, 2023.

Scheurer, M. and Nodler, K.: Ultrashort-chain perfluoroalkyl
substance trifluoroacetate (TFA) in beer and tea — An un-
intended aqueous extraction, Food Chemistry, 351, 129304,
https://doi.org/10.1016/j.foodchem.2021.129304, 2021.

Scheurer, M., Nodler, K., Freeling, F., Janda, J., Happel, O., Riegel,
M., Miiller, U., Storck, F. R., Fleig, M., Lange, F. T., Brunsch,
A., and Brauch, H.-J.: Small, mobile, persistent: Trifluoroacetate
in the water cycle — Overlooked sources, pathways, and conse-
quences for drinking water supply, Water Research, 126, 460—
471, https://doi.org/10.1016/j.watres.2017.09.045, 2017.

Schotterer, U., Schiirch, M., Rickli, R., and Stichler, W.: Wa-
ter Isotopes in Switzerland. Latest Findings of the National
ISOT Network, Gas Wasser Abwasser, 2010, 1073-1081,
https://www.researchgate.net/publication/270573867_Water_
Isotopes_in_Switzerland_Latest_Findings_of_the_National _
ISOT_Network: , 2010.

Schiirch, M., Kozel, R., Schotterer, U., and Tripet, J.-P.: Ob-
servation of isotopes in the water cycle — the Swiss Na-
tional Network (NISOT), Environmental Geology, 45, 1-11,
https://doi.org/10.1007/s00254-003-0843-9, 2003.

Scott, B. F., Macdonald, R. W., Kannan, K., Fisk, A., Witter, A.,
Yamashita, N., Durham, L., Spencer, C., and Muir, D. C. G.: Tri-
fluoroacetate profiles in the Arctic, Atlantic, and Pacific Oceans,
Environmental Science & Technology, 39, 6555-6560, 2005.

Seiber, J. N. and Cahill, T. M.: Trifluoroacetic Acid from
CFC Replacements: An Atmospheric Toxicant Becomes a
Terrestrial Problem, in: Pesticides, Organic Contaminants,
and Pathogens in Air, CRC Press, ISBN 9781003217602,
https://doi.org/10.1201/9781003217602-9, 2021.

Solomon, K. R., Velders, G. J. M., Wilson, S. R., Madronich, S.,
Longstreth, J., Aucamp, P. J., and Bornman, J. F.: Sources, fates,
toxicity, and risks of trifluoroacetic acid and its salts: Relevance
to substances regulated under the Montreal and Kyoto Proto-
cols, Journal of Toxicology and Environmental Health, Part B,

60

65

70

75

80

85

90

95

05

10

15


https://doi.org/10.1021/jp9092817
https://doi.org/10.1029/2020GL087535
https://doi.org/10.5194/gmd-12-4955-2019
https://doi.org/10.5281/zenodo.15497861
https://doi.org/10.5194/essd-10-985-2018
https://doi.org/10.2533/chimia.2020.136
https://doi.org/10.1021/jp021084w1089-5639
https://doi.org/10.1029/2008GL036037
https://www.rivm.nl/documenten/bijlage-bij-rivm-brief-aan-ilt-indicatieve-drinkwaterrichtwaarde-trifluorazijnzuur-tfa
https://www.rivm.nl/documenten/bijlage-bij-rivm-brief-aan-ilt-indicatieve-drinkwaterrichtwaarde-trifluorazijnzuur-tfa
https://www.rivm.nl/documenten/bijlage-bij-rivm-brief-aan-ilt-indicatieve-drinkwaterrichtwaarde-trifluorazijnzuur-tfa
https://www.riwa-rijn.org/publicatie/jaarrapport-2022-de-rijn/
https://www.riwa-rijn.org/publicatie/jaarrapport-2022-de-rijn/
https://www.riwa-rijn.org/publicatie/jaarrapport-2022-de-rijn/
https://doi.org/10.1104/pp.91.4.1243
https://hbcp.chemnetbase.com/chemical/ChemicalSearch.xhtml
https://hbcp.chemnetbase.com/chemical/ChemicalSearch.xhtml
https://hbcp.chemnetbase.com/chemical/ChemicalSearch.xhtml
https://doi.org/10.1002/Etc.1925
https://doi.org/10.5194/acp-22-2447-2022
https://doi.org/10.1021/acs.est.3c01826
https://doi.org/10.1016/j.foodchem.2021.129304
https://doi.org/10.1016/j.watres.2017.09.045
https://www.researchgate.net/publication/270573867_Water_Isotopes_in_Switzerland_Latest_Findings_of_the_National_ISOT_Network
https://www.researchgate.net/publication/270573867_Water_Isotopes_in_Switzerland_Latest_Findings_of_the_National_ISOT_Network
https://www.researchgate.net/publication/270573867_Water_Isotopes_in_Switzerland_Latest_Findings_of_the_National_ISOT_Network
https://www.researchgate.net/publication/270573867_Water_Isotopes_in_Switzerland_Latest_Findings_of_the_National_ISOT_Network
https://www.researchgate.net/publication/270573867_Water_Isotopes_in_Switzerland_Latest_Findings_of_the_National_ISOT_Network
https://doi.org/10.1007/s00254-003-0843-9
https://doi.org/10.1201/9781003217602-9

S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland 29

19, 289-304, https://doi.org/10.1080/10937404.2016.1175981,
2016.

Stohl, A., Forster, C., Frank, A., Seibert, P., and Wotawa, G.:
Technical note: The Lagrangian particle dispersion model

s FLEXPART version 6.2, Atmos. Chem. Phys., 5, 2461-2474,
https://doi.org/10.5194/acp-5-2461-2005, 2005.

Storck, F. R.: Klimawandel und Risikobewiltigung bei der
Wasserversorgung mit Uferfiltrateinfluss, in: Veroffentlichun-
gen aus dem DVGW-Technologiezentrum Wasser, edited by:

10 TZW: DVGW-Technologiezentrum Wasser, Band 80, Entwick-
lungstrends fiir die Wasserversorgung, 22. TZW-Kolloquium,
5 December 2017, TZW: DVGW-Technologiezentrum Wasser,
Karlsruhe, 81-90, ,2017.

Storck, F. R., Riva, A., Stihli, M., Schonenberger, U., Freudemann,

15 D., Stamm, C., Hug, S. J., Dolf, R., Mazacek, J., Zobrist, J.,
and Randlett, M.-E.: 50 Jahre NADUF Nationale Dauerunter-
suchung der Fliessgewisser, Aqua & Gas: Fachzeitschrift fiir
Wasser, Gas und Wirme (A&G), 102, 34-41, http://hdl.handle.
net/20.500.11850/595952 , 2022.

20 Sulbaek Andersen, M. P., Madronich, S., Ohide, J. M., Frausig,
M., and Nielsen, O. J.: Photolysis of CF3CHO at 254
nm and potential contribution to the atmospheric abun-
dance of HFC-23, Atmospheric Environment, 314, 120087,
https://doi.org/10.1016/j.atmosenv.2023.120087, 2023.

2s Swiss  Federal Office for Agriculture: Quantities of
active substances in plant protection products
sold in Switzerland, https://www.blw.admin.ch/de/

verkaufsmengen-der-pflanzenschutzmittel- wirkstoffe, (last
access: 12 May 2025), 2025.

30 Swiss Federal Office for the Environment: TFA in groundwa-
ter, https://www.bafu.admin.ch/bafu/en/home/topics/water/
info-specialists/state- of- waterbodies/state- of- groundwater/
groundwater-quality/tfa-im- grundwasser.html , (last access:
25 February 2025), 2024a.

35 Swiss Federal Office for the Environment: Switzerland’s green-
house gas inventory 1990-2022, National Inventory Document,
Submission of April 2021 under the United Nations Frame-
work Convention on Climate Change and under the Kyoto Pro-
tocol, Tech. rep., Federal Office for the Environment (FOEN),

40 https://unfcce.int/documents/637871 , 2024b.

Swiss Federal Office of Energy: Water levels of reser-
Voirs, https://www.uvek-gis.admin.ch/BFE/storymaps/AP_
FuellungsgradSpeicherseen/?lang=en, (last access: 31 March
2025), 2025.

45 Swiss Federal Statistical Office: Swiss Land Use Statistics, https://
www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/
land-use-cover/agricultural-areas.assetdetail.32267705.html,
(last access: 10 March 2025), 2025.

Thackray, C. P., Selin, N. E., and Young, C. J.: A global atmo-

so  spheric chemistry model for the fate and transport of PFCAs and
their precursors, Environmental Science: Processes & Impacts,
22, 285-293, https://doi.org/10.1039/CO9EMO00326F, 2020.

Tokuhashi, K., Takizawa, K., and Kondo, S.: Rate constants for
the reactions of OH radicals with CF3CX=CY, (X=H, F, CFs,

s Y=H, F, Cl), Environmental Science and Pollution Research,
25, 15204-15215, https://doi.org/10.1007/s11356-018-1700-4,
2018.

UBA: Ableitung eines gesundheitlichen Leitwertes fiir Triflu-
oressigsdure (TFA), Tech. rep., UBA — Umweltbundesamt,

https://www.umweltbundesamt.de/sites/default/files/medien/
421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_
fuer_trifluoressigsaeure_fuer_uba-homepage.pdf’ (last
access: 24 February 2025), 2020a.

UBA: Trifluoressigsdure (TFA) — Gewdsserschutz im Spannungs-
feld von toxikologischem Leitwert, Trinkwasserhygiene und
Eintragsminimierung, Tech. rep., UBA — Umweltbundesamt,
https://www.umweltbundesamt.de/sites/default/files/medien/
362/dokumente/2020_10_20_uba_einordnung_tfa_leitwert.pdf
(last access: 24 February 2025), 2020b.

UBA: Untersuchung von aktuellen Meerwasserproben auf
Trifluoressigsdure, Tech. rep., UBA - Umweltbunde-
samt, https://www.umweltbundesamt.de/publikationen/
untersuchung-von-aktuellen-meerwasserproben-auf (last
access: 22 September 2025), 2024.

UBA: Press release from 26 May 2025,
www.umweltbundesamt.de/en/press/pressinformation/
german-agencies-classify-tfa-as-toxic-substance (last access: 6
June 2025), 2025.

Velders, G. J. M., Daniel, J. S., Montzka, S. A., Vimont, L., Rigby,
M., Krummel, P. B., Muhle, J., O’Doherty, S., Prinn, R. G,
Weiss, R. F., and Young, D.: Projections of hydrofluorocarbon
(HFC) emissions and the resulting global warming based on
recent trends in observed abundances and current policies, At-
mos. Chem. Phys., 22, 6087-6101, https://doi.org/10.5194/acp-
22-6087-2022, 2022.

Visscher, P. T., Culbertson, C. W., and Oremland, R. S.: Degrada-
tion of trifluoroacetate in oxic and anoxic sediments, Nature, 369,
729-731, https://doi.org/10.1038/369729a0, 1994.

Vollmer, M. K., Reimann, S., Hill, M., and Brunner, D.: First Ob-
servations of the Fourth Generation Synthetic Halocarbons HFC-
1234yf, HFC-1234ze(E), and HCFC-1233zd(E) in the Atmo-
sphere, Environmental Science & Technology, 49, 2703-2708,
https://doi.org/10.1021/es505123x, 2015.

Vollmer, M. K., Pitt, J. R., Young, D., Henne, S., Mitrevski, B.,
Miihle, J., Ganesan, A., Arduini, J., Manning, A. J., Wagen-
hiuser, T., Redington, A. L., Murphy, B., Gluckmann, R., Stan-
ley, K. M., Krummel, P. B., Lunder, C. R., Yun, J., Rust, D.,
Wenger, A., Guillevic, M., Kim, J., Wang, R. H. J., Rhee, T.
S., Constantin, L., Frumau, A., Harth, C. M., Salameh, P. K.,
Hermansen, O., Engel, A., O’Doherty, S., Park, S., Maione, M.,
Fraser, P. J., Prinn, R. G., Weiss, R. F., and Reimann, S.: Global
Observations and European emissions of the halogenated olefins
HFO-1234yf, HFO-1234ze(E), and HCFO-1233zd(E) from the
AGAGE (Advanced Global Atmospheric Gases Experiment) net-
work, EGUsphere [preprint], https://doi.org/10.5194/egusphere-
2025-4824, 2025.

Wahlstrom, M., Pohjalainen, E., Yli-Rantala, E., Behringer, D.,
Herzke, D., Mudge, S. M., Beekmann, M., de Blaeij, A.,
Devilee, J., Gabbert, S., van Kuppevelt, M., Jeddi, M. Z.,
Trier, X., and Gabrielsen, P.: Fluorinated polymers in a low
carbon, circular and toxic-free economy, European Topic
Centre Waste and Materials in a Green Economy, 145 pp.,
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-
wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-
and-toxic-free-economy (last access: 2025-01-26 January 2025),
2021.

Wallington, T. J., Hurley, M. D., Fracheboud, J. M., Orlando, J. J.,
Tyndall, G. S., Sehested, J., Mggelberg, T. E., and Nielsen, O. J.:

https://

60

65

70

75

80

85

90

95

00

05

10

15


https://doi.org/10.1080/10937404.2016.1175981
https://doi.org/10.5194/acp-5-2461-2005
http://hdl.handle.net/20.500.11850/595952
http://hdl.handle.net/20.500.11850/595952
http://hdl.handle.net/20.500.11850/595952
https://doi.org/10.1016/j.atmosenv.2023.120087
https://www.blw.admin.ch/de/verkaufsmengen-der-pflanzenschutzmittel-wirkstoffe
https://www.blw.admin.ch/de/verkaufsmengen-der-pflanzenschutzmittel-wirkstoffe
https://www.blw.admin.ch/de/verkaufsmengen-der-pflanzenschutzmittel-wirkstoffe
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-groundwater/groundwater-quality/tfa-im-grundwasser.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-groundwater/groundwater-quality/tfa-im-grundwasser.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-groundwater/groundwater-quality/tfa-im-grundwasser.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-groundwater/groundwater-quality/tfa-im-grundwasser.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-groundwater/groundwater-quality/tfa-im-grundwasser.html
https://unfccc.int/documents/637871
https://www.uvek-gis.admin.ch/BFE/storymaps/AP_FuellungsgradSpeicherseen/?lang=en
https://www.uvek-gis.admin.ch/BFE/storymaps/AP_FuellungsgradSpeicherseen/?lang=en
https://www.uvek-gis.admin.ch/BFE/storymaps/AP_FuellungsgradSpeicherseen/?lang=en
https://www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/land-use-cover/agricultural-areas.assetdetail.32267705.html
https://www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/land-use-cover/agricultural-areas.assetdetail.32267705.html
https://www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/land-use-cover/agricultural-areas.assetdetail.32267705.html
https://www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/land-use-cover/agricultural-areas.assetdetail.32267705.html
https://www.bfs.admin.ch/bfs/en/home/statistics/territory-environment/land-use-cover/agricultural-areas.assetdetail.32267705.html
https://doi.org/10.1039/C9EM00326F
https://doi.org/10.1007/s11356-018-1700-4
https://www.umweltbundesamt.de/sites/default/files/medien/421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_fuer_trifluoressigsaeure_fuer_uba-homepage.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_fuer_trifluoressigsaeure_fuer_uba-homepage.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_fuer_trifluoressigsaeure_fuer_uba-homepage.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_fuer_trifluoressigsaeure_fuer_uba-homepage.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/421/dokumente/ableitung_eines_gesundheitlichen_leitwertes_fuer_trifluoressigsaeure_fuer_uba-homepage.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/362/dokumente/2020_10_20_uba_einordnung_tfa_leitwert.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/362/dokumente/2020_10_20_uba_einordnung_tfa_leitwert.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/362/dokumente/2020_10_20_uba_einordnung_tfa_leitwert.pdf
https://www.umweltbundesamt.de/publikationen/untersuchung-von-aktuellen-meerwasserproben-auf
https://www.umweltbundesamt.de/publikationen/untersuchung-von-aktuellen-meerwasserproben-auf
https://www.umweltbundesamt.de/publikationen/untersuchung-von-aktuellen-meerwasserproben-auf
https://www.umweltbundesamt.de/en/press/pressinformation/german-agencies-classify-tfa-as-toxic-substance
https://www.umweltbundesamt.de/en/press/pressinformation/german-agencies-classify-tfa-as-toxic-substance
https://www.umweltbundesamt.de/en/press/pressinformation/german-agencies-classify-tfa-as-toxic-substance
https://www.umweltbundesamt.de/en/press/pressinformation/german-agencies-classify-tfa-as-toxic-substance
https://www.umweltbundesamt.de/en/press/pressinformation/german-agencies-classify-tfa-as-toxic-substance
https://doi.org/10.5194/acp-22-6087-2022
https://doi.org/10.5194/acp-22-6087-2022
https://doi.org/10.5194/acp-22-6087-2022
https://doi.org/10.1038/369729a0
https://doi.org/10.1021/es505123x
https://doi.org/10.5194/egusphere-2025-4824
https://doi.org/10.5194/egusphere-2025-4824
https://doi.org/10.5194/egusphere-2025-4824
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-and-toxic-free-economy
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-and-toxic-free-economy
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-and-toxic-free-economy
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-and-toxic-free-economy
https://www.eionet.europa.eu/etcs/etc-wmge/products/etc-wmge-reports/fluorinated-polymers-in-a-low-carbon-circular-and-toxic-free-economy

30 S. Henne et al.: Trifluoroacetate (TFA) in precipitation and surface waters in Switzerland

Role of Excited CF3CFHO Radicals in the Atmospheric Chem-
istry of HFC-134a, The Journal of Physical Chemistry, 100,
18116-18122, https://doi.org/10.1021/jp9624764, 1996.

Wang, Z., Wang, Y., Li, J., Henne, S., Zhang, B., Hu, J., and Zhang,

s J.: Impacts of the Degradation of 2,3,3,3-Tetrafluoropropene
into Trifluoroacetic Acid from Its Application in Automo-
bile Air Conditioners in China, the United States, and Eu-
rope, Environmental Science & Technology, 52, 2819-2826,
https://doi.org/10.1021/acs.est.7605960, 2018.

10 Wesely, M. L.: Parameterization of Surface Resistances to
Gaseous Dry Deposition in Regional-Scale Numerical-
Models,  Atmospheric ~ Environment, 23, 1293-1304,
https://doi.org/10.1016/0004-6981(89)90153-4, 1989.

Western, L. M., Rigby, M., Miihle, J., Krummel, P. B., Lunder,

15 C. R., O’Doherty, S., Reimann, S., Vollmer, M. K., Young, D.,
Adam, B., Fraser, P. J., Ganesan, A. L., Harth, C. M., Her-
mansen, O., Kim, J., Langenfelds, R. L., Loh, Z. M., Mitrevski,
B., Pitt, J. R., Salameh, P. K., Schmidt, R., Stanley, K., Stavert,
A. R., Wang, H.-J., Weiss, R. F.,, and Prinn, R. G.: Global Emis-

20  sions and Abundances of Chemically and Radiatively Important
Trace Gases from the AGAGE Network, Earth Syst. Sci. Data
Discuss. [preprint], https://doi.org/10.5194/essd-2025-348, in re-
view, 2025.

Zhang, L., Sun, H., Wang, Q., Chen, H., Yao, Y., Zhao, Z., and
Alder, A. C.: Uptake mechanisms of perfluoroalkyl acids with
different carbon chain lengths (C2-C8) by wheat (Triticum ac-
stivnm L.), Science of The Total Environment, 654, 19-27,
https://doi.org/10.1016/j.scitotenv.2018.10.443, 2019.

25


https://doi.org/10.1021/jp9624764
https://doi.org/10.1021/acs.est.7b05960
https://doi.org/10.1016/0004-6981(89)90153-4
https://doi.org/10.5194/essd-2025-348
https://doi.org/10.1016/j.scitotenv.2018.10.443

Remarks from the typesetter

Please check updated capitalization in the title/running title.

For the optimization of our publications’ metadata, especially regarding the increasing need to correctly identify af-
filiations of authors (particularly for the institutional coverage of APCs and membership models like DEAL), we aim for
unique identifiers for affiliations like ROR.org (Research Organization Registry). To reach this goal, it is absolutely necessary
to separate any affiliations or affiliation-type entries from one another.

Please provide year.

Please confirm dates throughout text text.

Please mention Fig. 4 in the text.

Please note that, in keeping with our house standards, this section remains unnumbered, as there is no Sect. 3.5.2.

Please check DOL.

Please provide date of last access.

In the assets for this paper, you also submitted a software code with the DOI https://doi.org/10.5281/zenodo.17316291.
Please add a corresponding statement and its citation and reference list entry.

Please note that there is funding information given in the acknowledgements but you have not indicated any funding
upon manuscript registration. Therefore, we were not able to complete the financial support statement. Please fill the missing
information and double-check your acknowledgements to see whether repeated information can be removed from the acknowl-
edgement. Thanks.

Please ensure that any data sets and software codes used in this work are properly cited in the text and included in
this reference list. Thereby, please keep our reference style in mind, including creators, titles, publisher/repository, persistent
identifier, and publication year. Regarding the publisher/repository, please add "[data set]" or "[code]" to the entry (e.g. Zenodo
[code]).

Please provide date of last access.

Please provide date of last access.

Please provide date of last access.

Please provide date of last access.

Please provide a persistent identifier (ISBN or DOI preferred).

Please check DOI (not resolving).

Please check DOI.

Please provide date of last access.

Please check DOI.

Please provide a persistent identifier (ISBN or DOI preferred).

Please provide a persistent identifier (ISBN or DOI preferred).

Please check URL.

Please check DOI.

Please provide date of last access.

Please provide date of last access.

Please provide date of last access.

Please provide a persistent identifier (ISBN or DOI preferred).

Please provide date of last access.

Please check URL.

Please provide date of last access.

Please check URL.

31


https://doi.org/10.5281/zenodo.17316291

	Abstract
	Introduction
	Methods
	TFA sampling and analysis
	Monitoring of atmospheric precursors
	Simulation of atmospheric degradation of fluorinated precursors and TFA deposition
	Long-lived HCFCs, HFCs, fluorinated inhalation anaesthetics
	Short-lived HFOs


	Results
	TFA concentrations in recent precipitation and surface waters
	Simulated TFA deposition
	Contribution from atmospheric degradation of long-lived fluorinated compounds
	Simulated HFO-1234yf and resulting TFA deposition
	Comparison to observed TFA deposition

	Total TFA fluxes, source attribution and budget in Switzerland
	Long term trend from archived samples
	Discussion

	Conclusions
	Appendix A: European HFO-1234yf emissions
	Appendix B: Additional simulation results
	Appendix C: Uncertainty estimate of simulated TFA deposition rates
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References



