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Abstract

Emissions of chloroform (CHCI3), a short-lived halogenated substance not currently
controlled under the Montreal Protocol on Substances that Deplete the Ozone Layer,
are offsetting some of the achievements of the Montreal Protocol. In this study,
emissions of CHCI3 from China were derived by atmospheric measurement-based “top-
down” inverse modelling and a sector-based “bottom-up” inventory method. Top-down
CHCl; emissions grew from 78 (72-83) Gg yr'! in 2011 to a maximum of 193 (178-204)
Gg yr'! in 2017, followed by a decrease to 147 (138-154) Gg yr'! in 2018, after which
emissions remained relatively constant through 2020. The changes in emissions from
China could explain all the global changes during the study period. The CHCI3
emissions in China were dominated by anthropogenic sources, such as by-product
emissions during disinfection and leakage from chloromethane industries. Had
emissions continued to grow at the rate observed up to 2017, a delay of several years in
Antarctic ozone layer recovery could have occurred. However, this delay will be largely
avoided if global CHCl; emissions remain relatively constant in the future, as they have

between 2018 and 2020.

Synopsis: A recent increase and subsequent decrease in emissions of ozone-depleting

chloroform is inferred in China using atmospheric measurements.
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Introduction

Due to the phase-down of production and consumption of long-lived ozone depleting
substances such as chlorofluorocarbons (CFCs), halons, and hydrochlorofluorocarbons
(HCFCs) under the Montreal Protocol on Substances that Deplete the Ozone layer, the
burden of stratospheric chlorine and bromine is declining and the Antarctic ozone hole
is showing signs of recovery!-2. Previous studies have identified that halogenated very
short-lived substances (VSLSs), defined as species with a total atmospheric lifetime
shorter than 6 months, play an increasing role in stratospheric ozone depletion*,
especially if they are emitted from regions with rapid transport pathways to the
stratosphere such as East and South Asia®’. The impact of VSLSs on ozone layer
depletion is more prominent if considered in terms of the integrated ozone depletion

(IOD)?® compared to the traditional metrics such as ozone depletion potential (ODP).

Chloroform (CHCI3) is the second most abundant chlorine-containing VSLSs, with a
lifetime of ~6 months?. There was substantial growth in the measured global
atmospheric mole fractions of CHCl; and a rapid increase in global CHCI3 emissions
between 2010-2015°. If the growth of the atmospheric abundance of CHCl; were to
have continued at the rate observed between 2010 and 2015, it could delay Antarctic
stratospheric ozone layer recovery by several years®, comparable to the impact from
recent unexpected CFC-11 emissions between 2013 and 2019'%!!, However, global
CHCI; emissions and mole fractions have recently been found to have decreased after

reaching a maximum in 20172
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Given the growing impact of VSLSs on ozone layer depletion compared to ozone
depleting substances controlled under the Montreal Protocol, it is important to better
understand the magnitude and distribution of their sources. The global increase in
CHCI; emissions between 2010 and 2015 was attributed primarily to anthropogenic
emissions in China’, but the contribution of individual source sectors was not
investigated in detail. Most of the CHCl3 produced in China is thought to be consumed
as a feedstock and converted to HCFC-22!2, where only a few percent of the feedstock
are thought to leak to the atmosphere!>!4. Several disinfection processes may lead to
by-product emissions of CHCIl; via haloform reactions'>!¢, but their contribution has
not been quantified. In addition to anthropogenic sources, natural sources of CHCl;
including ocean emissions and terrestrial soil emissions are also significant worldwide

Y619 and similar natural

(accounting for more than 50% of the global emissions
processes in China may contribute substantially to CHCI3 emissions. To date, there has
been no sector-based bottom-up inventory for CHCI3; emissions in China, and thus little
quantitative understanding of the potential source sectors responsible for the increase

in CHCl; emissions. The cause of the global emission decrease after 2017 has not

previously been identified.

Quantifying CHCI3 emissions from China is important considering its predominant role
in the global increase between 2010-2015° and the rapid upward transport to the
stratosphere of emissions from East Asia compared to those from other industrialized
areas such as mid-latitude Europe or North America®2°. In this study, we provide a time-

series of CHCI; emissions from China (defined as the Chinese mainland, excluding

4
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Hong Kong, Macao and ocean areas) using sector-based “bottom-up” information
(2006-2020) and atmospheric measurement-based “top-down” methods (2011-2020),
to constrain CHCl; emissions and examine the potential sources driving the apparent
trends. Previous top-down emissions estimates were localized to eastern China and
were derived from measurements of atmospheric mole fractions made outside of China’,
while the top-down estimation in this study focuses on emissions from the whole of
China, derived from long-term measurements from a network of nine sites within China.
The results in this study combined with previously reported global emissions allow a
better understanding of global-scale changes in emissions of CHCl; and their potential

impact on the ozone layer.

Methods

Site description and measurement

The regional top-down inversion of CHCI3 emissions from China used measurements
at nine sites from the China Meteorological Administration (CMA): Akedala (AKD,
47.10° N 87.97° E), Lin’an (LAN, 30.30° N 119.73° E), Longfengshan (LFS, 44.73° N
127.60° E), Jiangjin (JGJ, 29.15° N 106.15° E), Jinsha (JSA, 29.64° N 114.21° E),
Shangdianzi (SDZ, 40.65° N 117.21° E), Mt. Waliguan (WLG, 36.29° N 100.90° E),
Shangri-La (XGL, 28.01° N 99.44° E), and Xinfeng (XFG, 24.08° N 114.17° E). These
sites provide measurements with sensitivity to emissions sources across China
(Supplementary Fig. S1). All the sites are far (typically 10s to 100s of km) from heavily

industrialized areas, thus minimizing the influence of very localized emissions sources
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on the measurements. A summary of the sampling period and frequency at each site is
provided in Supplementary Table S1. Ambient air samples were collected weekly in
flasks at AKD, LFS, JSA, SDZ, WLG, XGL and XFG, and daily from JGJ. At LAN,
the sampling frequency was weekly before 2019 and daily thereafter. The sampling
time for the flasks was around 2 pm local time when the height of boundary layer was
highest, except for WLG where the samples were collected at 8 am local time due to its
unique topography, to ensure horizontal winds bringing downslope airflow. All flask air
samples were sent to the CMA Beijing lab for analysis. In addition to the flask
samplings above, there were also high-frequency in-situ measurements at SDZ during
the study period. More detailed information about the measurement sites and sampling

processes are provided in previous papers?'-2.

Two instruments were used in this study to analyze the mole fractions of CHCI; in the
air samples: an AGAGE (Advanced Global Atmospheric Gases Experiment) ‘Medusa’

)?425 and a 2-

gas chromatographic system with mass spectrometric detector (GC/MS
channel gas chromatograph with electron-capture detector (GC-ECD)?¢. All the flask
samples were analyzed by the GC/MS system at CMA. At SDZ, ambient air was
sampled and analyzed every 2 hours by the GC/MS system and every 80 minutes by
the GC-ECD system. The analysis of the flask samples follows the same process as the
in-situ measurement. Every air sample was bracketed by an analysis of the working
standard to calibrate the drift in the system. All CHCl3 measurements are reported on

the SIO-98 calibration scale?’. Measurement precisions were estimated at 3.4%, 0.6%

and 1.5% for the in-situ GC-ECD, in-situ GC/MS at SDZ and flask samples,

6
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respectively, where the precision for flask sampling was estimated as the typical
standard deviation of the two parallel detections. All raw measurements are in
Supplementary Data File 1. At SDZ, the flask sampling and in-situ measurement show
great consistency (Supplementary Fig. S2). If both GC/MS and GC-ECD SDZ in-situ
measurements were available in a specific year, the measurements using GC/MS were
used in the inversion unless the GC/MS instrument was not operational in that year, in
which case the GC-ECD measurements were used. All in-situ measurements from SDZ
were averaged over a period of 24 hours in the inversion framework. In addition, a
“local influence” filter was applied to the daily samples at JGJ, LAN and in-situ
measurements at SDZ to remove measurements where the signal is mostly influenced
by emissions sources close to the sites (if they exist), which are poorly represented in
the inversion framework. We filtered out observations where the sum of the sensitivities
of the observation to emissions in the nearest 25 grid cells surrounding the measurement
site in the atmospheric transport model was more than 10% of the total sensitivity (see
next section for atmospheric transport model and definition of grid cells). After re-
sampling and filtering, a total of 4030 processed measurements were included in the

inversions to estimate emissions from China.

Regional inversion framework

A hierarchical Bayesian inference method**-*! coupled with the UK Met Office

)*? was utilized in

Numerical Atmospheric-dispersion Modelling Environment (NAME

this study to derive regional emissions of CHCl; from China and has been described in
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detail in previous studies?!*34 Here we provide a brief overview about the general
framework, and several updates including the changes in a priori emission information
9

and uncertainties.

The observations from the CMA network were combined with sensitivities of each
measurement to the emissions from each grid within a regional domain, and sensitivities
of each measurement to the mole fraction at the domain boundary (boundary
conditions). The regional domain in this study was bounded at 5° S, 74° N and 55° E,
192° E. The grid cells were 0.352° in longitude and 0.234° in latitude. The sensitivities
to both emissions and boundary conditions were modelled using the Lagrangian
Particle Dispersion Model, NAME?2, driven by meteorological fields from the UK Met
Office Unified Model**. In NAME, 20,000 tracer particles were released per hour from
the sampling location within a £10 m vertical window and the model was run
backwards in time for 30 days. Particles in the lowest 40 m of the atmosphere were
regarded as having interacted with surface emissions?, and sensitivities to surface
emissions were integrated over the 30-day simulations. Locations of the particles
leaving the domain were also integrated to calculate boundary conditions, or
background mole fractions. The mole fraction enhancements above the backgrounds
were used to derive regional emissions within the domain. Chemical loss during
transport was not considered, as a previous study showed that the chemical loss plays
only a minor role in the regional inversion for CHCI3 (<1% of the derived emissions,

which is small compared to other estimated uncertainties in the inversion)°.
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In the hierarchical Bayesian inference framework, the emissions, boundary conditions
and the model-measurement uncertainties were sampled using a Markov Chain Monte-
Carlo (MCMC) method, constructed by a No-U-Turn sampler®® and a slice sampler®’.
The MCMC chain used 2.5x103 steps, and the first 5 x10* steps from the chain were
discarded. Prior to sampling, 1.25 x10° tuning steps were run. The mean and 68%
uncertainty interval from the posteriori distribution were calculated as the reported
emissions and their uncertainties. In the Bayesian inference, the a priori estimate for
emissions of CHCI; from China was obtained from the bottom-up inventory in this
study (see next section). A total of 80% of the a priori emissions were distributed in
space by a function of nightlight density data from NOAA DMSP-OLS (Defense
Meteorological Satellite Program-Operational Line-Scan System,
https://ngdc.noaa.gov/eog/data/web_data/v4composites/) where nightlight values
below 0.5 were treated as zero. The remaining 20% were allocated uniformly to the
grids with zero nightlight values to simulate natural sources. The a priori estimate for

mole fractions at the domain boundaries come from the 3D TOMCAT model?.

The grid cells in the regional domain were aggregated into 150 regions (defined as
“basis functions”) by a quadtree algorithm?, in which emissions were estimated in the
inversion framework. The parameters estimated in the inversion were scaling factors to
the a priori emissions across the 150 regions, scaling factors to the boundary conditions
on each horizontal boundary and the model error. These were solved for annually. The
scaling factors for the a priori emissions and a priori boundary conditions were sampled

from a log-normal prior distribution with mean and standard deviation of 1, which can

9
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constrain the posteriori values to an appropriate magnitude and avoid negative values.
The model uncertainty was solved using a uniform distribution following An et al.?!.
When averaging the SDZ in-situ data into 24 hours, an averaging error was added to
the uncertainty of the final data which was the quadratic mean of the raw data
uncertainties. The uncertainties for SDZ in-situ data and SDZ flask data were solved

separately in the inversion.

Diagnosis of the top-down emissions results from the inverse modelling framework

To validate the emission results, several sensitivity tests were conducted, including
inversions using different a priori emission magnitudes (Supplementary Fig. S3a),
different a priori emission probability distributions (Supplementary Fig. S3b), different
sites (Supplementary Fig. S4), different number of measurements (Supplementary Fig.
S5), different filter settings (Supplementary Fig. S6a) and different basis functions
(Supplementary Fig. S6b). All these tests show good consistency in magnitudes and

inter-annual variabilities of CHCl; emissions in China.

In addition, an “error reduction” term was defined in this study to evaluate the
convergence of the Markov Chain Monte-Carlo sampling in the Bayesian framework,

which can be described by equation (1),

HPDgg post

ER=1- (1)

HPD68,prior

where ER is the error reduction term in a specific region; HPDgg 0s5: 18 the 68%

uncertainty interval of the posteriori samples from the Markov Chain, defined as the

10
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highest posteriori density; HPDgg p,ror 18 the corresponding uncertainty interval for the
a priori emissions. The error reductions for emissions in China and in all regions in each
year are provided in Supplementary Data file 2. The error reductions for the total
emissions in China are all above 80% over the study period, which means the Markov
Chain sampler substantially reduces the uncertainty of the fairly uninformative log-

normal a priori distribution and reaches a good convergence.

The root mean square error (RMSE) term was also used in this study to evaluate the fit
of the modelled observations using a prescribed emissions to the real observations,

which can be calculated by equation (2),

RMSE = \[Z(ymod;VYmeas)z (2)

where Y04 18 the modelled observations using the a priori emissions or posteriori
€missions; Ymeas 1S the real observations; N is the number of observations. We
calculate the improvement in the RMSEs for all years and all sites by comparing results
obtained using the posteriori emissions with those using a priori emissions, by equation

3,

RMSEpost

improvement = 1 —
RMSEprior

3)

where RMSE,, 5 is the RMSE using posteriori emissions, and RMSE,;,, is the RMSE
using a priori emissions. The calculated RMSE improvements are shown in
Supplementary Table S2. After the Markov Chain sampling, the posteriori emissions

provide a better fit to the observations than the a priori emissions.
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Bottom-up inventory for CHCl; in China

The bottom-up inventory considers both anthropogenic sources and natural sources for
CHCI; emissions in China. The categories (source sectors) of anthropogenic emissions
in the inventory are shown in Fig. 1. Anthropogenic emissions of CHCl; in China
mainly originate from emissions or leakages during intentional consumption or
production of CHCI3 (defined as intended emissions in this study), and unintended
emissions of CHCls; during processes where CHCI3 is emitted as an unwanted by-
product (defined as by-product emissions in this study). The intended emissions include
emissions from (a) production leakage, (b) feedstock use leakage and (c¢) solvent use in
the pharmaceutical industry. The by-product emissions sector is a considerable source
of CHCl; emissions, where CHCI3 may be formed as a disinfectant by-product through
a haloform reaction, be produced during combustion or in anaerobic processes
associated with methane!>!®. In this study, the by-product sector includes (d) the pulp
and paper industry, (e-g) water treatment, (h) biomass burning, (i) coal combustion, (j)

waste incineration, (k) landfill, and (1) livestock.

12
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Fig. 1 Categories of source sectors for anthropogenic CHCI; emissions in China
considered in the bottom-up inventory. The anthropogenic emissions include two
categories, intended emissions (sector a-c), which are the emissions or leakages of
CHCIs during its intentional consumption or production, and by-product emissions
(sector d-1), which are the emissions of CHCI; as an unwanted by-product in some
processes. The details for each sector can be found in the Methods. The natural

emissions, sector (m), are not shown in this diagram.

The emissions in each sector, unless specified otherwise, were estimated by multiplying
activity data for each sector by the corresponding emission factors, as shown by

equation (4),

E; = Ef; X 4 4

where E; is the emission of CHCl; in sector 7 in a specific year; Ef; is the emission
factor(s) in that sector; and A4; is the corresponding activity data in the sector. All

activity data and emission factors are listed in Supplementary Table S3-5.
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The total CHCl3 production data in 2006-2010 and 2013-2020 were taken from the
China Chlor-Alkali Industry Association (CCAIA)'2. CCAIA also provides total
chloromethane production data in 2006-2020'2. There is no data on CHCl3 production
in 2011-2012 and so these data were estimated by multiplying the total chloromethane
production in 2011/2012, obtained from CCAIA'?, by the percentage of CHCl3
production to total chloromethane production, averaged over the year before and after
the missing data (i.e., 2010 and 2013). The production data were used as activity data
in sector (a). The import and export data were taken from China Customs Statistics
Yearbook or CCAIA!>#°. The consumption data were calculated as production plus

import minus export.

For production leakage, sector (a), we applied 0.5-4% as a range of leakage rates
(emission factor) in this study to account for the uncertainties in emissions during
production or other relevant processes such as fugitive emissions during transport and
storage. The 0.5% leakage rate is recommended by IPCC 2000 guidelines*! for
substitutes of ozone depleting substances and 4% is recommended by IPCC 2019
guidelines*? for fluorochemicals. Much higher emission factors potentially exists for

42,43

this sector*~*’ and were tested in the Supplementary Fig. S7.

For sector (b), all feedstock use of CHCI3 in China is for production of HCFC-22, which
may be used directly or further used as feedstock for fluorinated polymers. In this sector,
the amount of CHCl; used for HCFC-22 production (i.e., activity data) was derived

from annual HCFC-22 production** and mass balance of CHCIl3 to HCFC-22

14
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conversion, with a conversion efficiency of 95% (following consultation with industry
experts; this value is similar to values previously reported for production of HFC-32!4).
We assumed 0.5% as the leakage rate of CHCI3 (emission factor) during feedstock use
for HCFC-22 production, similar to leakage rates of other major chloromethanes during

feedstock use reported in previous studies!>!42!,

For sector (c), the majority of CHCl; used in other industrial processes, except for its
feedstock use for HCFC-22 production, is as a solvent in the pharmaceutical
industry'>!>, Thus, in this study, the CHCl3; emissions from other industrial processes
only refer to emissions during solvent use in pharmaceutical manufacturing. About 8-
10% of CHCI3 consumption was used as a solvent in the pharmaceutical industry!?,
which is adopted as the activity data in this sector (c). We assumed an emission factor

of 5-16% in sector (c)!>214,

In the pulp and paper industry, sector (d), CHCI3 could be produced as a by-product
during disinfecting or bleaching processes. The activity data for sector (d) was the paper
produced each year in China, taken from the China Statistical Yearbook*, and the

emission factors were 5.3 x10- to 4.54 x10-* g CHCI, per gram of paper produced!>1943.

The water treatment sector emits CHCl; during disinfection in drinking water treatment
(sector (e)), wastewater treatment (sector (f)), and other water treatment (sector (g)).
The amount of drinking water and wastewater treated each year was obtained from the
China Urban-Rural Construction Statistical Yearbook*” and used as the activity data in

these sectors. The emission factors were 4.1 X103 and 1.4 x10- g L'! for drinking water

15
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treatment and wastewater treatment, respectively®*. The emissions from other water
treatment were estimated to be 70% of the sum of emissions from drinking water

treatment and wastewater treatment'.

For sector (h), the emissions of CHCI; from biomass burning were estimated by the
emission ratio of CHCI;/CO and CHCl;/CO,*. The reference emissions of CO and CO,
from biomass burning were obtained from a previous study*’, where the emissions of
the two substances after 2015 were extrapolated linearly from the data in 2008-2014.
The average of the two derived emissions based on CO and CO,, respectively, in each

year was adopted as the emissions of CHCI; from biomass burning.

For sector (i), the amount of coal combusted was obtained from the China Energy
Statistical Yearbook® as the activity data, and the emission factor of CHCl; from coal

combustion was 2.95x10-8 g CHCl; per gram of coal burned’!.

For sector (j) and (k), the quantity of waste incineration and waste landfill were obtained
from the China Urban-Rural Construction Statistical Yearbook*’, used as the activity
data in the sectors, and the emission factors for the two sectors were 3.51 x10® to 5.39
x1077 g CHCl; per gram of waste incinerated (obtained from USEPAS!), and 6.33 x107

g CHClI; per gram of landfill (averaged from Liu et al.’?), respectively.

For sector (1), the emissions of CHCI; from livestock were estimated by the emissions
of CH, from livestock averaged from different studies-°, and the emission ratio of 2
x10° g CHCI; per gram of CH,4 produced!>!¢. The emissions of CH4 from Chang et al.

in 2019-2020 were extrapolated linearly by available data in all other years.
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Natural sources contribute to ~50-90% of the global CHCl; emissions reported in
previous studies'®!?. For the natural CHCl; emissions in China, the sector (m), only
terrestrial natural emissions are considered as there is no ocean area involved for China
in this study. The terrestrial natural emissions of CHCl; include emissions from several
land types such as peatland emissions’, forest soil emissions®’ or rice field emissions®®
(rice emissions are anthropogenic but categorized into terrestrial natural emissions in
this study for ease of calculation), and the real release rate of CHCI; over different
terrestrial land types may be highly variable!'¢~738. Here, we used a range of 4-13 pg m-
2 d'measured by a reported chamber study* as the CHCI; release rate from soil, which
lies within the same magnitude as several field studies'®. The rate was applied to the
total land area of China of ~9.6 x10'?> m?, to approximate CHCI; emissions from a range
of soil processes. Terrestrial CHCl; emissions in China are subject to large uncertainty
due to the various and uncertain land type in China. A more precise examination of

natural CHCI; sources in China could be possible in further studies.

All the statistical data obtained directly from the statistical yearbooks and the reference
emissions obtained from other studies, which were used to quantify the activity data in
each sector, were assumed to have a normal distribution with 5% uncertainty. If multiple
values or a value range was given for a specific variable, a uniform distribution would
be adopted to calculate the uncertainty. A Monte-Carlo method with 10,000 samples

was used to estimate the emissions and their uncertainties (68% interval).
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Results

Top-down emissions of CHCl; in China and contribution to global emissions

Emissions of CHCI3 in China during 2011-2020 were derived from measurements of
atmospheric mole fraction from nine sites within China (see Methods, measurement
data shown in Supplementary Fig. S8 and Supplementary Data file 1). The model
simulation using the derived emissions provide a closer fit to the observations compared
to the simulation using the a priori emissions, in terms of RMSE (see Supplementary
Table S2). Figure 2a shows that emissions in China increased from 78 (72-83) Gg yr!
in 2011 to 193 (178-204) Gg yr'! in 2017, continuing the increase in CHCl3 emissions
from eastern China previously reported through 2015°. A decrease in CHCI3 emissions
occurred after the maximum in 2017, reaching 147 (138-154) Gg yr! in 2018.
Emissions were approximately constant during 2018-2020. The derived emissions and
their trends are generally insensitive to the choice of a priori emissions magnitude
(Supplementary Fig. S3a), the choice of probability distribution in the inversion
framework (Supplementary Fig. S3b), the choice of Chinese measurement datasets
(Supplementary Fig. S4-5), or different methods of filtering the data and assigning basis

functions (Supplementary Fig. S6).
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Fig. 2 Annual CHCI; emissions in China and global emissions. (A1) A comparison of
CHCl3 emissions in China with global emissions. The annual emissions in China can
be found in Supplementary Data file 3. The annual global emissions are derived from
Laube and Tegtmeier et al? using the AGAGE global background data. (B) The
increase in the global emissions and emissions in China between 2011 and 2017 (i.e.,
2017 minus 2011) and the decrease between 2017 and 2020 (i.e., 2017 minus 2020).
The uncertainties, indicated by shading in (A) and error bars in (B), are 1-sigma or the

68% uncertainty interval.

The derived top-down emissions from China play an important role in the global
emissions, accounting for ~25-50% of the global total over 2011-2020, with a
maximum proportion of the global total of ~50% in 2017 (Fig. 2a). The emissions in
China show a similar trend to the global emissions, which both reached a maximum in
2017, followed by a decrease and then a plateau between 2018 and 2020. The pre-2017
increase (difference between the years 2011 and 2017) and the post-2017 decrease

(difference between the years 2017 and 2020) of emissions in China are of the same

19



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

magnitude, or even larger, than the global change in the same period (Fig. 2b). These
coincident emission trends indicate that the changes of CHCl; emissions from China

may be the dominant contributor to global emission changes during this period.

Anthropogenic emission sources are indicated to be the dominant driver for the
emission changes globally and in China, as it is not possible to explain the entire
variation in global emissions by changes from terrestrial natural sources over the land
area of China alone (see following section). The global annual mean mole fractions of
CHCI; also show a similar trend to global emissions and emissions in China
(Supplementary Fig. S9, derived from Laube and Tegtmeier et al.?), i.e., increasing
through 2017 and then decreasing. The variation in the Northern Hemispheric mean
mole fraction has largely mirrored that of the global mean, while the mole fractions in
the Southern Hemisphere have been comparably stable since 2011. Given the short
atmospheric lifetime of CHCIls, it also indicates the dominant role of Northern
Hemispheric anthropogenic emissions in the changes of global CHCI3, which supports

our finding.

Bottom-up CHCI; emissions in China and source identification

To understand the source sectors that drive the changes in CHCl; emissions in China, a
process-based bottom-up inventory for CHCl3 emissions in China was compiled for the
first time using up-to-date data representative of applications which release CHCls. The
bottom-up inventory considers both anthropogenic sources and natural sources (see

Methods for details). The anthropogenic emission source sectors are listed in Fig. 1,
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which includes intended anthropogenic emissions and by-product anthropogenic
emissions. The bottom-up inventory emissions (Fig. 3) show an increasing trend over
2011-2019, from 72 (58-86) Gg yr'! in 2006 to 110 (87-131) Gg yr'! in 2019, then a
decrease to 104 (84-126) Gg yr'! in 2020. The bottom-up emissions in this study are
higher than previously derived emissions using an inter-species correlation method®%-62,
although emissions derived using inter-species correlation can be highly uncertain (Fig.
3a). The bottom-up emissions are also higher than a previous top-down CHCI3
emissions from eastern China between 2007 and 2015° suggesting substantial
emissions outside of the eastern China region, while the top-down emissions in this
study for eastern China are of a similar magnitude to those found in the previous study’
over 2011-2015 (Supplementary Fig. S10). Our bottom-up emissions agree well with a

previous top-down emissions estimate for China in 20072 (Fig. 3a).
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Fig. 3 Bottom-up and top-down CHCI; emissions in China. (1) A comparison of the

top-down and bottom-up emissions in China derived in this study and from previous
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studies. The previous results include top-down emissions from Fang et al.’, Li et al.*°,
Wang et al.%', Kim et al.* and Vollmer et al.*S. The results from Fang et al.® only include
CHCl3 emissions from eastern China. ISC means emissions derived using an inter-
species correlation method. (B) Stacked sectoral emissions of the bottom-up results.
The definition for each category can be found in the Methods. Sectoral emissions with

uncertainties are shown in Supplementary Data file 4.

Anthropogenic sources dominate the CHCl; emissions in China (Fig. 3b), accounting
for ~68% of the overall emissions (averaged throughout the period). The largest
anthropogenic source is by-product emissions of CHCI3 from the pulp and paper sector,
contributing ~20-35% to total bottom-up emissions, where CHCl; can be released
during disinfecting or bleaching via haloform reaction when using chlorine-containing
bleach!>!6, The important role of the pulp and paper sector for CHCI3 emissions is
consistent with the conclusion from a previous global inventory'>. This sector also
contributed substantially to the increase during 2006-2019 in the bottom-up inventory,
accounting for ~38% of the emissions increase. Production leakage is the second largest
anthropogenic source, contributing ~10-25% to the overall emissions. This includes
CHCI; emissions from several production-related processes such as CHCl3 production,
transport and storage. The production leakage sector contributes most to the increase
during 2006-2019 (~40%) and the decrease during 2019-2020 (~87%) in the bottom-
up inventory. The variation in CHCI3; emissions from production leakage is driven by
the rapid increase and decrease in CHCI3 production in China (CHCI3 production in

China is shown in Supplementary Fig. S11), because a constant emission factor for
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production leakage was used throughout. The solvent use of CHCIl; in the
pharmaceutical industry also contributes substantially to overall bottom-up emissions
(~5-10%), to the 2006-2019 emission increase (~12%) and the 2019-2020 decrease

(~36%).

In addition to the anthropogenic emissions, previous studies reported relatively
uncertain but substantial contributions of natural sources to global CHCl3; emissions,
ranging from ~50% to 90%1!6-1?, where terrestrial and ocean sources are thought to be

of similar magnitude!6-!”

. In this study, the derived CHCI3 emissions from natural soil
sources (representing the terrestrial emissions) account for ~32% (averaged throughout

the period) of the bottom-up emissions in China (Fig. 3b). As we only consider

emissions from land, no oceanic emissions of CHCI;3 in China are included.

The bottom-up emissions estimates in this study account for ~55-115% of the top-down
mean emissions estimates. There are substantial discrepancies between the top-down
and bottom-up emissions in 2015 and 2017. The large year-to-year variation in the top-
down emission estimates, including the temporary decrease in 2016 and the post-2017
decrease (Fig. 3a), are not well explained by the bottom-up emission estimates. The
top-down emissions are robust in terms of the sensitivity tests (Supplementary Fig. S3-
6), the substantial improvement of fitness to observations (Supplementary Table S2)
and error reductions (Supplementary Data file 2, >80% for annual national total in all
years). The mismatch between the top-down and bottom-up estimates may be caused

by many of the unknowns (like the potential emissions from the chlor-alkali industry
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discussed in the next section) or uncertainties in the bottom-up inventory due to the

limitation in the availability of activity data or emission factors in several sectors.

The reported uncertainties in the bottom-up inventory are large enough that they could
encapsulate some of the year-to-year variability seen in the top-down estimates. Most
of the uncertainties in the inventory come from production leakage, the pulp and paper
industry, solvent use in pharmaceutical industry and natural soil sources
(Supplementary Data file 4). The bottom-up inventory does not explicitly include time-
varying emissions factors, e.g., a constant range of emission factors was used
throughout the period for production leakage (0.5-4%) and pulp and paper industry
(5.3x10°-4.54x10* g/g paper). However, year-to-year changes in these factors are
possible. For example, a decrease in the emission factors in the pulp and paper industry
(in terms of emissions per gram of paper) may result from increasing use of chlorine-

free bleach®:%4

, and a possible decrease in emission factors for production leakage may
be due to actions to control pollutants from factories (e.g. ref.®> which came into force
in 2017) in order to meet the 2017 target of the Air Pollution Prevention and Control
Action Plan in China®, If the entire uncertainty range of the production leakage rate
from the IPCC 2019 guidelines*? was considered, which allows higher leakage rates
(see Supplementary Fig. S7 for details), the year-to-year variation in the top-down
estimates could be explained by uncertainties in the bottom-up estimates. Further
potential changes could be due to a sharp decrease in the volume of pharmaceutical

production in China after 20174 (see Supplementary Fig. S11 for details), where CHCl3

is used as a solvent during pharmaceutical manufacturing.
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In addition to potential unaccounted-for changes in anthropogenic emissions, it is
possible that our bottom-up model has not accounted for substantial changes in natural
emissions, as no time-varying and land type-dependent emissions factors were included.
A negative correlation between the top-down emissions in China and annual average
precipitation®’, especially after 2015 (Pearson Correlation Coefficient ‘r’ is -0.59,
p<0.001 for ANOVA), and a positive correlation for the annual average temperature®’
and the emissions (r=0.77, p<0.001 for ANOVA), were identified (Supplementary Fig.
S12). Extreme rainfall events in China in 2016%” may be part of the explanation for the
low emissions in 2016, as flooded conditions could sharply reduce CHCl; emission
rates from soil®®. High temperatures also have the potential to enhance the release of
CHCIL,®. China only accounts for a minor fraction of global land area. Therefore,
potential changes in natural emissions happening over the land area of China cannot
explain the entire global emission changes and are unlikely to be the main cause for the

global year-to-year variation.

Spatial distribution of CHCl; emissions in China and source identification

From examination of the spatial distribution of CHCI3 emissions in China derived from
atmospheric observations (shown in Fig. 4), most of the emission hotspots are in
northern and eastern China. Provincial and regional emissions for each year are
provided in Supplementary Data file 3 and Supplementary Fig. S13. North and East
China (the definitions for each region can be found in Supplementary Fig. S13),

including Hebei, Inner Mongolia, Shandong and Jiangsu provinces, have high
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emissions compared to other regions throughout the study period. These regions are
also among the highest contributors to the pre-2017 emissions increase and post-2017
decrease (Fig. 4e-f). North and East China are highly economically developed and
industrialized regions, indicating the dominant role of anthropogenic sources in CHCl3
emissions in China. Although the error reductions for emissions in North and East
China show a slight decrease in 2017 compared to other years, when emissions in the
years show a notable increase, they remain substantial (>65% uncertainty reductions in
the regions). The error reduction from South China shows a minimum value in 2015
(58%), probably due to the lack of measurement sites in South China in this period.
This may lead to larger uncertainty in emissions in 2015 but does not make much
difference to the mean magnitudes and overall trends of overall emissions in China (see

sensitivity tests in Supplementary Fig. S4-5).
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Fig. 4 Spatial distributions of CHCI3 emissions in China. (A) The mean posteriori
emissions over 2011-2015. (B) The mean posteriori emissions in 2016. (C) The mean
posteriori emissions in 2017. (D) The mean posteriori emissions over 2018-2020. (E)
The difference in spatial distribution between 2017 and the 2011-2016 average (i.e.,
2017 minus the average of 2011-2016). (F) The difference in spatial distribution
between the 2018-2020 average and 2017 (i.e., the average of 2018-2020 minus 2017).
The time periods are divided to show the period before and after the maximum
emissions year in 2017 (pre-2017 increase and post-2017 decrease). The quantitative

provincial and regional emissions for each year are provided in Supplementary Data
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file 3 and Supplementary Fig. S13. The spatial distributions of the mean posteriori
emissions in each individual year are shown in Supplementary Fig. S14. The black dots
in the figures are the measurement sites active in the period. The pink triangles are the
known chloromethane factories in China, some of which are also the main fluorine

chemical factories in China producing HCFC-22 (where CHCl3 is used as a feedstock).

The locations of some regions with high emissions are consistent with the locations of
major chloromethane factories (mainly located in Shandong Province (in East China),
the Yangtze River Delta region (in East China) and the Sichuan Basin (approximately
at 103-108° E, 28-32° N), see Fig. 4), where fugitive emissions of chloromethanes have
previously been identified*>’%7!, Significant leakage of CHCIl3 from chloromethane
factories during processes such as production, storage, or transport, identified by the
bottom-up inventory in this study, are thus a likely source of emissions. The existence
of high emissions in the Sichuan Basin region surrounding the Jiangjin (JGJ) site since
2017 also indicates the potential for emissions from chloromethanes factories (see
Supplementary Fig. S14-15 for details), while the decrease in emissions in the Sichuan
Basin during 2017-2020 (Fig. 4f) may be evidence for a decrease in the emission factor
for production leakage from chloromethane factories. It is worth noting that the model-
measurement errors for JGJ were large (Supplementary Fig. S8), possibly due to the

relative complex meteorological conditions in the Basin.

There are similar spatial distribution patterns between CHCI; emissions (Fig. 4) and the

pulp and paper industry and the pharmaceutical industry (Supplementary Fig. S16a-b).
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There are no chloromethane factories in Hebei province (in North China), although the
emissions in Hebeli are substantial, especially in 2016 and 2018-2020 when Hebei is the
province with the largest emissions (Supplementary Data file 3). Hebei is one of the
most industrialized provinces in China where there is substantial pulp and paper
production and pharmaceutical production. High CHCI3 emissions and large paper and
pharmaceutical production are also co-located in Shandong and Jiangsu provinces (in

Yangtze River Delta region) in East China.

There are substantial CHCl3 emissions from Inner Mongolia (in North China) and
Xinjiang (in Northwest China) provinces (Supplementary Data file 3), which are not
highly populated or industrialized regions and have no chloromethane factories.
However, there is substantial chlor-alkali production in Hebei, Inner Mongolia and
Xinjiang provinces (Supplementary Fig. S16c). As chlor-alkali factories are regarded

as potential sources for CCls emissions*-"

, possibly via chlorination of organic
substances, they could also be sources for CHCl; emissions as CHCls is easily formed
via haloform reactions during chlorination'®. The emissions in the seven sub-regions
(Supplementary Fig. S13) are strongly correlated (r=0.82) with caustic soda production
in the regions*® (Supplementary Fig. S17), which further indicates a potential link

between chlor-alkali production and CHCI3 emissions, although the exact process of

CHCI; formation is unclear.

Discussion

A substantial increase in the global CHCl; mole fractions and emissions up to 2015 had
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previously been identified and could have delayed the recovery of Antarctic
stratospheric ozone by up to 9 years if the increase continued (defined as the ‘continued
growth scenario’ in Fang et al.?). The increase in both global CHCIs mole fractions and
emissions was found to continue until 2017, but both were then followed by a fall in
20182 The global emissions and mole fractions were approximately constant between
2019 and 2020, and the mole fractions in these years are similar to those in 2015 (Fig.
2 and Supplementary Fig. S9). This implies that the impact of CHCI3 on global ozone
layer recovery may be close to the ‘constant mole fraction scenario’ in Fang et al.”. If
the plateau in mole fractions and emissions continues, the potential delay from CHCl;
on Antarctic stratospheric ozone recovery should be ~1 year when the total increase in
CHCI3 mole fraction since 1920 was considered’. Thus, a significant delay in the
recovery of the ozone layer caused by the increasing CHCl; emissions could be avoided

if future CHCI5 emissions do not increase.

The predicted future trajectory for CHCl; emissions is uncertain. The changes in global
CHCI; emissions have likely been dominated by emission changes from anthropogenic
sources in China between 2011 and 2020. By-product emissions during bleaching in
the pulp and paper industry, production leakage from the chloromethane industry and
emissions from solvent use in the pharmaceutical industry are recognized as important
sources of CHCI3 emissions in China in our analyses. The year-to-year variations in
emissions from China and the differences between top-down and bottom-up emissions
may be reconciled by several uncertainties in anthropogenic emissions in the bottom-

up inventory, such as the lack of time-varying emissions factors for production leakage
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and the pulp and paper industry, and the lack of quantification of emissions in the chlor-
alkali industry. However, the lack of available data limit further exploration of these
uncertainties. Further efforts, like carrying out high-frequency measurements in key
areas and samplings around important industries”! would offer a better understanding
of these uncertainties. Natural soil emissions are likely to be substantial in China
(~32%), as identified from the bottom-up inventory, and have potential interannual
variations related to the changes in annual temperature and precipitation. However, they
are not likely to be the main cause for the global emission changes considering the size

of China’s land and global ocean emissions.

Most of the identified major anthropogenic sources of CHCl; in China can be controlled
effectively by measures such as applying chlorine-free bleach in the pulp and paper
industry or imposing stricter regulations on production leakage. These measures could
help maintain or reduce CHCl; emissions, to further mitigate the impacts of CHCl; on
the ozone layer. Even though the long-term impact on ozone layer recovery from CHCl;
has been reduced due to the fall in emissions in recent years, its cumulative increased
emissions over 2011-2020 have already caused an integrated ozone depletion
comparable to that of increased CFC-11 emissions since 2012% which have
subsequently decreased since 2018 (see Supplementary Text S1). Considering the
increasing importance of CHCI3 for ozone depletion compared to ozone depleting
substances controlled under the Montreal Protocol, and that CHCI3 emissions in East
Asia can be rapidly transported into the stratosphere, an improved understanding of its

sources in China is needed, to better understand the future evolution of stratospheric
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Data availability

Measurement data of CHCIl3 from the Chinese network are provided in the
Supplementary Data file 1. Use of the Chinese measurement data in publications,
reports or presentations requires the users to contact B.Y. (yaobo@fudan.edu.cn) first

to discuss your interests.

Code availability

The code for the regional emission inversion framework is available at
https://github.com/ACRG-Bristol/acrg (https://doi.org/10.5281/zenodo.6834888,
Rigby et al., 2022%*), and all relevant inputs and outputs are available upon request from
M.A. (mindean@mit.edu). License to use NAME is available upon request to the UK

Met Office (enquiries@metoffice.gov.uk).

*Rigby, M. et al. ACRG-Bristol/acrg: ACRG v0.2.0 (v0.2.0), Zenodo [code],

https://doi.org/10.5281/zenodo.6834888, 2022.
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