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Abstract. For the first time, we present long-term, ongoing atmospheric measurements of 1,2-dichloroethane (DCE,
CH,CICH,Cl) from the Advanced Global Atmospheric Gases Experiment (AGAGE) and National Oceanic and Atmospheric
Administration (NOAA) global monitoring networks. DCE is an industrially produced, very short-lived chlorinated substance
(CI-VSLS) that has the potential to contribute chlorine to the stratosphere and cause ozone depletion. Compared to other Cl-
VSLS, DCE is produced in higher volumes for its primary use as a feedstock in polyvinyl chloride (PVC) manufacture. This
production has sustained annual mean mole fractions at the Earth’s surface of between 5 and 10 ppt during 2017-2023, making
it the third most abundant C1-VSLS. In this study we estimate mean global emissions for 2017-2023 of 453 [268, 638] Gg yr!
using the AGAGE observations, and 525 [316, 734] Gg yr! using the NOAA observations. We also use AGAGE
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measurements to estimate regional emissions for northwest Europe (2.06 [1.31, 2.65] Gg yr™') and California (0.23 [0, 0.37]
Gg yr'"), two domains with sufficient observational coverage to enable this approach. Our global emissions estimates are
consistent (within uncertainties) with the only previously published estimate by Hossaini et al. (2024), whereas our regional
emission estimates are at least an order of magnitude smaller than those in that study. This suggests global total emissions may
be well constrained, but their spatial distribution remains uncertain. Improved measurement coverage in key source regions of
DCE could address that uncertainty and better constrain the contribution of DCE to ozone-depleting chlorine in the

stratosphere.

1 Introduction

Chlorinated very short-lived substances (CI-VSLS) are increasingly being studied to better understand their impact on
stratospheric ozone depletion through their contribution to stratospheric chlorine levels. Although the ozone depletion
potentials (ODPs) of CI-VSLS are low compared to many long-lived ozone depleting substances (ODSs) controlled by the
Montreal Protocol on Substances that Deplete the Ozone Layer, in several cases they are not negligible (Burkholder and
Hodnebrog et al., 2022; Hossaini et al., 2024; UNEP, 2022), and they vary depending on the season and location of emissions.
Unlike long-lived ODSs, the production and consumption of CI-VSLS is not controlled under the Montreal Protocol, even
though increasing atmospheric abundances of CI-VSLS are partially offsetting decreases in ODS abundances and delaying the
recovery of the stratospheric ozone layer (Bednarz et al., 2022, 2023; Chipperfield and Santee et al., 2022; Daniel and Reimann
et al., 2022; Hossaini et al., 2019; Laube and Tegtmeier et al., 2022; Oram et al., 2017; Villamayor et al., 2023). Due to their
short atmospheric lifetimes (typically less than 6 months), the total radiative forcing of CI-VSLS is small. However, they may
nonetheless have some impact on the global radiative balance (Braesicke and Neu et al., 2018; Hossaini et al., 2015). The
Advanced Global Atmospheric Gases Experiment (AGAGE) and the National Oceanic and Atmospheric Administration
(NOAA) measurement networks monitor the atmospheric abundance of several C1-VSLS with high production volumes such
as dichloromethane (methylene chloride, DCM, CH,Cl,), tetrachloroethene (perchloroethylene, PCE, CCI>CCl,), and
trichloromethane (chloroform, CFM, CHC]l;3). The atmospheric abundance of DCM has more than doubled since the year 2000
(Laube and Tegtmeier et al., 2022).

Currently, the chlorinated substance 1,2-dichloroethane (ethylene dichloride, DCE, CH,CICH,Cl, CAS No. 107-06-2) is
produced in markedly higher volumes than other CI-VSLS (UNEP, 2022). The total global production in 2020 was estimated
to be larger than 50,000 Gg (Hossaini et al., 2024; MCgroup, 2023; Statista, 2023; TEAP, 2024; UNEP, 2018, 2022). The
largest production centres lie in East Asia, the United States (predominantly Louisiana, Texas and Kentucky (EPA, 2025a)),
and Europe (UNEP, 2022). These are also the dominant regions for DCE consumption (UNEP, 2022). The main use of DCE
(95-99 %; CEH, 2025; ECHA, 2012; Hossaini et al., 2024; TEAP, 2024; UNEP, 2002, 2018, 2022) is as a feedstock in the
industrial manufacture of vinyl chloride monomer (VCM), which is polymerised to polyvinyl chloride (PVC), one of the most
widely produced plastic polymers (Hossaini et al., 2024; TEAP, 2024; UNEP, 2022). Other minor feedstock uses include the
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production of trichloroethene (trichloroethylene, TCE, CCI,CHCI), PCE, and ethylene amines, and it is also used as a solvent,
although many of these solvent uses are poorly documented (Arcoya et al., 1980b, a; Ayres and Ayres, 1997; EPA, 2020a;
Hossaini et al., 2024; Sutherland et al., 2011; Takahashi et al., 2024; TEAP, 2024; UNEP, 2018, 2022; Wu and An, 2024).
The only known source of DCE to the atmosphere is due to anthropogenic activities (Engel and Rigby et al., 2018; Hossaini
et al., 2015). Emissions are thought to be via fugitive losses from feedstock use, including production, consumption, shipping,
and storage (Hossaini et al., 2024; UNEP, 2022). Emissions also occur from directly emissive applications such as its use as a
solvent (Hossaini et al., 2024; UNEP, 2022). A recent study by Hossaini et al. (2024) published the first emission estimates of
DCE based on a statistical bottom-up methodology, informed by atmospheric measurements taken during three aircraft
campaigns and surface measurements from Southeast Asia. Hossaini et al. (2024) suggested that global DCE emissions
increased by 45% over the last two decades (from 349 Gg in 2002 to 505 Gg in 2020; Hossaini et al., 2024). However, they
point out the uncertainties in the magnitude of direct DCE emissions, since there are no reporting requirements for the
production or consumption of DCE for solvent use.

Once emitted, DCE has a mean tropospheric lifetime of approximately 83 days (Hossaini et al., 2024). However, the local
atmospheric lifetimes of DCE and other CI-VSLS are dependent on the time of year and regional atmospheric conditions
(Hodnebrog et al., 2020), leading to pronounced spatiotemporal variability in their tropospheric abundances (Laube et al.,
2008; Law and Sturges et al., 2006). Therefore, the fraction of emitted DCE and its atmospheric degradation products (Hossaini
etal., 2024) that can reach the stratosphere depends on emission locations relative to the corresponding loss regions and vertical
transport mechanisms (Brioude et al., 2010; Claxton et al., 2019; Liang et al., 2025; Pan et al., 2024; Pisso et al., 2010).
Unexpectedly enhanced levels of CI-VSLS were observed in the upper troposphere up to the lower stratosphere Asian Summer
Monsoon outflow, suggesting that this is a region from which emissions can be transported to the stratosphere particularly
efficiently (Adcock et al., 2020; Jesswein et al., 2025; Lauther et al., 2022; Pan et al., 2024). Given the shorter lifetime of DCE
compared to the other C1-VSLS considered here, the efficiency with which emissions reach the stratosphere is more sensitive
to location (Claxton et al., 2019). Hossaini et al. (2024) estimate an input of 12.9 ppt (parts per trillion, pmol mol™) of
stratospheric chlorine due to DCE in 2020. This can be compared to the contribution to total stratospheric chlorine from Cl-
VSLS of ~130 (100-160) ppt in 2020 (Bednarz et al., 2022; Laube and Tegtmeier et al., 2022). The regionally varying ODP
of DCE was calculated at 0.0029-0.0119 (Claxton et al., 2019). Its contribution to direct stratospheric ozone depletion was
estimated to be comparatively small (less than 1 % as an annual average in 2020) (Hossaini et al., 2024). However, similarly
to other CI-VSLS, there is substantial uncertainty in the environmental impact of DCE emissions, because their potential effect
on stratospheric Cl abundance is highly variable (Daniel and Reimann et al., 2022; Hossaini et al., 2024; Laube and Tegtmeier
et al., 2022). Hence, additional monitoring for characterising emissions of DCE and other VSLS on regional scales could help
to constrain their contributions to stratospheric chlorine content.

Periodic measurements of the tropospheric abundance of DCE were conducted in the last two decades during aircraft
campaigns (Roozitalab et al., 2024; Thompson et al., 2022; Wofsy, 2011; Wofsy et al., 2017, 2021) over both hemispheres,
principally covering the Pacific, the Arctic, the Southern, and the Atlantic Oceans, Alaska, and parts of the Antarctic. These
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campaigns provide data for all seasons. During these campaigns, boundary layer mole fractions were found in the range of 10—
20 ppt in the Northern Hemisphere, and at approximately 2 ppt for the Southern Hemisphere (Engel and Rigby et al., 2018;
Hossaini et al., 2019, 2024; Laube and Tegtmeier et al., 2022; Roozitalab et al., 2024). In addition, in the last two decades,
aircraft and short-term (a few months) to medium-term (up to three years) ground-based measurement campaigns were
conducted that principally covered land regions (Crawford et al., 2021; Logue et al., 2010; Lyu et al., 2020; Mao et al., 2009;
NASA, 2024; Oram et al., 2017; Pan et al., 2024; Simpson et al., 2020; Yang et al., 2016; Zhang et al., 2014). These campaigns
captured air masses that were regionally or locally influenced by urban and/or industrial sources. Mole fractions were
particularly reported from regions of China, other Asian countries, and the USA. The measured mole fractions exhibit a large
spatiotemporal variability, reaching magnitudes of a couple of tens to a couple of hundreds of ppt; some studies even reported
pollution events at the thousands of ppt level (Barletta et al., 2009; Simpson et al., 2020; Xu et al., 2023). In all studies, the
reported mean mole fractions of DCE and/or the relative contribution of DCE to the sum of chlorine (Oram et al., 2017) were
among the highest of the respectively analysed VSLS, after DCM and CFM.

Here we present, for the first time, ongoing surface-based measurements of DCE from the AGAGE (AGAGE, 2025; Prinn et
al., 2018) and NOAA (NOAA, 2025) global measurement networks. The observations at a total of 20 sampling locations across
the globe cover the years 2017-2023. With measurements from archived air samples, we extend the record back to 1995. Using
a top-down approach based on these long-term atmospheric observations, we estimate global emissions as well as regional
emissions for northwest (NW) Europe and California (two regions for which we have sufficient measurement coverage to
enable this approach). Our results help to better constrain the environmental impact of DCE as one of the most highly emitted

industrially produced VSLS.

2 Materials and methods
2.1 Measurement sites

This study presents DCE measurements from the AGAGE (AGAGE, 2025; Prinn et al., 2018) and NOAA (NOAA, 2025)
global measurement networks. These networks sample air at long-term measurement sites (Fig. 1 and Appendix B) that are
sensitive to emissions from different global regions and capture global background mole fractions in well-mixed air masses,
as well as, in some cases, regional pollution events. In situ measurements made within AGAGE are reported from 11 field
sites. Measurements from the station at Gosan (South Korea), have been excluded from this study due to data issues (see Sect.
2.2).

Measurements of DCE from paired flask samples collected by the NOAA Global Monitoring Laboratory (GML) are reported
from 16 sites. Samples were collected approximately weekly. The main change in the NOAA sampling network through this
period at these sites occurred at the Mauna Loa site (MLO, Hawaii, USA) in November 2022, when the eruption of the Mauna
Loa volcano terminated power and road access to the site. Prior to that date, measurements at Mauna Loa were obtained from

paired stainless-steel flasks collected manually between 10:00 and 12:00 local time. After that date, results were from paired

4



110

115

120

125

https://doi.org/10.5194/egusphere-2026-1589
Preprint. Discussion started: 2 April 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

glass flasks collected automatically at 05:00 local time. The difference between the two flask collection methods, which were
used side-by-side at Mauna Loa from July 2021 to November 2022, expressed as monthly means averaged over the entire

period, was less than 0.5 % for DCE.
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Figure 1: In situ and flask measurements sites for 1,2-dichloroethane (DCE). Green circles: AGAGE. Cyan triangles: NOAA. Dark
purple squares: AGAGE and NOAA. Golden diamond: Empa/KOPRI flask measurements. Alert, Canada (ALT); Zeppelin,
Svalbard, Norway (ZEP); Summit, Greenland (SUM); Barrow, Alaska, USA (BRW); Mace Head, Ireland (MHD); Tacolneston, UK
(TAC); Taunus, Germany (TOB); Jungfraujoch, Switzerland (JFJ); Park Falls, Wisconsin, USA (LEF); Monte Cimone, Italy
(CMN); Harvard Forest, Massachusetts, USA (HFM); Trinidad Head, California, USA (THD); Niwot Ridge, Colorado, USA
(NWR); Scripps Institution of Oceanography, California, USA (SIO0); Mauna Kea, Hawaii, USA (MKO); Cape Kumukahi, Hawaii,
USA (KUM); Mauna Loa, Hawaii, USA (MLO); Ragged Point, Barbados (RPB); Cape Matatula, American Samoa (SMO);
Kennaook/Cape Grim, Tasmania, Australia (CGO); King Sejong Station, Antarctica (KSG); Palmer Station, Antarctica (PSA);
South Pole, Antarctica (SPO).

Measurements of flask samples, collected weekly at the King Sejong Station (KSG, Antarctica) (Vollmer et al., 2011, 2018)
from 2016-2024, complement the AGAGE measurement record. In addition, a set of 9 sub-samples from cryogenically filled
samples of the Cape Grim Air Archive (CGAA, Tasmania, Australia) (Langenfelds et al., 1996) provide point measurements
over the years 1995-2016. The NOAA record is supplemented by archive tank measurements (in either stainless steel or treated

aluminium tanks) at Niwot Ridge (NWR, Colorado, USA) spanning the years 1995-2022.
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2.2 Sampling and analysis

The majority of AGAGE DCE measurements were conducted using a Medusa preconcentration unit, coupled to gas
chromatography and mass spectrometry (Medusa-GC/MS). The method is described in detail by Miller et al. (2008), Arnold
etal. (2012), and Prinn et al. (2018) and only the most important aspects are summarized here. For some additional operational
and analytical information see Appendix C.

With Medusa-GC/MS systems, one measurement is made every 60—65 min. Working standard measurements (std) are either
run after every air measurement (i.e. air, std, air, std) or after every two air measurements (i.e. air, air, std, air, air, std), with
the latter approach used at Jungfraujoch, Monte Cimone, Taunus, Tacolneston, and in later years at Kennaook/Cape Grim. For
AGAGE in situ measurements, ambient air is sampled through inert, continuously flushed Synflex (Eaton) or stainless-steel
inlet lines pumped from the top of an air sampling tower. From these continuous air streams, the air is sampled into the
instruments using either a clean diaphragm or metal bellows pump. The sampling setups were found to not influence ambient
levels of DCE.

With a Medusa-GC/MS, 2 L of air are sampled at a flow rate of 100 mL min~! (i.e. total sampling time 20 min), dried using
two Nafion membrane dryers (Perma Pure), and pre-concentrated and focused cryogenically with a two-trap system (Hayesep
D adsorbent). For this, initially Polycold “Cryotiger”/PCC cryocoolers were used, which were eventually replaced by Stirling
coolers (AMETEK, Inc./Sunpower Inc., CryoTel GT) at most sites, creating sample trapping temperatures of —165 °C or colder
for both micro traps. More abundant bulk gases such as N, Oz, CO,, and some noble gases, are largely removed from the
sample via fractionated distillation steps (by controlled heating of each micro-trap) and purging with research grade helium.
After pre-concentration, the analytes are cryo-focused and then transferred into a gas chromatograph (Agilent 6890, 7890).
Chromatographic separation of DCE from other analytes is achieved with a CP-PoraBOND Q column (0.32 mm ID x 25 m, 5
um film thickness; Agilent). The analytes are detected by electron ionization quadrupole mass spectrometry (EI)-qMS (Agilent
5975, 5977) in the selected ion monitoring (SIM) mode.

At Monte Cimone, the first years of the DCE record were measured using a simpler Adsorption Desorption System (ADS)
(Maione et al., 2013), before the installation of a Medusa-GC/MS in December 2023. More details are described in Appendix
C and Appendix D.

Helium (grade 5.0 or 6.0), which is further purified with a helium purifier (HP2, VICI), is generally used as the carrier gas.
GCWerks (GCWerks, 2026) is used as instrument control and data processing software. Measured DCE mole fractions are
reported as dry air mole fractions in ppt (parts per trillion, pmol mol™).

Laboratory air and “blank” samples are typically measured on a weekly basis. Laboratory air is monitored to identify cases
where there is the potential for contamination of the ambient air samples. The blank measurements are performed by running
a measurement cycle without trapping any sample air. In general, non-zero blanks can be indicative of contamination in the
carrier gas, contamination or leakage within the instrument, or carry-over from the previous sample. For DCE we typically

observe non-zero blank values at all sites within the network except for Kennaook/Cape Grim (this site only recorded a very
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small number of non-zero blanks over the entire timeseries). Carry-over has been identified as the principal cause of non-zero
blanks for this species.

A correction was applied within the GCWerks software to account for non-zero blanks. This correction assumes that a constant
blank mole fraction is added to all run types (e.g. blank, air, working standard). Typically, this is calculated as the mean mole
fraction for the blank runs over each working standard lifetime (i.e. each physical working standard tank is associated with its
own blank mole fraction). This correction performs well when the mole fraction of the ambient air is similar in magnitude to
the mole fractions of the working standard and tertiary tank used to propagate the calibration scale to the site (see Sect. 2.3).
For sites that experience very high pollution events, the assumption of a constant blank mole fraction breaks down. For
example, the carry-over from a highly polluted air sample can significantly increase the peak area measured by the subsequent
standard, such that the mole fraction calculated for the polluted air sample is underestimated. For this reason, data from the
highly polluted AGAGE site at Gosan were excluded from this study, as the blank correction we applied could not account for
carry-over in this case. The second most polluted site within the network for which DCE data exists was Tacolneston. At this
site the root-mean-squared error on the reported mole fractions due to carry-over was found to be 0.7 %. For 99 % of samples
at this site, the impact of carry-over was found to be less than 2 %.

For NOAA'’s flask measurements, samples were collected approximately weekly during clean air conditions. Sample collection
systems vary between sites, but the equipment used was found to not influence ambient air mole fractions of DCE during
sampling. Intake heights vary from just a few meters above ground level (a.g.1.) at a high alpine tundra location (Niwot Ridge),
to 300 m a.g.1. (Park Falls). Most of the sampling inlets at the remote sites are between 10 and 20 m a.g.1. The intake lines are
either continuously flushed Synflex (similar to the Medusa systems described above), 316 Stainless Steel, or polyvinylidene
fluoride (PVDF; Kynar®) tubing that has been cleaned and baked in the laboratory prior to deployment to the field. These
flushed intake lines are connected to a diaphragm pump (N86, KNF) with a 316 stainless-steel head and typically flow at 4-5
SLPM. The lines are flushed for 5—10 minutes (depending on measured flows at the site and inlet length) prior to connecting
flasks to adequately flush out stagnant air before sampling is started. Paired 3 L internally electropolished stainless steel flasks
are connected, and flushed for 12-20 minutes, again depending on the flow rate measured at the time of sampling
(approximately 10 times the volume for two flasks combined). The flasks are flushed either in parallel, or in series (again site
dependent) and subsequently pressurized to 3 bar absolute. The flasks are then shipped back to NOAA’s Global Monitoring
Laboratory in Boulder, Colorado, USA for analysis on the NOAA “M3” GC/MS (Agilent 6890 GC and Agilent 5973 MS) or,
after November of 2023, the “M4” instrument (Agilent 8890 GC and 5977B MS).

For analysis, air from a flask is used to pre-flush the instrument inlet and approximately 200 mL (STP) of sample is directed
onto a 10 cm length of a 0.53 mm ID uncoated fused silica tube maintained at reduced pressure and —165 °C. Prior to cryo-
condensation of DCE and other trace analytes, the sample air is dried by passing it through a tube (~%4" SS by 10 cm long)
containing powdered magnesium perchlorate held in place with silanised glass wool. For the manually filled glass and stainless
steel flasks, two injections are analysed from each flask, and the mean of four injections is reported for each sampling event.

When flask pair differences are larger than 0.5 ppt or 10 % the results are discarded as being unreliable (less than 3 % of flask
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pairs). Only one injection is taken per flask from the automatically filled glass flasks, since a smaller amount of air is captured
(0.7 L flasks are filled to 40 psia). Air analysis proceeds on a fused silica capillary column (0.25 mm ID x 60 m, with a I pm
DB-5 film) that is cycled from —55 to 200 °C for each sample and by monitoring the ion at m/z = 62 (C,H3CI"). Peaks are
integrated and peak area data are processed with custom software. Replicate injections from flasks are bracketed by analyses
of working standards containing whole air, and instrument blanks (synthetic “zero” air) are analysed daily and have repeatedly
shown no measurable levels of DCE. The median replicate injection precision (as 1 standard deviation of the two injections)
in the ~10,000 flasks analysed over the measurement period has been 0.04 ppt (or 0.4 %); in 95 % of the analyses, it has been
smaller than 0.16 ppt (2.3 %).

2.3 Calibration

AGAGE’s DCE measurements are linked to the recently established METAS-2021 primary calibration scale, which was
produced based on permeation and dynamic dilution at the Swiss Federal Institute of Metrology (METAS). The measurement
uncertainty on the SI-traceable mole fraction is 0.9 % (1-sigma confidence level, for cylinder MP21-001) (Bithlmann et al., in
prep.; Guillevic et al., 2018). The integration of the METAS-2021 primary scale into the AGAGE R1 relative calibration scale
(maintained by the Scripps Institution of Oceanography, SIO), allows full, network-wide intercalibration of DCE
measurements. The primary scale is propagated to each AGAGE measurement site through a calibration scheme (Miller et al.,
2008; Prinn et al., 2000, 2018) involving a set of three-level hierarchically linked standards. This calibration hierarchy
comprises of: whole-air secondary standards, based at the SIO central calibration centre; whole-air tertiary standards,
distributed to the sites by the calibration centre; and whole-air quaternary (working) standards, mostly collected by each group
operating a measurement site. All whole-air standards are ambient moist air compressed into 34 L internally electro-polished
stainless-steel tanks (Essex Industries, Inc.), using an oil-free diving air compressor (SA-6, RIX Industries), or collected
cryogenically, during relatively clean air conditions. From the beginning of whole-air standard collection for the routine
measurement of DCE in AGAGE (starting end of 2017), the ambient air at all sites contained DCE at mole fractions well
above the limit of detections of onsite instrumentation. The accuracy associated with the propagation of the primary scale
through the AGAGE calibration hierarchy is usually derived from propagating the measurement precisions.

The instrumental precisions for the in situ air measurements are derived from the standard deviations of continuously
bracketing working standard measurements (see Sect. 2.2). During routine operation at each field site, working standard
measurements bracket each or each pair of ambient air sample measurements to account for changes of the MS sensitivity. For
Medusa-GC/MS instruments the average measurement precision for DCE was 0.5 % (taken as the mean of the average
precisions for each site). For the ADS instrument the respective average measurement precision was 1.6 %. Combining these
on-site measurement precisions with uncertainties associated with the production and propagation of the calibration scale,
including an estimate for the impact of carry-over of 0.7 % for each propagation step, we derive overall 1-sigma uncertainties

of 2.4 % for the Medusa-GC/MS instruments; and 3.3 % for the Monte Cimone-ADS.
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Weekly measurements of the working standard against the tertiary standard (typically 4 repeat sets of measurements) allow
for tracking of potential drift of DCE in the standard cylinders. When a new tertiary standard arrives at a field site, it is
compared to the old tertiary, and the old tertiary is remeasured at SIO, resulting in three sets of comparisons (OUT value at
SIO, on-site value, IN value at SIO). Combined, these comparisons usually allow SIO to correct any drift in DCE (if it
occurred). No drift has been observed in the secondary standards at SIO.

NOAA’s DCE measurements are referenced to the NOAA-2003 absolute calibration scale, which consists of five different
primary standards prepared using gravimetric techniques at mole fractions ranging from 13 to 30 ppt in Essex cannisters
initially pressurized with humidified synthetic air to 900 psi. The response per mole of DCE injected for these standards in
repeat analyses at different times has been within + 5 % and has been consistent overall since they were initially prepared at
different times between 2018 and 2022. Consistency in the measurement scale throughout the entire record is supported by
repeat analyses of archived whole-air samples pressurized in Essex cryogenics 34 L cannisters. Repeat analyses for these
archived samples has been within 5 % for the entire suite of samples, whose mole fractions range from 2 to 35 ppt. For more
details on standard preparation in general at NOAA/GML, see Hall et al. (2007).

The measurements of both networks at five shared sites (Kennaook/Cape Grim, Cape Matatula, Ragged Point, Trinidad Head,
Mace Head) are regularly compared at the twice-yearly AGAGE meetings. For DCE, the average ratio between the NOAA
(NOAA-2003 scale) and AGAGE (METAS-2021 scale) measurements is 1.0406 + 0.0103 (NOAA/AGAGE) for the period
2017-2025.

2.4 Emissions modelling
2.4.1 Prior emissions

The global and regional emission estimates used a prior emissions map taken from Hossaini et al. (2024). In that study, several
emissions maps were constructed by combining proprietary country-level data for DCE production with publicly available
data for country-level imports and exports, then applying a range of different assumed production emission factors. Hossaini
et al. (2024) established the scenario “sc05” map as their central case, as derived model results using sc05 were in overall
better agreement with previous aircraft observations than for their other scenarios. Hence, in this study we use their scenario
sc05 map, corresponding to emission factors from production of 0.5 % for developed countries and 1.5 % for developing
countries (as defined by Article 5 of the Montreal Protocol), with an emission factor of 0.1 % applied to imports (i.e. supply
chain emissions) and consumption (assumed to be feedstock use). Emissions within each country were spatially distributed
using an ethene proxy, taken from the “industrial combustion and processes” sector of the gridded (0.5°%0.5°) CMIP6 dataset
(Feng et al., 2020). The Hossaini et al. (2024) emissions estimates only include years up to 2020, so for 2021-2023 we have

used the 2020 emissions map.
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2.4.2 Global modelling

Global emissions of DCE have been quantified using the approach described in detail in Western et al. (2025). In brief, an
inverse method is used to derive emissions based on semi-hemispheric monthly averaged mole fractions and a 12-box model
of the atmosphere (Cunnold et al., 1983; Rigby et al., 2014). This approach is applied separately for measurements from the
AGAGE and NOAA networks. The atmospheric lifetime of DCE is assumed to be controlled by reaction with the hydroxyl
radical, with rate constants taken from Burkholder et al. (2020), and an ocean sink with a partial lifetime of 12.9 years (Yvon-
Lewis and Butler, 2002). Given the errors likely introduced by using a coarse resolution atmospheric model for a short-lived
substance, we assume a 1-sigma error of 50 % in the derived total effective lifetime, given the variability within each semi-
hemisphere. The inverse method requires a-priori emissions, the “sc05” scenario from Hossaini et al. (2024) as described
above, and we assume that the uncertainty in the year-to-year growth is 20 %. The measurement uncertainty is split into two
components: a random 1-sigma uncertainty on the monthly mean mole fractions that combines uncertainties associated with
propagating the scale from SIO to the AGAGE working standards (1.2 %) and the variability of the background measurements
each month, and a systematic 1-sigma uncertainty associated with the calibration scale of 2.9 % (derived from the comparison
between METAS-2021 and NOAA-2003 scales). In addition to providing posterior emissions estimates, posterior semi-

hemispheric monthly mean mole fractions are also output by the model.

2.4.3 Regional modelling

DCE emissions in northwest (NW) Europe (Belgium, Germany, France, UK, Ireland, Luxembourg, and the Netherlands) and
California were estimated using a regional modelling approach. For NW Europe, observations from the following sites were
used: Monte Cimone, Jungfraujoch, Mace Head, Tacolneston, and Taunus. The California emission estimates used
observations from the sites at Scripps Institution of Oceanography and Trinidad Head. Four different inverse modelling
systems were used for NW Europe: INTEM (Inverse Technique for Emission Modelling) (Arnold et al., 2018; Manning et al.,
2021), RHIME (Regional Hierarchical Inverse Modelling Environment) (Ganesan et al., 2014), ELRIS (Empa Lagrangian
Regional Inversion System) (Henne et al., 2016; Katharopoulos et al., 2023) and FLEXINVERT (Thompson and Stohl, 2014).
Only INTEM and RHIME were used to estimate California emissions.

All four models employ Bayesian methods to infer emissions, subject to constraints provided by model and measurement
uncertainties as well as uncertainties associated with a prior emissions map. The InNTEM, RHIME, and ELRIS runs in this
study all used the NAME (Numerical Atmospheric dispersion Modelling Environment) (Jones et al., 2007) dispersion model
to represent the transport of emissions from their source to the measurement sites. FLEXINVERT used a different dispersion
model: FLEXPART (FLEXible PARTicle dispersion model) (Bakels et al., 2024). All models used the Hossaini et al. (2024)
prior map described above. In addition, a sensitivity test using a prior with uniform emissions over land was also performed

for the NW Europe emission estimates, as described in Appendix F.

10
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Details of the modelling approach used by INTEM, RHIME, and ELRIS are presented by Vollmer et al. (2025). Here we
describe only the differences in model configuration for this specific study. In this case, the lifetime of DCE in the atmosphere
is sufficiently long relative to the transport represented by the NAME model (up to 30 days backwards in time from each
measurement point) that the species was considered inert within the model, in contrast to Vollmer et al. (2025), who applied a
decay function to the model output to account for atmospheric degradation of the shorter-lived halogenated olefins in their
study. The measurement uncertainties used by the models were taken to be the working standard precisions (as described in
Sect. 2.3). Measurements were averaged into four-hour periods with the variability within each four-hour period used as a
proxy for model representation uncertainty. The model and prior uncertainties used by each inversion system are described by
Vollmer et al. (2025). In this study, RHIME used a scaling factor on the prior fluxes sampled from a lognormal distribution
with a mean of 1 and a standard deviation of § (as opposed to a standard deviation of 4 used by Vollmer et al. (2025)), reflecting
the higher uncertainty associated with the DCE prior flux map.

In InTEM, boundary conditions were determined from the fraction of air entering from the 11 boundaries surrounding the
computational domain (calculated by the NAME transport model) as detailed by Manning et al. (2021). Air entering from the
southern boundaries is strongly influenced by the tropics and Southern Hemisphere, hence an average annual ratio of the
background mole fraction between the northern tropics and the northern mid-latitudes was calculated from the observations at
Ragged Point, and the observations at Mace Head. The same estimated tropics ratio values were used for both the European
and Californian domains. In RHIME and ELRIS, boundary conditions for the NW Europe estimates followed the same
approach as Vollmer et al. (2025). RHIME used prior boundary conditions for the California emission estimates taken from
the results of the 12-box model (see Sect. 2.4.2).

In contrast to the other three models, FLEXINVERT employed the FLEXPART dispersion model with 10-day back-trajectory
calculations (with DCE again assumed inert over this time frame). The measurements used in the inversion were averaged into
three-hour periods (different from the four-hour averaging of the other models). The FLEXINVERT inversion framework used
is detailed by Annadate et al. (2025); here, we focus only on the details specific to this study. For the estimation of background
mole fractions, we applied the Robust Extraction of Baseline Signal (REBS) (Ruckstuhl et al., 2012) method. Within the
FLEXINVERT+ framework, we utilised a log-normal prior emission distribution and the M1QN3 solver to iteratively

minimize the cost function. To estimate posterior uncertainties, we ran a 20-member Monte Carlo ensemble of inversions.

3 Results and discussion
3.1 Atmospheric observations

Fully calibrated measurements started for most NOAA sites at the beginning of 2017 and for most AGAGE sites towards the
end of 2017. A list of measurement sites is given in Appendix B, and the observations up to the end of 2023 are shown in Fig.
2 and Fig. 3. Since the start of the ongoing measurement record, DCE was detectable in the atmosphere at all sites. The 12-

box model posterior global mean mole fractions are 6.58 = 0.27 ppt for AGAGE, and 7.50 £ 0.28 ppt for NOAA over the 7-
11
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year reporting period (plot shown in Appendix E). There is no consistent trend of global mean atmospheric abundance over

this period.
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Figure 2. In situ observations of 1,2-dichloroethane (DCE) at AGAGE stations. For better visualisation, the records are shown on
different panels, and some of the largest mole fractions are omitted. a) Jungfraujoch (Switzerland), Zeppelin (Svalbard, Norway),
Ragged Point (Barbados), Cape Matatula (American Samoa), Kennaook/Cape Grim (Australia). b) Monte Cimone (Italy), Mace
Head (Ireland), Taunus (Germany). ¢) Tacolneston (UK), Scripps Institution of Oceanography (California, USA), Trinidad Head

(California, USA).
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Figure 3. Flask measurements of 1,2-dichloroethane (DCE) from NOAA stations visualized as flask pair means. For better

330 visualisation, the records are shown on different panels, and some of the largest mole fractions are omitted. a) Alert (Canada),
Summit (Greenland), Barrow (Alaska, USA), Ragged Point (Barbados), Cape Matatula (American Samoa), Kennaook/Cape Grim
(Tasmania, Australia), Palmer Station (Antarctica), South Pole (Antarctica). b) Trinidad Head (California, USA), Mauna Kea
(Hawaii, USA), Cape Kumukahi (Hawaii, USA), Mauna Loa (Hawaii, USA). ¢) Mace Head (Ireland), Park Falls (Wisconsin, USA),
Harvard Forest (Massachusetts, USA), Niwot Ridge (Colorado, USA).

335
The observations show large spatial and temporal variations. As for most other synthetic halogenated gases, there is a clear
hemispheric difference in the atmospheric abundance. This is especially pronounced for short-lived gases such as DCE, for
which the Northern Hemisphere mean mole fractions are approximately 5 times higher than those in the Southern Hemisphere.
While observed mole fractions at Kennaook/Cape Grim and at the two Antarctic sites (Palmer Station and South Pole) are in
340 therange 1-3 ppt, and little deviation from the seasonally-varying baseline is observed, the further north the sites in the tropical

zone are located, the higher the baseline level of the observations. In the northern hemisphere, observed baseline mole fractions
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range between roughly 5-25 ppt, which is consistent with boundary layer mole fractions previously reported from aircraft
campaigns (Engel and Rigby et al., 2018; Roozitalab et al., 2024). Additionally, northern hemispheric AGAGE and NOAA
measurements show pronounced pollution events (deviations from the baseline level), occasionally in the hundreds of ppt
range at sites located near more industrialized regions.

Although the global production volume of DCE is by far the largest among the CI-VSLS regularly measured and publicly
reported by the two networks, the global mean mole fractions (estimated directly from the measurements or from the model
posterior) of DCE are third highest. They sit between those of DCM (38.3 ppt (AGAGE) and 45.5 ppt (NOAA) in 2020)
(Laube and Tegtmeier et al., 2022) and PCE (1.01 ppt (AGAGE) and 1.12 ppt (NOAA) in 2020) (Laube and Tegtmeier et al.,
2022), and are approximately of the same magnitude as CFM (8.7 ppt (AGAGE) in 2020) (Laube and Tegtmeier et al., 2022).
AGAGE and NOAA measurement sites are sensitive to recent emissions from large parts of North America and Europe, which
are estimated to be two of the main production and consumption regions of DCE, apart from Asia (Hossaini et al., 2024).
Measurements of DCE in archive tanks filled at Trinidad Head, Kennaook/Cape Grim, and Niwot Ridge, as well as flask
samples from the King Sejong Station, are shown in Fig. 4. Samples were measured at either Empa or NOAA (see Fig. 4
legend). The mole fractions have been corrected to represent annual average values. For the NOAA samples at Niwot Ridge,
this correction was performed using the average ratio of monthly means to running annual means derived from the ongoing
measurements at Niwot Ridge during 2017-2023. For Trinidad Head and Kennaook/Cape Grim, a Savitzky—Golay filter
(Savitzky and Golay, 1964) (window length = 60 days, polynomial order = 2) was applied to the in situ mole fractions to
generate a smoothed seasonal cycle for each site as a function of day-of-year. The normalised seasonal cycle for each site was
used to correct the archive data, and the King Sejong flasks were corrected using the normalised Kennaook/Cape Grim seasonal
cycle. To enable direct comparison of all measurements, NOAA measurements have been converted to the METAS-2021 scale
by dividing all mole fractions by 1.0406 (the average ratio of time-matched NOAA/AGAGE measurements at the co-located
sites: Kennaook/Cape Grim, Cape Matatula, Ragged Point, Trinidad Head, Mace Head). Annual average in situ data are also
shown for Trinidad Head and Kennaook/Cape Grim.

The northern hemisphere sites (Trinidad Head and Niwot Ridge) show increasing mole fractions for about a decade starting in
2002. Before and after that period the trend is less clear. This increasing trend is qualitatively consistent with the increasing
global emissions after 2002 derived by Hossaini et al. (2024), although in that study emissions continue to rise until 2018.
With only a limited number of archive samples available it is not possible to provide a top-down estimate of global emissions

for direct comparison against the bottom-up trend derived by Hossaini et al. (2024).
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Figure 4. Annualised 1,2-dichloroethane (DCE) mole fractions measured in archive tanks filled at Trinidad Head, California, USA
(THD); Kennaook/Cape Grim, Tasmania, Australia (CGO); and Niwot Ridge, Colorado, USA (NWR); and flask samples from the
King Sejong Station, Antarctica (KSG). Annual mean in situ mole fractions from Trinidad Head and Kennaook/Cape Grim are also
shown. Archive and flask samples were analysed at either Empa or NOAA as indicated in the legend. Error bars represent
uncertainties due to measurement precision, seasonality correction and calibration scale. For King Sejong and Kennaook/Cape Grim
these uncertainties are too small to be visible on this scale. Measurements at NOAA have been converted to the METAS-2021 scale
using the average ratio of NOAA versus AGAGE measurements at co-located sites (i.e. they were divided by 1.0406).

3.2 Global emissions

Estimated global annual emissions are shown in Fig. 5. Over all years covered by this study (2017-2023) there is no consistent
trend, and the 7-year mean emissions are 453 + 185 Gg yr ! (AGAGE) and 525 =209 Gg yr ' (NOAA).

While the global emission estimates from NOAA and AGAGE are not significantly different, we expect some small
differences based on two main factors. The first is the difference in calibration scale between the two networks (see Sect.
2.3), which would systematically scale the emissions approximately proportionately to the ratio between the calibration
scales (estimated to be 1.0406 based on the ratio of co-located NOAA/AGAGE measurements). Eliminating this calibration

scale difference would bring results from the two networks into closer agreement, however the mean ratio of posterior
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emissions is 1.16 (NOAA/AGAGE), implying that there are other contributing factors. A second factor known to influence
the 12-box model results is the difference in the spatial distribution of sampling between the two networks, as has been
discussed previously for other CI-VSLS (e.g., Carpenter and Reimann et al., 2014). The relative short lifetime of DCE can
mean that backgrounds are not zonally homogeneous, and not approximately homogenous within a meridional semi-
hemisphere. This challenges the assumptions made when using a simplistic 12-box model; however, the agreement between
emissions derived using the AGAGE and NOAA networks, which have different sampling locations, suggest that the
estimates are robust, considering the prescribed uncertainties. Efforts have been made to eliminate measurements in
obviously polluted air masses from the global emission estimate. For example, there are times when measurements made at
Mauna Loa and Cape Kumukahi, Hawaii, USA, are elevated above typical background levels (see Fig. 3), likely due to

outflow from East Asia, as has been observed for other compounds (e.g., Montzka et al., 2018).

This study Hossaini et al. (2024) MCTOC Report (2022)
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Figure 5. Global emissions of DCE derived from measurements from the AGAGE (blue line and points) and NOAA (red line and
triangles) networks, using a 12-box model. Uncertainties of the global emissions (blue and red shaded bands) are given at 1-sigma
confidence level. The derived emissions are compared to the emissions derived by Hossaini et al. (2024) for their different emission
factor scenarios (sc; dashed lines in different grey shades). In that study, sc03 uses an emission factor from production of 0.3 %
(non-Article S countries) and 0.9 % (Article 5 countries), sc04 uses corresponding factors of 0.4 % and 1.2 %, and so on. The derived
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emissions are also compared to an emissions estimate reported by the Medical and Technical Options Committee (MCTOC; UNEP,
2022).

The years 2017-2020 covered by our study overlap with the investigation period of Hossaini et al. (2024). Our derived global
emissions fit well to the emissions magnitudes of scenarios 4 (sc04) to 6 (sc06) described in their study. Scenario 4 assumes
emission factors during production of 0.4 % (developed/non-Article 5 countries) and 1.2 % (developing/Article 5 countries),
while sc05 uses factors of 0.5 % and 1.5 %, and sc06 uses factors of 0.6 % and 1.8 %, respectively. For fugitive emissions
from the supply chain (imports) and feedstock uses, a fixed emission factor of 0.1 % was assumed. This resulted in mean
2017-2020 global emissions of 416 Gg yr ! (sc04), 506 Gg yr! (sc05), and 596 Gg yr™! (sc06). In line with the findings of
Hossaini et al. (2024), our results suggest a potential stabilization in emissions in recent years, following two decades of steady
growth implied from their analysis of production statistics and trade data (and broadly consistent with our archive
measurements).

Compared to our results and the previous observationally-constrained study (Hossaini et al., 2024), the Medical and Technical
Options Committee (MCTOC) Assessment Report (2022) (UNEP, 2022) estimated notably lower global DCE emissions for
2020 of 60-105 Gg yr!, assuming low emission factors for production, transport, and storage, plus an additional 3-20 Gg yr™!
from solvent use (UNEP, 2022).

Of all reported VSLS emissions for 2020, calculated using the global 12-box model, our derived global DCE emissions are
second highest. For 2020, they compare to global emissions of DCM of 1130 +211 Gg yr ! (AGAGE) or 1328 +242 Gg yr!
(NOAA); of CFM of 339 + 70 Gg yr ! (AGAGE); and of PCE of 80 = 39 Gg yr ! (AGAGE) or 91 + 47 Gg yr ! (NOAA)
(Laube and Tegtmeier et al., 2022). Despite being produced in higher amounts than DCM, DCE is less dominantly used in
directly emissive applications (UNEP, 2022).

3.3 Regional emissions

Emission estimates for NW Europe and California are shown in Fig. 6. The mean posterior emission estimates (over all models
and years) are 2.06 [1.31, 2.65] Gg yr~! for NW Europe and 0.23 [0, 0.37] Gg yr™! for California (where the uncertainty bounds
represent the range between the lowest 15.9 percentile and the highest 84.1 percentile for any of the individual models). In
both cases these emission estimates represent less than 0.5 % of the global total emissions. There is no significant overall
temporal trend in either region. In both cases the posterior estimates are much lower than the prior emissions of 47.9 Gg yr!
(NW Europe) and 15.4 Gg yr ! (California) taken from Hossaini et al. (2024), and in California they are statistically
indistinguishable from zero. This implies some combination of two factors:

1. The country-level totals from Hossaini et al. (2024) sc05 are too high for these regions.

2. The distribution of DCE emissions within individual countries is not well approximated by the ethene emissions map

(Feng et al., 2020) used as a proxy in deriving their gridded emissions.

Factor 2) is likely to be particularly consequential for California, as the USA Environmental Protection Agency (EPA)
Chemical Data Reporting (CDR) (EPA, 2025b) does not list any facilities within the state either producing or using DCE,
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whereas the gridded ethene emissions on which our prior is based do contain significant Californian emissions. Due to the
limited spatial sensitivity of our measurement sites, particularly in regions where substantial industrial production of

chlorinated chemicals is known to occur, we are unable to estimate country-level emissions for the whole USA.
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Figure 6. Regional inverse modelling results of 1,2-dichloroethane (DCE) emissions for NW Europe (a) and California (b). The
coloured lines represent individual model results, and the black line represents the multi-model mean. The grey shading represents
the range between the lowest 15.9 percentile and the highest 84.1 percentile for any of the individual models.

Our gridded emission maps (Fig. 7) show that NW Europe also has a different spatial distribution in the posterior compared to
the prior. However, because our NW Europe region consists of seven countries, our posterior estimates also reflect lower
country-level totals than the prior. This in turn implies that either the activity data (i.e. production and import/export data)
and/or the emission factors (production = 0.5 %, feedstock use = 0.1 %, supply chain leakage = 0.1 %) used by Hossaini et al.
(2024) sc05 are overestimates for the countries in this region. When interpreting this discrepancy, it is worth considering the
spatial sensitivity of the observations used by Hossaini et al. (2024) to select the sc05 production emission factors as their
central case. These data are from aircraft campaigns designed to make representative measurements of background air over
the Pacific and Atlantic Oceans, covering a wide range of latitudes, thus making them well suited to evaluating global models.
The sensitivity of this dataset to emissions from NW Europe is limited, so while sc05 may be globally optimal, regional
variability in these emission factors can be expected due to differences in technology and regulatory regimes.

The posterior emission maps in NW Europe show emissions concentrated around facilities known to be large producers and/or
users of DCE. While it is not possible to estimate emissions at the facility level using this regional modelling approach, the
fact that the posterior maps locate the emissions at these likely sources (without being passed information regarding their
locations in the prior) is noteworthy. Operators of industrial facilities undertaking certain activities within the European Union
must report their atmospheric emissions of DCE to the European Pollutant Release and Transfer Register (E-PRTR; EEA,
2026) when they exceed 1000 kg yr!. Since the UK left the European Union, UK facilities have reported instead to the UK
Pollutant Release and Transfer Register (UK-PRTR; DEFRA, 2012). Combining the two datasets, we obtain total reported
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emissions for NW Europe of 0.78 Gg yr ! when averaged over the years 2018-2023, with a minimum annual value of 0.62 Gg
in 2023 and a maximum of 0.98 Gg in 2020 (see Appendix G for all annual values). These totals are lower than our top-down
estimates, which is expected because these inventories do not include emissions from storage or transport, or from DCE

producers/users whose emissions are below the reporting threshold.
465 Total emissions from the two regions modelled in this study are orders of magnitude lower than our global emission estimates,

reflecting the fact that these regions are not significant emitters in the global context.
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Figure 7. Prior (a, b) and mean posterior (c, d) of 1,2-dichloroethane (DCE) emissions for NW Europe (a, ¢) and California (b, d).
470 The red circles denote the measurement sites, and the red diamonds show the locations of facilities known to be large producers
and/or users of DCE. Note that the colour scale is heavily saturated for the prior plots to display them on the same scale as the

posterior plots.
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4 Implications

Inventory accounting of DCE sources suggests that the future production, use, and emissions of DCE depend primarily on the
anticipated growth in PVC demand in combination with employed manufacturing technologies, and on regulatory controls
implemented in response to the toxicity of DCE (ECHA, 2022; EPA, 2020b, 2024; Sherwood, 2018; UNEP, 2022). The
possibility of increasing future emissions of DCE — as inventory accounting and our archive measurements suggest happened
in the past (Hossaini et al., 2024) — could result in an increased contribution to stratospheric chlorine and, hence, ozone
depletion. In addition, despite the low direct ODP of DCE, its indirect ODP may be higher, as gases such as carbon tetrachloride
(CCly) could be released during DCE manufacture (Hossaini et al., 2015). Therefore, although the current impact of DCE and
other anthropogenically emitted CI-VSLS on ozone depletion is considered small, it could become relatively more important
in the future (Chipperfield et al., 2020; Dubé¢ et al., 2025) assuming that emissions of Montreal Protocol controlled ODSs keep
declining. Continued atmospheric monitoring of DCE would allow a basis for continued assessment of emerging
environmental and health impacts.

The regional emissions estimates for NW Europe and California account for a very small fraction of our global emission
estimates, implying significant emissions are present in other regions not investigated here. Hossaini et al. (2024) estimated
that ~48 % of global emissions came from Asia in 2020. In addition to the production, supply chain and feedstock use emissions
considered in their study, Hossaini et al. (2024) also hypothesise the presence of additional direct emissions due to solvent use,
predominantly in regions where it is a lower-cost option and not restricted, such as in developing countries. Improving
measurement coverage in Southeast Asia would help constrain emissions from this important region, particularly since ODPs
for Southeast Asian DCE emissions have been estimated to be twice the global average due to the influence of deep convection
associated with the monsoon (Adcock et al., 2020). Additional observations could then be used in conjunction with a regional
modelling approach similar to that presented here for NW Europe and California, providing spatially resolved emission
estimates for this important region. Such regional estimates are particularly important for DCE and other C1-VSLS (relative to

longer-lived species) because of their regionally varying ODPs.

Code and data availability

Comment to the editor and the reviewers: The observations and full model output (which contains the observations) will not
be made publicly available until acceptance for publication of the manuscript. However, all data will be made available to the
editor and the reviewers during the review process. Observations made by the AGAGE network are available from
https://www-air.larc.nasa.gov/missions/agage/. Observations made by the NOAA network are available from
https://www.gml.noaa.gov/data/. Additional flask and air archive data will be uploaded as a supplement (in the final
submission). The code for RHIME is available at https://github.com/openghg/openghg inversions. FLEXINVERT code can
be downloaded from https://flexinvert.nilu.no. The code for INTEM and ELRIS are available on request. Code for the 12-box
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model and its inverse method are available at https://doi.org/10.5281/zenodo.6857446 (Rigby and Western, 2022b) and
https://doi.org/10.5281/zen0do.6857794 (Rigby and Western, 2022a). Model data post-processing and plotting utilized the
python package FLUXIE (Flux Intercomparison Environment) (Ramsden et al., 2025). All model output from this paper is

available from xxxx (we will insert zenodo link here).
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Appendix A: Characterisation of DCE

Table Al. Identifiers, chemical, physical and atmospheric properties of DCE.“

EGUsphere\

Identifiers, chemical and physical properties

IUPAC name

CAS number (WHO, 2013)

Chemical formula (WHO, 2013)
Boiling Point (°C) (WHO, 2013)
Molecular mass (g mol™!) (WHO, 2013)
Exact mass (g mol™") (MassBank, 2025)

1,2-dichloroethane
107-06-2
CICH2CH2Cl1/ C2H4Cl2
83.5

98.96

97.96901

Atmospheric Properties

Total lifetime (days) (Burkholder and Hodnebrog et al., 2022)

Average tropospheric lifetime (days) (Burkholder and Hodnebrog et al., 2022)
Radiative Efficiency (W m™2 ppb') (Burkholder and Hodnebrog et al., 2022)-°

GWP (100 yr) (Burkholder and Hodnebrog et al., 2022)
GTP (100 yr) (Burkholder and Hodnebrog et al., 2022)
ODP (Claxton et al., 2019)

81.3 (41-555)
82.1

8.64x1073

1

<1
0.0029-0.0119¢

“Global warming potential (GWP) on a 100-year horizon, global temperature change potential (GTP) on a 100-year

horizon, ozone-depletion potential (ODP), photochemical ozone creation potential (POCP). *With adjustments regarding

stratospheric temperature, lifetime, low-frequency infrared absorption (Burkholder and Hodnebrog et al., 2022). “Highest

in tropical (Southeast-)Asia, lowest in Europe (Claxton et al., 2019).
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Appendix B: Measurement sites

Table B1. Summary of the measurement sites, locations, the networks/institutions that contributed the 1,2-dichloroethane (DCE)
measurements, the used instruments and calibration scales, the regions for which the data were used for emissions modelling and

the time periods for which DCE measurements were used in this study.

EGUsphere\

site latitude  longitude  network/  instrument calibration scale  modelling region
institute

Alert (ALT), Nunavut, Canada 82.5°N 62.5°W NOAA flask NOAA-2003 Global

Zeppelin (ZEP), Svalbard, Norway 78.9° N 119°E AGAGE Medusa METAS-2021 Global

Summit (SUM), Greenland 72.6° N 38.4°W NOAA flask NOAA-2003 Global

Barrow (BRW), Alaska, USA 71.3° N 156.6°W  NOAA flask NOAA-2003 Global

Mace Head (MHD), Ireland 533°N  99°W AGAGE, Medusa, flask METAS-2021  Global, Europe
NOAA NOAA-2003

Tacolneston (TAC), UK 52.5°N  1.1°E AGAGE  Medusa METAS-2021  Europe

Taunus (TOB), Germany 502°N  84°E AGAGE Medusa METAS-2021  Europe

Jungfraujoch (JFJ), Switzerland 46.5°N  8.0°E AGAGE  Medusa METAS-2021  Global, Europe

Park Falls (LEF), Wisconsin, USA 459° N 90.3° W NOAA flask NOAA-2003 Global

Monte Cimone (CMN), Italy 44.2° N 10.7°E AGAGE ADS/Medusa METAS-2021 Europe

Harvard Forest (HFM), 42.5° N 72.2°W NOAA flask NOAA-2003 Global

Massachusetts, USA

Trinidad Head (THD), California, 41.0°N  124.1°W  AGAGE, Medusa METAS-2021  Global, West USA

USA NOAA flask NOAA-2003

Niwot Ridge (NWR), Colorado, USA  40.1° N 105.6° W NOAA flask NOAA-2003 Global

Scripps Institution of Oceanography 329°N  117.3°W  AGAGE Medusa METAS-2021  West USA

(SIO), San Diego, California, USA

Mauna Kea (MKO), Hawaii, USA 19.8°N  155.5°W  NOAA flask NOAA-2003 _

Cape Kumukahi (KUM), Hawaii, 19.6°N  154.9°W  NOAA flask NOAA-2003 Global

USA

Mauna Loa (MLO), Hawaii, USA 19.5°N 155.6°W  NOAA flask NOAA-2003 Global

Ragged Point (RPB), Barbados 132°N  594°W AGAGE, Medusa METAS-2021  Global
NOAA flask NOAA-2003

Cape Matatula (SMO), American 14.2° S 170.6°W  AGAGE, Medusa, flask METAS-2021  Global

Samoa NOAA NOAA-2003

Kennaook/Cape Grim (CGO), 40.7° S 144.7° E AGAGE, Medusa, flask METAS-2021  Global

Tasmania, Australia NOAA NOAA-2003

King Sejong Station (KSG), 62.2°S 58.8°W KOPRI?  flask METAS-2021 —

Antarctica Empa“ (Medusa)

Palmer Station (PSA), Antarctica 64.8° S 64.1°W NOAA flask NOAA-2003 Global

South Pole (SPO), Antarctica 90.0° S 24.8°W NOAA flask NOAA-2003 Global

“Commonwealth Scientific and Industrial Research Organisation (CSIRO). ?Korea Polar Research Institute (KOPRI). “Swiss Federal
Laboratories for Materials Science and Technology (Empa).
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Appendix C: Sampling and analysis
Additional instrumentation

At Monte Cimone the first years of the DCE record is completed by measurements made using an Adsorption Desorption
System (ADS) (Maione et al., 2013). In the first approximately 2 years, the sampling frequency was one ambient air and one
working standard measurement every two hours (std, air, std). Later, two ambient air measurements were bracketed by working
standard measurements (std, air, air, std). Samples consisting of 1 L of air were trapped at =30 °C on a trap filled with four
adsorbent materials (Carbograph 2TD, Carbograph 1TD, Carboxen 1000 and Carbosieve SIII), using a UNITY2-AirServer2
(Markes International, UK). The analytes were thermally desorbed onto a J&W GS-GasPro (0.32 mm ID x 30 m; Agilent) gas
chromatographic column and detected by EI-MS (Agilent 6850-5975) in SIM mode. The measurements are made available in
the GCWerks (GCWerks, 2026) software.

DCE peak identification and chromatography

Within AGAGE, DCE peak identification was achieved by a scan measurement of a diluted sample (MC-2019D) of a high-
mole fraction trace gas mixture made of pure substances (Synquest Laboratories) on the Empa-Medusa-GC/MS system. In 40
mL of a sample at 6.17 ppb mole fraction (equivalent to 11 pmol), the ions listed in Table C1 (column 1), in units m/z, were
detected at the indicated relative abundance (column 3). The scanned fragment ions ranged m/z 43—150. Fragment ions m/z
44 and 104 are identified as contamination in the carrier gas and/or column bleed and should be ignored. For detection on
Medusa-GC/MS instruments, mass/charge (m/z) 62 ([C2H3*Cl1]") is used as the target mass. Qualifying masses used are m/z
98 ([C.H4ClLL]"), m/z 64 ([C.H5*CITY), or m/z 49 ([CH,*CI]"). Additional spectra from the literature are also shown in Table
C1 (columns 1, 4, 5).

Chromatographic separation on the Medusa systems was achieved with a PoraBOND Q column (0.32 mm ID x 25 m; 5 pym
film thickness; Agilent), resulting in fairly symmetric (sometimes slightly tailing) peaks with stable baseline at most sites and
times. Depending on column age or column manipulation during maintenance, retention times of DCE varied, exhibiting
increasing retention times with increasing column age. Therefore, 1400—1500 s is given as the approximate time range for
elution. On the Medusa systems, DCE elutes between specific substances measured by the whole network, i.e. H-2402
(CF,BrCF;Br) and chloroform (CHCIs) at lower retention times, and dibromo methane (CH»Br>) and benzene (CsHs) at higher
retention times. Chromatograms are integrated by peak area and peak height but reported mole fractions are solely based on
peak areas. An example chromatogram showing the target and qualifier ions is given in Fig. C1.

On the Monte Cimone ADS instrument, using a J&W GS-GasPro (0.32 mm ID x 30 m; Agilent) chromatographic column,
benzene eluted on the tail of the DCE peak. Therefore, the reported mole fractions were calculated by integrating the

chromatographic peaks by height.
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Table C1. Mass spectra of DCE (1,2-dichloroethane, CH2CICH:Cl). Intensities are given relative to m/z 62.

m/z proposed fragment relative intensity (%)
Medusa-GC/MS NIST (2026) MassBank (2025)
104 — 1.1 — —
102 CHCly” 1.4 1.3 —
100 CoHA3C137CT 8.2 5.1 4.5
98 C2Ha¥CL* 12.8 8.5 7.3
65 C2HACLY 4.4 3.4 0.32
64 CoH537CT* 32.8 333 31.1
63 CoHBCIY 16.8 14.5 12.5
62 CoH335CT* 100 100 99.99
61 CoHBClY 10.5 13.2 0.88
60 CoH3CI* 32 4.7 32
59 CCI* — 1.3 —
51 CHY’CI* 8.2 7.3 7.8
50 CHYCI - 1.7 —
49 CH»CI* 1.8 20.5 249
48 CH*CI* - 3.4 0.22
47 ChCrr — 3 2.1
44 — 1.6 — -
38 H3’CI* — 0.85 -
37 ICI - 43 —
36 H35CI* — 2.1 2.6
35 BCr - 4.7 42
32 - — 1.7 —
28 CoH4" - 6.4 0.33
27 CoHs™ - 209 39.8
26 CoHy" - 10.3 13.1
25 CoH* — 3 3
14 CHx" — 0.85 —
[ T T T TTTT 7T T TT T T TTT]TTTTT] T T T T T TTTT]TTT 14
v
— trapl_pO 41.88 m/z 62
—  base -181.10 64 |
6000 — trapl -173.00 o
—  volume 2000.60 9%
| trapl_pl 41.36 —
| pamb 14.4272 ]
4000 | lab_temp 24.30 |
2000 — —
' | IJ| ] - B
- 1437.2 1446.0 —
| CICH2CH2Cl _
H = 7141
T A = 61881 =
B W=1.33 ]
| B.B —
cercr b brr v b b b b g
1425 1430 1435 1440 1445 1450 1455

935 Figure C1. Example chromatogram of DCE, x-axis in seconds, y-axis in arbitrary units, from the analysis of 2 L of a working
standard (18.7 ppt) with a Medusa-GC/MS instrument. The target ion with mass/charge (m/z) 62 (black line), and two qualifier ions
with m/z 64 (blue line) and m/z 98 (green line) were detected at the retention time of 1437.2 s.
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The identification of DCE on NOAA instruments was achieved by comparing the retention time and mass spectrum obtained
from an analysis of a standard containing DCE on the M3 and M4 instruments to results from the analysis of ambient air. This
procedure confirmed the peak identification and retention time, and monitoring m/z = 62 resulted in a peak without substantial

obvious interferences in the majority of flask-air samples analysed at NOAA.

Appendix D: Monte Cimone instrument comparison (Medusa-ADS)

At Monte Cimone station, the old ADS and new Medusa systems were run in parallel for about 14 months to track the transition
between the two set-ups. Both instruments used the same working standard tank (quaternary) and calibration tank (tertiary) for
the regular calibration of measurements. Both systems sampled real air from the same main sampling line but flushed with
their own pumping system. The timing of sampling for the two instruments was not perfectly synchronised due to different
chromatographic configurations. The results of the comparison for the matching runs (within + 20 min) are summarized below:
timeseries (Fig. D1), orthogonal (Deming) regression scatterplot (Fig. D2), Blant—Alman plot of residuals (Fig. D3), and a
statistics summary (Table D1).

Temporally aligned (£ 20 min) for 936 concentration paired measurements

Medusa
60 ADS
50 -
= 40 -
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Figure D1. In situ observations of 1,2-dichloroethane (DCE) at Monte Cimone (Italy) while running two instruments, a Medusa/GC-
MS and an Adsorption Desorption System (ADS), in parallel. Temporally matched (+ 20 min) measurements are shown, as well as
the mole fraction difference between the measurements of the two instruments.
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Figure D2. Orthogonal (Deming) regression scatter plot of the temporally matched (£ 20 min) in situ measurements of 1,2-
dichloroethane (DCE) at Monte Cimone (Italy) while running two instruments, a Medusa/GC-MS and an Adsorption Desorption
System (ADS), in parallel.
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DCE - 936 paired £20 mins measurements

Difference Medusa-ADS(ppt)

—10.0 1

Bias = 0.24
+1.960
¢+ Paired observations

3

10

20 30 40 50 60
Mean concentration (ppt)

960 Figure D3. Blant-Alman plot showing the difference between temporally matched (= 20 min) 1,2-dichloroethane (DCE)
measurements using the Monte Cimone Medusa/GC-MS and Adsorption Desorption System (ADS), as a function of concentration

965

(mole fraction).

Table D1. Statistics for the comparison between temporally matched (x 20 min) 1,2-dichloroethane (DCE) measurements using the
Monte Cimone Medusa/GC-MS and Adsorption Desorption System (ADS).

Statistic Value
Number of points 936
Bias 0.24 ppt
RMSE 1.27 ppt
MAE 0.82 ppt
Pearson r 0.954
Spearman rho 0.949
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Appendix E: Global mole fractions and emissions

EGUsphere\
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Figure E1. Top row: average global and semi-hemispheric dry-air mole fractions of 1,2-dichloroethane (DCE) derived from
measurements from the AGAGE (a) and NOAA (b) networks. The posterior mole fractions from the inversion are shown as lines,
with the monthly-mean measured mole fractions shown as markers. Middle row: global and semi-hemispheric mole fraction growth
rates. Bottom row: North-South hemispheric mole fraction difference. Uncertainties (grey shaded bands) are given at 1-sigma

confidence level.
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Table E1. Global annual emissions of 1,2-dichloroethane (DCE) derived from measurements from the AGAGE and NOAA networks,
using the AGAGE 12-box model (Western et al., 2025). Uncertainties of the global emissions are given at 1 sigma confidence level.

Year AGAGE-based global emissions (Gg) NOAA-based global emissions (Gg)
2017 439 £ 170 509 £ 195
2018 523+ 196 666 + 238
2019 508 +£208 561 +£231
2020 462 + 191 529 £215
2021 420 + 182 502 £205
2022 385+ 166 436 + 184
2023 434 + 179 474 £ 194

Appendix F: Additional inverse modelling results

Figure F1 shows the prior and posterior 1,2-dichloroethane (DCE) emission time series for both regional domains. These are
the same posterior data shown in Fig. 6, but in this plot the prior has been added for comparison. In both cases the large
reduction in posterior emissions (relative to the prior) is clearly evident. Figure F2 shows the prior spatial distribution, as in

Fig. 7 but with the colour scale expanded (i.e. less saturation) so that the spatial pattern of the prior is more clearly visible.
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Figure F1. Time series of prior and posterior (multi-model mean) 1,2-dichloroethane (DCE) emissions for NW Europe (a) and
California (b). The grey shading represents the range between the lowest 15.9 percentile and the highest 84.1 percentile for any of
the individual models.

A sensitivity test for the NW Europe inversions was run using a uniform land prior totalling 4.2 Gg yr™! over the NW Europe
region (with the same emission per unit area for applied for all land areas within the domain). The posterior time series for all
four models using both priors are shown in Fig. F3(a). Posterior time series showing individual model uncertainties are also
shown for the California region in Fig. F3(b). Even though the prior emissions total for NW Europe differs by an order of

magnitude between the two priors, the total posterior emissions for NW Europe are relatively insensitive to the choice of prior.
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Figure F2. Prior 1,2-dichloroethane (DCE) emissions for NW Europe (a) and California (b). The red circles denote the measurement
sites, and the red diamonds show the locations of facilities known to be large producers and/or users of DCE.
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1000 Figure F3. Posterior time series of DCE emissions with each model run (and its associated uncertainty) shown separately for
northwest (NW) Europe (a) and California (b). For NW Europe both the base case Hossaini et al. (2024) prior and a uniform prior
with the same emission per unit area distributed over all land areas (with the total equal to 4.2 Gg yr! over NW Europe) are shown.

The posterior spatial distributions for NW Europe are shown separately by model and prior in Fig. F4. In general, the models

1005 have a similar spatial distribution of posterior emissions in the NW Europe countries for which we have high sensitivity
(Belgium, Germany, France, UK, Ireland, Luxembourg and the Netherlands), regardless of the prior used. The posterior spatial
distribution for FLEXINVERT exhibits a greater dependency on the prior relative to the other models, while the impact of the
prior on total posterior emissions for NW Europe (Fig. F3) is largest for RHIME.
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Figure F4. Prior (top row) and posterior (bottom four rows) emissions from all four models using both the base case prior (left
column) and the uniform land prior (right column).
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Appendix G: PRTR emissions

Table G1. Annual emissions for NW Europe from the combined European Pollutant Release and Transfer Register (E-PRTR) (EEA,
1015 2026) and UK-PRTR (DEFRA, 2012).

Year NW Europe emissions (Gg)
2018 0.82
2019 0.76
2020 0.98
2021 0.80
2022 0.72
2023 0.62
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