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Abstract 31 

Emissions of chloroform (CHCl3), a short-lived halogenated substance not currently 32 

controlled under the Montreal Protocol on Substances that Deplete the Ozone Layer, 33 

are offsetting some of the achievements of the Montreal Protocol. In this study, 34 

emissions of CHCl3 from China were derived by atmospheric measurement-based “top-35 

down” inverse modelling and a sector-based “bottom-up” inventory method. Top-down 36 

CHCl3 emissions grew from 78 (72-83) Gg yr-1 in 2011 to a maximum of 193 (178-204) 37 

Gg yr-1 in 2017, followed by a decrease to 147 (138-154) Gg yr-1 in 2018, after which 38 

emissions remained relatively constant through 2020. The changes in emissions from 39 

China could explain all the global changes during the study period. The CHCl3 40 

emissions in China were dominated by anthropogenic sources, such as by-product 41 

emissions during disinfection and leakage from chloromethane industries. Had 42 

emissions continued to grow at the rate observed up to 2017, a delay of several years in 43 

Antarctic ozone layer recovery could have occurred. However, this delay will be largely 44 

avoided if global CHCl3 emissions remain relatively constant in the future, as they have 45 

between 2018 and 2020. 46 

Synopsis: A recent increase and subsequent decrease in emissions of ozone-depleting 47 

chloroform is inferred in China using atmospheric measurements.  48 
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Introduction 49 

Due to the phase-down of production and consumption of long-lived ozone depleting 50 

substances such as chlorofluorocarbons (CFCs), halons, and hydrochlorofluorocarbons 51 

(HCFCs) under the Montreal Protocol on Substances that Deplete the Ozone layer, the 52 

burden of stratospheric chlorine and bromine is declining and the Antarctic ozone hole 53 

is showing signs of recovery1,2. Previous studies have identified that halogenated very 54 

short-lived substances (VSLSs), defined as species with a total atmospheric lifetime 55 

shorter than 6 months, play an increasing role in stratospheric ozone depletion3,4, 56 

especially if they are emitted from regions with rapid transport pathways to the 57 

stratosphere such as East and South Asia5-7. The impact of VSLSs on ozone layer 58 

depletion is more prominent if considered in terms of the integrated ozone depletion 59 

(IOD)8 compared to the traditional metrics such as ozone depletion potential (ODP).  60 

Chloroform (CHCl3) is the second most abundant chlorine-containing VSLSs, with a 61 

lifetime of ~6 months2. There was substantial growth in the measured global 62 

atmospheric mole fractions of CHCl3 and a rapid increase in global CHCl3 emissions 63 

between 2010-20159. If the growth of the atmospheric abundance of CHCl3 were to 64 

have continued at the rate observed between 2010 and 2015, it could delay Antarctic 65 

stratospheric ozone layer recovery by several years9, comparable to the impact from 66 

recent unexpected CFC-11 emissions between 2013 and 201910,11. However, global 67 

CHCl3 emissions and mole fractions have recently been found to have decreased after 68 

reaching a maximum in 20172. 69 
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Given the growing impact of VSLSs on ozone layer depletion compared to ozone 70 

depleting substances controlled under the Montreal Protocol, it is important to better 71 

understand the magnitude and distribution of their sources. The global increase in 72 

CHCl3 emissions between 2010 and 2015 was attributed primarily to anthropogenic 73 

emissions in China9, but the contribution of individual source sectors was not 74 

investigated in detail. Most of the CHCl3 produced in China is thought to be consumed 75 

as a feedstock and converted to HCFC-2212, where only a few percent of the feedstock 76 

are thought to leak to the atmosphere13,14. Several disinfection processes may lead to 77 

by-product emissions of CHCl3 via haloform reactions15,16, but their contribution has 78 

not been quantified. In addition to anthropogenic sources, natural sources of CHCl3 79 

including ocean emissions and terrestrial soil emissions are also significant worldwide 80 

(accounting for more than 50% of the global emissions)16-19, and similar natural 81 

processes in China may contribute substantially to CHCl3 emissions. To date, there has 82 

been no sector-based bottom-up inventory for CHCl3 emissions in China, and thus little 83 

quantitative understanding of the potential source sectors responsible for the increase 84 

in CHCl3 emissions. The cause of the global emission decrease after 2017 has not 85 

previously been identified. 86 

Quantifying CHCl3 emissions from China is important considering its predominant role 87 

in the global increase between 2010-20159 and the rapid upward transport to the 88 

stratosphere of emissions from East Asia compared to those from other industrialized 89 

areas such as mid-latitude Europe or North America6,20. In this study, we provide a time-90 

series of CHCl3 emissions from China (defined as the Chinese mainland, excluding 91 
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Hong Kong, Macao and ocean areas) using sector-based “bottom-up” information 92 

(2006-2020) and atmospheric measurement-based “top-down” methods (2011-2020), 93 

to constrain CHCl3 emissions and examine the potential sources driving the apparent 94 

trends. Previous top-down emissions estimates were localized to eastern China and 95 

were derived from measurements of atmospheric mole fractions made outside of China9, 96 

while the top-down estimation in this study focuses on emissions from the whole of 97 

China, derived from long-term measurements from a network of nine sites within China. 98 

The results in this study combined with previously reported global emissions allow a 99 

better understanding of global-scale changes in emissions of CHCl3 and their potential 100 

impact on the ozone layer. 101 

Methods 102 

Site description and measurement 103 

The regional top-down inversion of CHCl3 emissions from China used measurements 104 

at nine sites from the China Meteorological Administration (CMA): Akedala (AKD, 105 

47.10° N 87.97° E), Lin’an (LAN, 30.30° N 119.73° E), Longfengshan (LFS, 44.73° N 106 

127.60° E), Jiangjin (JGJ, 29.15° N 106.15° E), Jinsha (JSA, 29.64° N 114.21° E), 107 

Shangdianzi (SDZ, 40.65° N 117.21° E), Mt. Waliguan (WLG, 36.29° N 100.90° E), 108 

Shangri-La (XGL, 28.01° N 99.44° E), and Xinfeng (XFG, 24.08° N 114.17° E). These 109 

sites provide measurements with sensitivity to emissions sources across China 110 

(Supplementary Fig. S1). All the sites are far (typically 10s to 100s of km) from heavily 111 

industrialized areas, thus minimizing the influence of very localized emissions sources 112 
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on the measurements. A summary of the sampling period and frequency at each site is 113 

provided in Supplementary Table S1. Ambient air samples were collected weekly in 114 

flasks at AKD, LFS, JSA, SDZ, WLG, XGL and XFG, and daily from JGJ. At LAN, 115 

the sampling frequency was weekly before 2019 and daily thereafter. The sampling 116 

time for the flasks was around 2 pm local time when the height of boundary layer was 117 

highest, except for WLG where the samples were collected at 8 am local time due to its 118 

unique topography, to ensure horizontal winds bringing downslope airflow. All flask air 119 

samples were sent to the CMA Beijing lab for analysis. In addition to the flask 120 

samplings above, there were also high-frequency in-situ measurements at SDZ during 121 

the study period. More detailed information about the measurement sites and sampling 122 

processes are provided in previous papers21-23. 123 

Two instruments were used in this study to analyze the mole fractions of CHCl3 in the 124 

air samples: an AGAGE (Advanced Global Atmospheric Gases Experiment) ‘Medusa’ 125 

gas chromatographic system with mass spectrometric detector (GC/MS)24,25, and a 2-126 

channel gas chromatograph with electron-capture detector (GC-ECD)26. All the flask 127 

samples were analyzed by the GC/MS system at CMA. At SDZ, ambient air was 128 

sampled and analyzed every 2 hours by the GC/MS system and every 80 minutes by 129 

the GC-ECD system. The analysis of the flask samples follows the same process as the 130 

in-situ measurement. Every air sample was bracketed by an analysis of the working 131 

standard to calibrate the drift in the system. All CHCl3 measurements are reported on 132 

the SIO-98 calibration scale27. Measurement precisions were estimated at 3.4%, 0.6% 133 

and 1.5% for the in-situ GC-ECD, in-situ GC/MS at SDZ and flask samples, 134 
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respectively, where the precision for flask sampling was estimated as the typical 135 

standard deviation of the two parallel detections. All raw measurements are in 136 

Supplementary Data File 1. At SDZ, the flask sampling and in-situ measurement show 137 

great consistency (Supplementary Fig. S2). If both GC/MS and GC-ECD SDZ in-situ 138 

measurements were available in a specific year, the measurements using GC/MS were 139 

used in the inversion unless the GC/MS instrument was not operational in that year, in 140 

which case the GC-ECD measurements were used. All in-situ measurements from SDZ 141 

were averaged over a period of 24 hours in the inversion framework. In addition, a 142 

“local influence” filter was applied to the daily samples at JGJ, LAN and in-situ 143 

measurements at SDZ to remove measurements where the signal is mostly influenced 144 

by emissions sources close to the sites (if they exist), which are poorly represented in 145 

the inversion framework. We filtered out observations where the sum of the sensitivities 146 

of the observation to emissions in the nearest 25 grid cells surrounding the measurement 147 

site in the atmospheric transport model was more than 10% of the total sensitivity (see 148 

next section for atmospheric transport model and definition of grid cells). After re-149 

sampling and filtering, a total of 4030 processed measurements were included in the 150 

inversions to estimate emissions from China. 151 

Regional inversion framework 152 

A hierarchical Bayesian inference method28-31 coupled with the UK Met Office 153 

Numerical Atmospheric-dispersion Modelling Environment (NAME)32 was utilized in 154 

this study to derive regional emissions of CHCl3 from China and has been described in 155 
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detail in previous studies21,33,34. Here we provide a brief overview about the general 156 

framework, and several updates including the changes in a priori emission information 157 

and uncertainties. 158 

The observations from the CMA network were combined with sensitivities of each 159 

measurement to the emissions from each grid within a regional domain, and sensitivities 160 

of each measurement to the mole fraction at the domain boundary (boundary 161 

conditions). The regional domain in this study was bounded at 5º S, 74º N and 55º E, 162 

192º E. The grid cells were 0.352º in longitude and 0.234º in latitude. The sensitivities 163 

to both emissions and boundary conditions were modelled using the Lagrangian 164 

Particle Dispersion Model, NAME32, driven by meteorological fields from the UK Met 165 

Office Unified Model35. In NAME, 20,000 tracer particles were released per hour from 166 

the sampling location within a ±10 m vertical window and the model was run 167 

backwards in time for 30 days. Particles in the lowest 40 m of the atmosphere were 168 

regarded as having interacted with surface emissions28, and sensitivities to surface 169 

emissions were integrated over the 30-day simulations. Locations of the particles 170 

leaving the domain were also integrated to calculate boundary conditions, or 171 

background mole fractions. The mole fraction enhancements above the backgrounds 172 

were used to derive regional emissions within the domain. Chemical loss during 173 

transport was not considered, as a previous study showed that the chemical loss plays 174 

only a minor role in the regional inversion for CHCl3 (<1% of the derived emissions, 175 

which is small compared to other estimated uncertainties in the inversion)9.  176 
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In the hierarchical Bayesian inference framework, the emissions, boundary conditions 177 

and the model-measurement uncertainties were sampled using a Markov Chain Monte-178 

Carlo (MCMC) method, constructed by a No-U-Turn sampler36 and a slice sampler37. 179 

The MCMC chain used 2.5𝗑105 steps, and the first 5	𝗑104 steps from the chain were 180 

discarded. Prior to sampling, 1.25 𝗑105 tuning steps were run. The mean and 68% 181 

uncertainty interval from the posteriori distribution were calculated as the reported 182 

emissions and their uncertainties. In the Bayesian inference, the a priori estimate for 183 

emissions of CHCl3 from China was obtained from the bottom-up inventory in this 184 

study (see next section). A total of 80% of the a priori emissions were distributed in 185 

space by a function of nightlight density data from NOAA DMSP-OLS (Defense 186 

Meteorological Satellite Program-Operational Line-Scan System, 187 

https://ngdc.noaa.gov/eog/data/web_data/v4composites/) where nightlight values 188 

below 0.5 were treated as zero. The remaining 20% were allocated uniformly to the 189 

grids with zero nightlight values to simulate natural sources. The a priori estimate for 190 

mole fractions at the domain boundaries come from the 3D TOMCAT model38.  191 

The grid cells in the regional domain were aggregated into 150 regions (defined as 192 

“basis functions”) by a quadtree algorithm39, in which emissions were estimated in the 193 

inversion framework. The parameters estimated in the inversion were scaling factors to 194 

the a priori emissions across the 150 regions, scaling factors to the boundary conditions 195 

on each horizontal boundary and the model error. These were solved for annually. The 196 

scaling factors for the a priori emissions and a priori boundary conditions were sampled 197 

from a log-normal prior distribution with mean and standard deviation of 1, which can 198 
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constrain the posteriori values to an appropriate magnitude and avoid negative values. 199 

The model uncertainty was solved using a uniform distribution following An et al.21. 200 

When averaging the SDZ in-situ data into 24 hours, an averaging error was added to 201 

the uncertainty of the final data which was the quadratic mean of the raw data 202 

uncertainties. The uncertainties for SDZ in-situ data and SDZ flask data were solved 203 

separately in the inversion.  204 

Diagnosis of the top-down emissions results from the inverse modelling framework 205 

To validate the emission results, several sensitivity tests were conducted, including 206 

inversions using different a priori emission magnitudes (Supplementary Fig. S3a), 207 

different a priori emission probability distributions (Supplementary Fig. S3b), different 208 

sites (Supplementary Fig. S4), different number of measurements (Supplementary Fig. 209 

S5), different filter settings (Supplementary Fig. S6a) and different basis functions 210 

(Supplementary Fig. S6b). All these tests show good consistency in magnitudes and 211 

inter-annual variabilities of CHCl3 emissions in China.  212 

In addition, an “error reduction” term was defined in this study to evaluate the 213 

convergence of the Markov Chain Monte-Carlo sampling in the Bayesian framework, 214 

which can be described by equation (1), 215 

𝐸𝑅 = 1 −	 !"#!",$%&'
!"#!",$()%(

                                                     (1) 216 

where 𝐸𝑅  is the error reduction term in a specific region; 𝐻𝑃𝐷$%,'()*  is the 68% 217 

uncertainty interval of the posteriori samples from the Markov Chain, defined as the 218 
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highest posteriori density; 𝐻𝑃𝐷$%,'+,(+ is the corresponding uncertainty interval for the 219 

a priori emissions. The error reductions for emissions in China and in all regions in each 220 

year are provided in Supplementary Data file 2. The error reductions for the total 221 

emissions in China are all above 80% over the study period, which means the Markov 222 

Chain sampler substantially reduces the uncertainty of the fairly uninformative log-223 

normal a priori distribution and reaches a good convergence. 224 

The root mean square error (RMSE) term was also used in this study to evaluate the fit 225 

of the modelled observations using a prescribed emissions to the real observations, 226 

which can be calculated by equation (2), 227 

𝑅𝑀𝑆𝐸 = 	-∑(/*%+0	/*,-&).

3
                                           (2) 228 

where 𝒚𝒎𝒐𝒅  is the modelled observations using the a priori emissions or posteriori 229 

emissions; 𝒚𝒎𝒆𝒂𝒔  is the real observations; 𝑵  is the number of observations. We 230 

calculate the improvement in the RMSEs for all years and all sites by comparing results 231 

obtained using the posteriori emissions with those using a priori emissions, by equation 232 

(3), 233 

𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 = 	1 −	 :;<=$%&'
:;<=$()%(

                                           (3) 234 

where 𝑅𝑀𝑆𝐸'()* is the RMSE using posteriori emissions, and 𝑅𝑀𝑆𝐸'+,(+ is the RMSE 235 

using a priori emissions. The calculated RMSE improvements are shown in 236 

Supplementary Table S2. After the Markov Chain sampling, the posteriori emissions 237 

provide a better fit to the observations than the a priori emissions. 238 
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Bottom-up inventory for CHCl3 in China 239 

The bottom-up inventory considers both anthropogenic sources and natural sources for 240 

CHCl3 emissions in China. The categories (source sectors) of anthropogenic emissions 241 

in the inventory are shown in Fig. 1. Anthropogenic emissions of CHCl3 in China 242 

mainly originate from emissions or leakages during intentional consumption or 243 

production of CHCl3 (defined as intended emissions in this study), and unintended 244 

emissions of CHCl3 during processes where CHCl3 is emitted as an unwanted by-245 

product (defined as by-product emissions in this study). The intended emissions include 246 

emissions from (a) production leakage, (b) feedstock use leakage and (c) solvent use in 247 

the pharmaceutical industry. The by-product emissions sector is a considerable source 248 

of CHCl3 emissions, where CHCl3 may be formed as a disinfectant by-product through 249 

a haloform reaction, be produced during combustion or in anaerobic processes 250 

associated with methane15,16. In this study, the by-product sector includes (d) the pulp 251 

and paper industry, (e-g) water treatment, (h) biomass burning, (i) coal combustion, (j) 252 

waste incineration, (k) landfill, and (l) livestock.  253 
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 254 

Fig. 1 Categories of source sectors for anthropogenic CHCl3 emissions in China 255 

considered in the bottom-up inventory. The anthropogenic emissions include two 256 

categories, intended emissions (sector a-c), which are the emissions or leakages of 257 

CHCl3 during its intentional consumption or production, and by-product emissions 258 

(sector d-l), which are the emissions of CHCl3 as an unwanted by-product in some 259 

processes. The details for each sector can be found in the Methods. The natural 260 

emissions, sector (m), are not shown in this diagram.  261 

The emissions in each sector, unless specified otherwise, were estimated by multiplying 262 

activity data for each sector by the corresponding emission factors, as shown by 263 

equation (4), 264 

𝐸, = 𝐸𝑓, 	× 	𝐴,                                                      (4) 265 

where 𝐸, is the emission of CHCl3 in sector i in a specific year; 𝐸𝑓, is the emission 266 

factor(s) in that sector; and 𝐴,  is the corresponding activity data in the sector. All 267 

activity data and emission factors are listed in Supplementary Table S3-5.  268 
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The total CHCl3 production data in 2006-2010 and 2013-2020 were taken from the 269 

China Chlor-Alkali Industry Association (CCAIA)12. CCAIA also provides total 270 

chloromethane production data in 2006-202012. There is no data on CHCl3 production 271 

in 2011-2012 and so these data were estimated by multiplying the total chloromethane 272 

production in 2011/2012, obtained from CCAIA12, by the percentage of CHCl3 273 

production to total chloromethane production, averaged over the year before and after 274 

the missing data (i.e., 2010 and 2013). The production data were used as activity data 275 

in sector (a). The import and export data were taken from China Customs Statistics 276 

Yearbook or CCAIA12,40. The consumption data were calculated as production plus 277 

import minus export.  278 

For production leakage, sector (a), we applied 0.5-4% as a range of leakage rates 279 

(emission factor) in this study to account for the uncertainties in emissions during 280 

production or other relevant processes such as fugitive emissions during transport and 281 

storage. The 0.5% leakage rate is recommended by IPCC 2000 guidelines41 for 282 

substitutes of ozone depleting substances and 4% is recommended by IPCC 2019 283 

guidelines42 for fluorochemicals. Much higher emission factors potentially exists for 284 

this sector42,43 and were tested in the Supplementary Fig. S7. 285 

For sector (b), all feedstock use of CHCl3 in China is for production of HCFC-22, which 286 

may be used directly or further used as feedstock for fluorinated polymers. In this sector, 287 

the amount of CHCl3 used for HCFC-22 production (i.e., activity data) was derived 288 

from annual HCFC-22 production44 and mass balance of CHCl3 to HCFC-22 289 
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conversion, with a conversion efficiency of 95% (following consultation with industry 290 

experts; this value is similar to values previously reported for production of HFC-3214). 291 

We assumed 0.5% as the leakage rate of CHCl3 (emission factor) during feedstock use 292 

for HCFC-22 production, similar to leakage rates of other major chloromethanes during 293 

feedstock use reported in previous studies13,14,21.  294 

For sector (c), the majority of CHCl3 used in other industrial processes, except for its 295 

feedstock use for HCFC-22 production, is as a solvent in the pharmaceutical 296 

industry12,15. Thus, in this study, the CHCl3 emissions from other industrial processes 297 

only refer to emissions during solvent use in pharmaceutical manufacturing. About 8-298 

10% of CHCl3 consumption was used as a solvent in the pharmaceutical industry12, 299 

which is adopted as the activity data in this sector (c). We assumed an emission factor 300 

of 5-16% in sector (c)15,21,45.  301 

In the pulp and paper industry, sector (d), CHCl3 could be produced as a by-product 302 

during disinfecting or bleaching processes. The activity data for sector (d) was the paper 303 

produced each year in China, taken from the China Statistical Yearbook46, and the 304 

emission factors were 5.3 𝗑10-5 to 4.54 𝗑10-4 g CHCl3 per gram of paper produced15,19,45.  305 

The water treatment sector emits CHCl3 during disinfection in drinking water treatment 306 

(sector (e)), wastewater treatment (sector (f)), and other water treatment (sector (g)). 307 

The amount of drinking water and wastewater treated each year was obtained from the 308 

China Urban-Rural Construction Statistical Yearbook47 and used as the activity data in 309 

these sectors. The emission factors were 4.1	𝗑10-5 and 1.4	𝗑10-5 g L-1 for drinking water 310 
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treatment and wastewater treatment, respectively45. The emissions from other water 311 

treatment were estimated to be 70% of the sum of emissions from drinking water 312 

treatment and wastewater treatment15.  313 

For sector (h), the emissions of CHCl3 from biomass burning were estimated by the 314 

emission ratio of CHCl3/CO and CHCl3/CO2
48. The reference emissions of CO and CO2 315 

from biomass burning were obtained from a previous study49, where the emissions of 316 

the two substances after 2015 were extrapolated linearly from the data in 2008-2014. 317 

The average of the two derived emissions based on CO and CO2, respectively, in each 318 

year was adopted as the emissions of CHCl3 from biomass burning.  319 

For sector (i), the amount of coal combusted was obtained from the China Energy 320 

Statistical Yearbook50 as the activity data, and the emission factor of CHCl3 from coal 321 

combustion was 2.95𝗑10-8
 g CHCl3 per gram of coal burned51.  322 

For sector (j) and (k), the quantity of waste incineration and waste landfill were obtained 323 

from the China Urban-Rural Construction Statistical Yearbook47, used as the activity 324 

data in the sectors, and the emission factors for the two sectors were 3.51	𝗑10-8 to 5.39	325 

𝗑10-7
 g CHCl3 per gram of waste incinerated (obtained from USEPA51), and 6.33	𝗑10-7 326 

g CHCl3 per gram of landfill (averaged from Liu et al.52), respectively.  327 

For sector (l), the emissions of CHCl3 from livestock were estimated by the emissions 328 

of CH4 from livestock averaged from different studies53-55, and the emission ratio of 2	329 

𝗑10-5 g CHCl3 per gram of CH4 produced15,16. The emissions of CH4 from Chang et al.55 330 

in 2019-2020 were extrapolated linearly by available data in all other years.  331 
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Natural sources contribute to ~50-90% of the global CHCl3 emissions reported in 332 

previous studies16-19. For the natural CHCl3 emissions in China, the sector (m), only 333 

terrestrial natural emissions are considered as there is no ocean area involved for China 334 

in this study. The terrestrial natural emissions of CHCl3 include emissions from several 335 

land types such as peatland emissions56, forest soil emissions57 or rice field emissions58 336 

(rice emissions are anthropogenic but categorized into terrestrial natural emissions in 337 

this study for ease of calculation), and the real release rate of CHCl3 over different 338 

terrestrial land types may be highly variable16,57,58. Here, we used a range of 4-13 µg m-339 

2 d-1 measured by a reported chamber study59 as the CHCl3 release rate from soil, which 340 

lies within the same magnitude as several field studies16. The rate was applied to the 341 

total land area of China of ~9.6	𝗑1012 m2, to approximate CHCl3 emissions from a range 342 

of soil processes. Terrestrial CHCl3 emissions in China are subject to large uncertainty 343 

due to the various and uncertain land type in China. A more precise examination of 344 

natural CHCl3 sources in China could be possible in further studies. 345 

All the statistical data obtained directly from the statistical yearbooks and the reference 346 

emissions obtained from other studies, which were used to quantify the activity data in 347 

each sector, were assumed to have a normal distribution with 5% uncertainty. If multiple 348 

values or a value range was given for a specific variable, a uniform distribution would 349 

be adopted to calculate the uncertainty. A Monte-Carlo method with 10,000 samples 350 

was used to estimate the emissions and their uncertainties (68% interval). 351 
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Results 352 

Top-down emissions of CHCl3 in China and contribution to global emissions 353 

Emissions of CHCl3 in China during 2011-2020 were derived from measurements of 354 

atmospheric mole fraction from nine sites within China (see Methods, measurement 355 

data shown in Supplementary Fig. S8 and Supplementary Data file 1). The model 356 

simulation using the derived emissions provide a closer fit to the observations compared 357 

to the simulation using the a priori emissions, in terms of RMSE (see Supplementary 358 

Table S2). Figure 2a shows that emissions in China increased from 78 (72-83) Gg yr-1 359 

in 2011 to 193 (178-204) Gg yr-1 in 2017, continuing the increase in CHCl3 emissions 360 

from eastern China previously reported through 20159. A decrease in CHCl3 emissions 361 

occurred after the maximum in 2017, reaching 147 (138-154) Gg yr-1 in 2018. 362 

Emissions were approximately constant during 2018-2020. The derived emissions and 363 

their trends are generally insensitive to the choice of a priori emissions magnitude 364 

(Supplementary Fig. S3a), the choice of probability distribution in the inversion 365 

framework (Supplementary Fig. S3b), the choice of Chinese measurement datasets 366 

(Supplementary Fig. S4-5), or different methods of filtering the data and assigning basis 367 

functions (Supplementary Fig. S6).  368 
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 369 

Fig. 2 Annual CHCl3 emissions in China and global emissions. (A) A comparison of 370 

CHCl3 emissions in China with global emissions. The annual emissions in China can 371 

be found in Supplementary Data file 3. The annual global emissions are derived from 372 

Laube and Tegtmeier et al.2 using the AGAGE global background data. (B) The 373 

increase in the global emissions and emissions in China between 2011 and 2017 (i.e., 374 

2017 minus 2011) and the decrease between 2017 and 2020 (i.e., 2017 minus 2020). 375 

The uncertainties, indicated by shading in (A) and error bars in (B), are 1-sigma or the 376 

68% uncertainty interval. 377 

The derived top-down emissions from China play an important role in the global 378 

emissions, accounting for ~25-50% of the global total over 2011-2020, with a 379 

maximum proportion of the global total of ~50% in 2017 (Fig. 2a). The emissions in 380 

China show a similar trend to the global emissions, which both reached a maximum in 381 

2017, followed by a decrease and then a plateau between 2018 and 2020. The pre-2017 382 

increase (difference between the years 2011 and 2017) and the post-2017 decrease 383 

(difference between the years 2017 and 2020) of emissions in China are of the same 384 
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magnitude, or even larger, than the global change in the same period (Fig. 2b). These 385 

coincident emission trends indicate that the changes of CHCl3 emissions from China 386 

may be the dominant contributor to global emission changes during this period. 387 

Anthropogenic emission sources are indicated to be the dominant driver for the 388 

emission changes globally and in China, as it is not possible to explain the entire 389 

variation in global emissions by changes from terrestrial natural sources over the land 390 

area of China alone (see following section). The global annual mean mole fractions of 391 

CHCl3 also show a similar trend to global emissions and emissions in China 392 

(Supplementary Fig. S9, derived from Laube and Tegtmeier et al.2), i.e., increasing 393 

through 2017 and then decreasing. The variation in the Northern Hemispheric mean 394 

mole fraction has largely mirrored that of the global mean, while the mole fractions in 395 

the Southern Hemisphere have been comparably stable since 2011. Given the short 396 

atmospheric lifetime of CHCl3, it also indicates the dominant role of Northern 397 

Hemispheric anthropogenic emissions in the changes of global CHCl3, which supports 398 

our finding. 399 

Bottom-up CHCl3 emissions in China and source identification 400 

To understand the source sectors that drive the changes in CHCl3 emissions in China, a 401 

process-based bottom-up inventory for CHCl3 emissions in China was compiled for the 402 

first time using up-to-date data representative of applications which release CHCl3. The 403 

bottom-up inventory considers both anthropogenic sources and natural sources (see 404 

Methods for details). The anthropogenic emission source sectors are listed in Fig. 1, 405 
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which includes intended anthropogenic emissions and by-product anthropogenic 406 

emissions. The bottom-up inventory emissions (Fig. 3) show an increasing trend over 407 

2011-2019, from 72 (58-86) Gg yr-1 in 2006 to 110 (87-131) Gg yr-1 in 2019, then a 408 

decrease to 104 (84-126) Gg yr-1 in 2020. The bottom-up emissions in this study are 409 

higher than previously derived emissions using an inter-species correlation method60-62, 410 

although emissions derived using inter-species correlation can be highly uncertain (Fig. 411 

3a). The bottom-up emissions are also higher than a previous top-down CHCl3 412 

emissions from eastern China between 2007 and 20159, suggesting substantial 413 

emissions outside of the eastern China region, while the top-down emissions in this 414 

study for eastern China are of a similar magnitude to those found in the previous study9 415 

over 2011-2015 (Supplementary Fig. S10). Our bottom-up emissions agree well with a 416 

previous top-down emissions estimate for China in 200726 (Fig. 3a).  417 

 418 

Fig. 3 Bottom-up and top-down CHCl3 emissions in China. (A) A comparison of the 419 

top-down and bottom-up emissions in China derived in this study and from previous 420 
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studies. The previous results include top-down emissions from Fang et al.9, Li et al.60, 421 

Wang et al.61, Kim et al.62 and Vollmer et al.26. The results from Fang et al.9 only include 422 

CHCl3 emissions from eastern China. ISC means emissions derived using an inter-423 

species correlation method. (B) Stacked sectoral emissions of the bottom-up results. 424 

The definition for each category can be found in the Methods. Sectoral emissions with 425 

uncertainties are shown in Supplementary Data file 4. 426 

Anthropogenic sources dominate the CHCl3 emissions in China (Fig. 3b), accounting 427 

for ~68% of the overall emissions (averaged throughout the period). The largest 428 

anthropogenic source is by-product emissions of CHCl3 from the pulp and paper sector, 429 

contributing ~20-35% to total bottom-up emissions, where CHCl3 can be released 430 

during disinfecting or bleaching via haloform reaction when using chlorine-containing 431 

bleach15,16. The important role of the pulp and paper sector for CHCl3 emissions is 432 

consistent with the conclusion from a previous global inventory15. This sector also 433 

contributed substantially to the increase during 2006-2019 in the bottom-up inventory, 434 

accounting for ~38% of the emissions increase. Production leakage is the second largest 435 

anthropogenic source, contributing ~10-25% to the overall emissions. This includes 436 

CHCl3 emissions from several production-related processes such as CHCl3 production, 437 

transport and storage. The production leakage sector contributes most to the increase 438 

during 2006-2019 (~40%) and the decrease during 2019-2020 (~87%) in the bottom-439 

up inventory. The variation in CHCl3 emissions from production leakage is driven by 440 

the rapid increase and decrease in CHCl3 production in China (CHCl3 production in 441 

China is shown in Supplementary Fig. S11), because a constant emission factor for 442 
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production leakage was used throughout. The solvent use of CHCl3 in the 443 

pharmaceutical industry also contributes substantially to overall bottom-up emissions 444 

(~5-10%), to the 2006-2019 emission increase (~12%) and the 2019-2020 decrease 445 

(~36%).  446 

In addition to the anthropogenic emissions, previous studies reported relatively 447 

uncertain but substantial contributions of natural sources to global CHCl3 emissions, 448 

ranging from ~50% to 90%16-19, where terrestrial and ocean sources are thought to be 449 

of similar magnitude16,17. In this study, the derived CHCl3 emissions from natural soil 450 

sources (representing the terrestrial emissions) account for ~32% (averaged throughout 451 

the period) of the bottom-up emissions in China (Fig. 3b). As we only consider 452 

emissions from land, no oceanic emissions of CHCl3 in China are included.  453 

The bottom-up emissions estimates in this study account for ~55-115% of the top-down 454 

mean emissions estimates. There are substantial discrepancies between the top-down 455 

and bottom-up emissions in 2015 and 2017. The large year-to-year variation in the top-456 

down emission estimates, including the temporary decrease in 2016 and the post-2017 457 

decrease (Fig. 3a), are not well explained by the bottom-up emission estimates. The 458 

top-down emissions are robust in terms of the sensitivity tests (Supplementary Fig. S3-459 

6), the substantial improvement of fitness to observations (Supplementary Table S2) 460 

and error reductions (Supplementary Data file 2, >80% for annual national total in all 461 

years). The mismatch between the top-down and bottom-up estimates may be caused 462 

by many of the unknowns (like the potential emissions from the chlor-alkali industry 463 
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discussed in the next section) or uncertainties in the bottom-up inventory due to the 464 

limitation in the availability of activity data or emission factors in several sectors.  465 

The reported uncertainties in the bottom-up inventory are large enough that they could 466 

encapsulate some of the year-to-year variability seen in the top-down estimates. Most 467 

of the uncertainties in the inventory come from production leakage, the pulp and paper 468 

industry, solvent use in pharmaceutical industry and natural soil sources 469 

(Supplementary Data file 4). The bottom-up inventory does not explicitly include time-470 

varying emissions factors, e.g., a constant range of emission factors was used 471 

throughout the period for production leakage (0.5-4%) and pulp and paper industry 472 

(5.3×10-5-4.54×10-4 g/g paper). However, year-to-year changes in these factors are 473 

possible. For example, a decrease in the emission factors in the pulp and paper industry 474 

(in terms of emissions per gram of paper) may result from increasing use of chlorine-475 

free bleach63,64, and a possible decrease in emission factors for production leakage may 476 

be due to actions to control pollutants from factories (e.g. ref.65 which came into force 477 

in 2017) in order to meet the 2017 target of the Air Pollution Prevention and Control 478 

Action Plan in China66. If the entire uncertainty range of the production leakage rate 479 

from the IPCC 2019 guidelines42 was considered, which allows higher leakage rates 480 

(see Supplementary Fig. S7 for details), the year-to-year variation in the top-down 481 

estimates could be explained by uncertainties in the bottom-up estimates. Further 482 

potential changes could be due to a sharp decrease in the volume of pharmaceutical 483 

production in China after 201746 (see Supplementary Fig. S11 for details), where CHCl3 484 

is used as a solvent during pharmaceutical manufacturing.  485 
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In addition to potential unaccounted-for changes in anthropogenic emissions, it is 486 

possible that our bottom-up model has not accounted for substantial changes in natural 487 

emissions, as no time-varying and land type-dependent emissions factors were included. 488 

A negative correlation between the top-down emissions in China and annual average 489 

precipitation67, especially after 2015 (Pearson Correlation Coefficient ‘r’ is -0.59, 490 

p<0.001 for ANOVA), and a positive correlation for the annual average temperature67 491 

and the emissions (r=0.77, p<0.001 for ANOVA), were identified (Supplementary Fig. 492 

S12). Extreme rainfall events in China in 201667 may be part of the explanation for the 493 

low emissions in 2016, as flooded conditions could sharply reduce CHCl3 emission 494 

rates from soil68. High temperatures also have the potential to enhance the release of 495 

CHCl3
69. China only accounts for a minor fraction of global land area. Therefore, 496 

potential changes in natural emissions happening over the land area of China cannot 497 

explain the entire global emission changes and are unlikely to be the main cause for the 498 

global year-to-year variation. 499 

Spatial distribution of CHCl3 emissions in China and source identification 500 

From examination of the spatial distribution of CHCl3 emissions in China derived from 501 

atmospheric observations (shown in Fig. 4), most of the emission hotspots are in 502 

northern and eastern China. Provincial and regional emissions for each year are 503 

provided in Supplementary Data file 3 and Supplementary Fig. S13. North and East 504 

China (the definitions for each region can be found in Supplementary Fig. S13), 505 

including Hebei, Inner Mongolia, Shandong and Jiangsu provinces, have high 506 
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emissions compared to other regions throughout the study period. These regions are 507 

also among the highest contributors to the pre-2017 emissions increase and post-2017 508 

decrease (Fig. 4e-f). North and East China are highly economically developed and 509 

industrialized regions, indicating the dominant role of anthropogenic sources in CHCl3 510 

emissions in China. Although the error reductions for emissions in North and East 511 

China show a slight decrease in 2017 compared to other years, when emissions in the 512 

years show a notable increase, they remain substantial (>65% uncertainty reductions in 513 

the regions). The error reduction from South China shows a minimum value in 2015 514 

(58%), probably due to the lack of measurement sites in South China in this period. 515 

This may lead to larger uncertainty in emissions in 2015 but does not make much 516 

difference to the mean magnitudes and overall trends of overall emissions in China (see 517 

sensitivity tests in Supplementary Fig. S4-5). 518 
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 519 

Fig. 4 Spatial distributions of CHCl3 emissions in China. (A) The mean posteriori 520 

emissions over 2011-2015. (B) The mean posteriori emissions in 2016. (C) The mean 521 

posteriori emissions in 2017. (D) The mean posteriori emissions over 2018-2020. (E) 522 

The difference in spatial distribution between 2017 and the 2011-2016 average (i.e., 523 

2017 minus the average of 2011-2016). (F) The difference in spatial distribution 524 

between the 2018-2020 average and 2017 (i.e., the average of 2018-2020 minus 2017). 525 

The time periods are divided to show the period before and after the maximum 526 

emissions year in 2017 (pre-2017 increase and post-2017 decrease). The quantitative 527 

provincial and regional emissions for each year are provided in Supplementary Data 528 
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file 3 and Supplementary Fig. S13. The spatial distributions of the mean posteriori 529 

emissions in each individual year are shown in Supplementary Fig. S14. The black dots 530 

in the figures are the measurement sites active in the period. The pink triangles are the 531 

known chloromethane factories in China, some of which are also the main fluorine 532 

chemical factories in China producing HCFC-22 (where CHCl3 is used as a feedstock). 533 

The locations of some regions with high emissions are consistent with the locations of 534 

major chloromethane factories (mainly located in Shandong Province (in East China), 535 

the Yangtze River Delta region (in East China) and the Sichuan Basin (approximately 536 

at 103-108º E, 28-32º N), see Fig. 4), where fugitive emissions of chloromethanes have 537 

previously been identified43,70,71. Significant leakage of CHCl3 from chloromethane 538 

factories during processes such as production, storage, or transport, identified by the 539 

bottom-up inventory in this study, are thus a likely source of emissions. The existence 540 

of high emissions in the Sichuan Basin region surrounding the Jiangjin (JGJ) site since 541 

2017 also indicates the potential for emissions from chloromethanes factories (see 542 

Supplementary Fig. S14-15 for details), while the decrease in emissions in the Sichuan 543 

Basin during 2017-2020 (Fig. 4f) may be evidence for a decrease in the emission factor 544 

for production leakage from chloromethane factories. It is worth noting that the model-545 

measurement errors for JGJ were large (Supplementary Fig. S8), possibly due to the 546 

relative complex meteorological conditions in the Basin. 547 

There are similar spatial distribution patterns between CHCl3 emissions (Fig. 4) and the 548 

pulp and paper industry and the pharmaceutical industry (Supplementary Fig. S16a-b). 549 
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There are no chloromethane factories in Hebei province (in North China), although the 550 

emissions in Hebei are substantial, especially in 2016 and 2018-2020 when Hebei is the 551 

province with the largest emissions (Supplementary Data file 3). Hebei is one of the 552 

most industrialized provinces in China where there is substantial pulp and paper 553 

production and pharmaceutical production. High CHCl3 emissions and large paper and 554 

pharmaceutical production are also co-located in Shandong and Jiangsu provinces (in 555 

Yangtze River Delta region) in East China. 556 

There are substantial CHCl3 emissions from Inner Mongolia (in North China) and 557 

Xinjiang (in Northwest China) provinces (Supplementary Data file 3), which are not 558 

highly populated or industrialized regions and have no chloromethane factories. 559 

However, there is substantial chlor-alkali production in Hebei, Inner Mongolia and 560 

Xinjiang provinces (Supplementary Fig. S16c). As chlor-alkali factories are regarded 561 

as potential sources for CCl4 emissions43,72, possibly via chlorination of organic 562 

substances, they could also be sources for CHCl3 emissions as CHCl3 is easily formed 563 

via haloform reactions during chlorination15. The emissions in the seven sub-regions 564 

(Supplementary Fig. S13) are strongly correlated (r=0.82) with caustic soda production 565 

in the regions46 (Supplementary Fig. S17), which further indicates a potential link 566 

between chlor-alkali production and CHCl3 emissions, although the exact process of 567 

CHCl3 formation is unclear.  568 

Discussion 569 

A substantial increase in the global CHCl3 mole fractions and emissions up to 2015 had 570 



 

 30 

previously been identified and could have delayed the recovery of Antarctic 571 

stratospheric ozone by up to 9 years if the increase continued (defined as the ‘continued 572 

growth scenario’ in Fang et al.9). The increase in both global CHCl3 mole fractions and 573 

emissions was found to continue until 2017, but both were then followed by a fall in 574 

20182. The global emissions and mole fractions were approximately constant between 575 

2019 and 2020, and the mole fractions in these years are similar to those in 2015 (Fig. 576 

2 and Supplementary Fig. S9). This implies that the impact of CHCl3 on global ozone 577 

layer recovery may be close to the ‘constant mole fraction scenario’ in Fang et al.9. If 578 

the plateau in mole fractions and emissions continues, the potential delay from CHCl3 579 

on Antarctic stratospheric ozone recovery should be ~1 year when the total increase in 580 

CHCl3 mole fraction since 1920 was considered9. Thus, a significant delay in the 581 

recovery of the ozone layer caused by the increasing CHCl3 emissions could be avoided 582 

if future CHCl3 emissions do not increase.  583 

The predicted future trajectory for CHCl3 emissions is uncertain. The changes in global 584 

CHCl3 emissions have likely been dominated by emission changes from anthropogenic 585 

sources in China between 2011 and 2020. By-product emissions during bleaching in 586 

the pulp and paper industry, production leakage from the chloromethane industry and 587 

emissions from solvent use in the pharmaceutical industry are recognized as important 588 

sources of CHCl3 emissions in China in our analyses. The year-to-year variations in 589 

emissions from China and the differences between top-down and bottom-up emissions 590 

may be reconciled by several uncertainties in anthropogenic emissions in the bottom-591 

up inventory, such as the lack of time-varying emissions factors for production leakage 592 
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and the pulp and paper industry, and the lack of quantification of emissions in the chlor-593 

alkali industry. However, the lack of available data limit further exploration of these 594 

uncertainties. Further efforts, like carrying out high-frequency measurements in key 595 

areas and samplings around important industries71 would offer a better understanding 596 

of these uncertainties. Natural soil emissions are likely to be substantial in China 597 

(~32%), as identified from the bottom-up inventory, and have potential interannual 598 

variations related to the changes in annual temperature and precipitation. However, they 599 

are not likely to be the main cause for the global emission changes considering the size 600 

of China’s land and global ocean emissions. 601 

Most of the identified major anthropogenic sources of CHCl3 in China can be controlled 602 

effectively by measures such as applying chlorine-free bleach in the pulp and paper 603 

industry or imposing stricter regulations on production leakage. These measures could 604 

help maintain or reduce CHCl3 emissions, to further mitigate the impacts of CHCl3 on 605 

the ozone layer. Even though the long-term impact on ozone layer recovery from CHCl3 606 

has been reduced due to the fall in emissions in recent years, its cumulative increased 607 

emissions over 2011-2020 have already caused an integrated ozone depletion 608 

comparable to that of increased CFC-11 emissions since 20128 which have 609 

subsequently decreased since 2018 (see Supplementary Text S1). Considering the 610 

increasing importance of CHCl3 for ozone depletion compared to ozone depleting 611 

substances controlled under the Montreal Protocol, and that CHCl3 emissions in East 612 

Asia can be rapidly transported into the stratosphere, an improved understanding of its 613 

sources in China is needed, to better understand the future evolution of stratospheric 614 
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ozone.  615 
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