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ABSTRACT 18 

Back-trajectory statistical methods, e.g., potential source contribution functions 19 

(PSCF) and concentration-weighted trajectory (CWT) methods, have been widely 20 

used in previous studies to locate emission source regions of air pollutants or 21 

greenhouse gases. Inverse modeling methods have been developed and used in an 22 

increasing number of applications. To this date, there are no comparisons of 23 

performance between back-trajectory statistical and inverse modeling methods. This 24 

study evaluates the performance of PSCF, CWT and inverse modeling methods by 25 

taking advantage of precisely-known locations of trifluoromethane (CHF3; HFC-23) 26 

sources. Results show poor performance of the PSCF and CWT methods and good 27 

performance of the inverse modeling method. This study suggests that in studies with 28 

the purpose of locating emission source regions, the PSCF and CWT methods should 29 

be applied with caution in future studies, and that the inverse modeling method is 30 

encouraged to be used much more widely.  31 
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INTRODUCTION 32 

Back-trajectories in combination with air quality measurements have been widely 33 

used to identify potential emission source areas of atmospheric trace substances (e.g., 34 

gases and particulate matter) and to determine respective contributions at 35 

measurement sites.1 and references therein Various statistical methods based on back-36 

trajectories have been developed. One such method is the potential source 37 

contribution function (PSCF) method which is based on the evaluation, for each grid 38 

cell (or area), of the ratio of the total number of marked trajectory segment endpoints 39 

to the total number of trajectory segment endpoints over that grid cell (see details in 40 

Methods section). The PSCF method and its variations have been applied widely in 41 

the last three decades, e.g., for aerosol sources in Arctic,2 sulfur sources in western 42 

U.S.A.,3 hydrofluorocarbon sources in Europe,4 and black carbon sources in southern 43 

China.5 A second method is the concentration-weighted trajectory (CWT) method, in 44 

which each grid cell is assigned a weighted concentration (see details in Methods 45 

section). The CWT method has also been widely applied, e.g., for polychlorinated 46 

biphenyl sources in Chicago, U.S.A.,6 halogenated greenhouse gases sources in 47 

Europe,7 and PM10, SO2 and NO2 sources in western China.8  48 

Inverse modeling is another method that can be used to locate emission source 49 

regions and to determine respective emissions strengths. Inverse modeling method 50 

does not use back-trajectories but instead uses source-receptor-relationships (SRR; or 51 

called emission sensitivity) in combination with atmospheric mole fraction 52 
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measurements. The SRR matrix is derived from atmospheric transport models, e.g., 53 

FLEXible PARTicle dispersion (FLEXPART) model9 and  The Met Office’s 54 

Numerical Atmospheric-dispersion Modelling Environment (NAME) model10. For 55 

example, FLEXPART-based inverse modeling has been used to study 56 

hydrochlorofluorocarbon and hydrofluorocarbon sources across the globe,11 methane 57 

in California, U.S.A,12 methyl chloroform in Europe,13 and carbon dioxide in East 58 

Asia.14 59 

Numerous studies have employed PSCF and CWT methods.1 and references therein Some 60 

of these studies have cross-checked the inferred emission source area field with 61 

bottom-up emission information, e.g., the European Monitoring and Evaluation 62 

Programme (EMEP) SO2 inventory15, mercury emissions inventories for North 63 

America16, smoke from 1998 biomass burning in Central America17, and the notable 64 

2002 Quebec forest fire18. Some studies comparing PSCF and CWT methods have 65 

been reported, e.g., by Kabashnikov et al.19; however, there are no studies reporting 66 

comparisons between PSCF/CWT methods and inverse modeling method with well-67 

known bottom-up emissions information. This study takes advantage of precisely-68 

known locations of trifluoromethane (CHF3; HFC-23) sources to evaluate the 69 

performance of these three methods in locating the source regions. HFC-23 is a potent 70 

greenhouse gas with an atmospheric lifetime of ~270 years and a 100-year global 71 

warming potential (GWP) of 14800.20 Thus, HFC-23 is regulated under the Kyoto 72 

Protocol and recently became regulated under the Montreal Protocol. HFC-23 is an 73 
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unavoidable byproduct of the production of chlorodifluoromethane (CHClF2; HCFC-74 

22). Significant amounts of HFC-23 were emitted in East Asia, mainly in China.21 75 

HFC-23 has negligible direct use, and therefore in East Asia, HFC-23 is mostly 76 

emitted as a waste gas at dozens of HCFC-22 production factories. 77 

This study evaluates the performance of PSCF, CWT and inverse modeling 78 

methods in locating HFC-23 sources, using in situ high frequency measurements of 79 

atmospheric HFC-23 mole fractions in three East Asian stations and the precisely-80 

known HFC-23 source locations in East Asia.  81 

METHODS 82 

Atmospheric Measurement 83 

This study used HFC-23 measurement data from three stations (Figure 1a): Gosan 84 

(GSN; 33.28°N, 126.17°E; air intake height of 17 m above ground level (agl)), 85 

Hateruma (HAT; 24.06°N, 123.81°E; air intake height of 36.5 m agl) and Cape Ochi-86 

ishi (COI; 43.16°N, 145.50°E; air intake height of 51 m agl). These three stations are 87 

a part of the Advanced Global Atmospheric Gases Experiment network (AGAGE).22 88 

GSN station, located on Jeju Island south of the Korean peninsula, is operated by the 89 

Kyungpook National University, South Korea. At GSN station, atmospheric mole 90 

fractions of HFC-23 are measured every two hours using a cryogenic 91 

preconcentration gas chromatograph-mass spectrometry (GC-MS) “Medusa” 92 

system.23, 24 HAT station is situated on a small island at the southwestern edge of the 93 
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Japanese archipelago and COI is at the eastern coast of Hokkaido, Japan. Both 94 

stations are operated by the National Institute for Environmental Studies, Japan. At 95 

HAT and COI stations, atmospheric mole fractions of HFC-23 are measured once per 96 

hour using a different technique that also couples a GC-MS system with cryogenic 97 

preconcentration.25, 26 HFC-23 mole fractions at HAT and COI station are originally 98 

reported on the NIES-2008 calibration scale; for the sake of consistency, they have 99 

been converted to the scale SIO-2005 (the scale of HFC-23 measurements at GSN) by 100 

applying a NIES-2008/SIO-2005 conversion ratio of 0.995±0.01.27 The measured 101 

atmospheric HFC-23 mole fraction time series at three stations are shown in Figure 2.  102 

Backward Trajectory Statistics Methods  103 

Modeling Back-trajectories 104 

Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model28 was 105 

used in this study to derive 7-day back trajectories from each station. The distances 106 

between the HFC-23 sources (almost all in eastern China) and GSN/HAT stations are 107 

within a range of 500–1400 kilometers. At these distances, emitted HFC-23 can be 108 

transported to the measurement stations within hours to days. Thus, the length of 7-109 

day is sufficient for backward trajectory simulations of HFC-23. The starting 110 

locations for the trajectories are at each station with elevations of 20 m, 100 m and 111 

500 m agl, thereby ensuring that the back-trajectory starts in the atmospheric 112 

boundary layer29 (the results of effects of changing release heights on PSCF and CWT 113 
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outcomes can be seen below). The HYSPLIT model 114 

(http://ready.arl.noaa.gov/HYSPLIT.php), developed by National Oceanic and 115 

Atmospheric Administration (NOAA) Air Resources Laboratory (ARL), is one of the 116 

most widely used models for atmospheric trajectory calculations. The meteorological 117 

input for the HYSPLIT model running is the Global Data Assimilation 118 

System (GDAS) data (ftp://gdas-server.iarc.uaf.edu/gdas1) from the National Center 119 

for Environmental Prediction (NCEP) Global Forecast System (GFS) model. The 120 

GDAS fields used have a horizontal resolution of 1° and 23 vertical layers. Examples 121 

of HYSPLIT back-trajectories are shown in Figure 1b. 122 

PSCF and CWT Analysis 123 

The modeled back-trajectories were used to analyze the potential source regions of 124 

HFC-23 in East Asia. For this purpose, the PSCF and CWT methods were employed. 125 

The symbols i and j are the indices of the horizontal grid cell (0.5°×0.5°). The total 126 

number of model trajectory endpoints within the grid cell (i, j) is designated as 𝑁௜௝. 127 

The number of model trajectory endpoints within the same grid cell that correspond to 128 

station HFC-23 mole fractions exceeding a specified threshold (see below the test 129 

results of effects of changing threshold criteria on PSCF outcomes) is defined to be 130 

𝑀௜௝. The ratio of 𝑀௜௝ to 𝑁௜௝, therefore, represents a unitless fraction of all model 131 

trajectory endpoints where the station mole fraction exceeded the specified threshold. 132 

The PSCF value for a given grid cell (i, j) is, with the function W described below, 133 

defined as 134 
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𝑃𝑆𝐶𝐹௜௝ ൌ 𝑊௜௝
ெ೔ೕ

ே೔ೕ
                     (1) 135 

In the CWT method6, each grid cell is assigned a weighted concentration, as 136 

follows:  137 

𝐶𝑊𝑇௜௝ ൌ 𝑊௜௝
1

∑ 𝜏௜௝௟
ெ
௟ୀଵ

෍ 𝐶௟

ெ

௟ୀଵ
𝜏௜௝௟             ሺ2ሻ      138 

In Equation 2, 𝐶𝑊𝑇௜௝ is CWT value for the grid cell (i, j), 𝑙 is the index of the 139 

trajectory, 𝑀 is the total number of trajectories, 𝐶௟ is the enhanced mole fraction of 140 

HFC-23 with the corresponding trajectory 𝑙, 𝜏௜௝௟ is the residence time in the 𝑖𝑗th grid 141 

cell for the trajectory 𝑙.  142 

𝑊௜௝ is an arbitrary weight function to reduce the effect of small values of 𝑁௜௝.2 143 

𝑊௜௝ was defined as shown in Equation (3), which is consistent with the methods used 144 

in previous studiese.g. 17, 30. There is an average of 20 endpoints per grid cell for the 145 

simulation combining the three release heights (see this calculation in Supplementary 146 

Information). Our tests (see Supplementary Information) show that the 𝑊௜௝ weight 147 

function, even when the threshold of 20 endpoints is doubled in Eq. (3), did not 148 

change the PSCF and CWT values at all in the areas where HFC-23 factories are 149 

located (because there are significantly more than 20 or 40 endpoints over grid cells in 150 

those areas), but affect relatively far away regions, e.g., middle-western China (See 151 

Figures S1 and S2). 152 

𝑊௜௝ ൌ ൜
1.00                   𝑁௜௝ ൐ 20
𝑁௜௝/20               𝑁௜௝ ൑ 20                  (3) 153 

The higher 𝑃𝑆𝐶𝐹௜௝ and 𝐶௜௝ values represent in the grid cell (i, j), on average, higher 154 
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potential of emission strength. This study used the Geographical Information System 155 

(GIS)-based TrajStat software that has been developed by Wang et al.31 to compute 156 

PSCF and CWT analysis. 157 

Inverse Modeling 158 

The inverse modeling method is also used to derive HFC-23 emission source regions 159 

in this study.  The FLEXPART model was used to calculate the SRR matrix for each 160 

station. The backward simulations of FLEXPART were driven by the operational 3-161 

hourly meteorological data at 1°×1° resolution from the European Centre for 162 

Medium-Range Weather Forecasts (ECMWF). The inverse modeling method used in 163 

this study is the same as described by Fang et al.27 and Stohl et al.11. Briefly, a 164 

Bayesian optimization technique is used to estimate emission strength in grid cells 165 

(0.5°×0.5°) over the domain influencing the measurement sites. The cost function to 166 

be minimized is  167 

𝑱ሺ𝒙ሻ ൌ
1
2

ሺ𝒙 െ 𝒙𝒂ሻ୘𝐒௔
ିଵሺ𝒙 െ 𝒙𝒂ሻ ൅

1
2

൫𝒚𝐨𝐛𝐬 െ 𝐇𝑥௔൯
୘

𝐒୭
ିଵ൫𝒚𝐨𝐛𝐬 െ 𝐇𝑥௔൯. 168 

We find this minimum by solving ∇௫𝐽ሺ𝒙ሻ ൌ 0, which yields 169 

𝒙 ൌ 𝒙𝒂 ൅ 𝐒௔𝐇୘ሺ𝐇𝐒௔𝐇୘ ൅ 𝐒𝒐ሻିଵሺ𝒚𝐨𝐛𝐬 െ 𝐇𝑥௔ሻ. 170 

Here, 𝒙 is the state vector representing HFC-23 emission strength in each grid cell, 𝒙𝒂 171 

is HFC-23 prior emission vector, 𝒚𝐨𝐛𝐬 is HFC-23 measurement vector, 𝐇 is the 172 

emission sensitivity matrix derived from the FLEXPART backward simulation (see 173 

the average emission sensitivities in Figure 3), 𝐒௔ is HFC-23 prior emission error 174 
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covariance matrix, and 𝐒𝒐 is observational error covariance matrix the definition of 175 

which is the same as described in detail by Stohl et al..11 Note that we used flat prior 176 

emission of HFC-23 (𝒙𝒂) over the continent (having not included HFC-23 factory 177 

location and HFC-23 emission strength; Figure S3), so that the inferred HFC-23 178 

emission source map from the inverse modeling method is solely constrained by the 179 

observations rather than any information on the location HFC-23 factories.  180 

HFC-23 Factories Information 181 

There are in total twenty-one factories producing HCFC-22 and the byproduct HFC-182 

23 in East Asia in 2010. Eleven HCFC-22 production lines (ten production lines in 183 

nine factories in China and one production line in one factory in South Korea) in these 184 

twenty-one factories were incinerating HFC-23 in 201032 after being required by the 185 

program of the United Nations Framework Convention on Climate Change’s 186 

(UNFCCC) Clean Development Mechanism (CDM) (hollow pentagrams in Figure 4). 187 

Negligible amounts of HFC-23 were emitted from these CDM production lines. Three 188 

Japanese factories (hollow diamonds in Figure 4) were also incinerating HFC-23,33 189 

although they did not participate the CDM program in 2010. Factories that have at 190 

least one production line without HFC-23 incineration are in China (ten)21 and North 191 

Korea (one)34, all of which released byproduct HFC-23 directly into the atmosphere in 192 

2010 (solid circles in Figure 4). The HFC-23 emissions from North Korea were only 193 

~0.02 Gg/yr in 201027, 34, which is much smaller than the emissions of ~6 Gg/yr in 194 

China28. There were almost no HFC-23 emissions in Mongolia and the Taiwan 195 
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region.23 Thus, in the East Asian region, major emissions of HFC-23 were from 196 

HCFC-22 factories in China while small amounts of HFC-23 emissions were from 197 

North Korea. The detailed information on longitude, latitude, and CDM project 198 

enrollment of each factory/production line is provided in Table S1. 199 

All back-trajectory statistical and inverse modeling methods in this study are not 200 

expected to detect the emission sources of the byproduct HFC-23 factories in western 201 

China (there were two HCFC-22 factories with one CMD production line and some 202 

non-CDM production lines in 2010), because the factories there (outside of the 203 

domain in Figures 4-6) are too far away from the stations for the air mass to carry 204 

emission signal to the stations and there were very few air trajectories going from 205 

western China to the stations. The emission sensitivities in those grid cells are 206 

extremely low (<10ൈ106 ppt/(g m-2 s-1); “ppt” stands for parts per trillion; Figure 3). 207 

Therefore, accurately locating HFC-23 emission sources in western China is outside 208 

of the scope of this study.  209 

RESULTS AND DISCUSSIONS 210 

There have been many studies that have validated trajectory/dispersion models 211 

(HYSPLIT, FLEXPART, and so on) including a number that use release of an inert 212 

tracer to provide the evaluation data. For example, HYSPLIT, FLEXPART and other 213 

models have been evaluated and validated with measurements from the controlled 214 

tracer release experiments Cross-Appalachian Tracer Experiment (CAPTEX) and 215 
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Across North America Tracer Experiment (ANATEX).35 However, 216 

validation/evaluation of performance of back-trajectory statistical and inverse 217 

modeling methods in locating emission source locations is significantly different from 218 

validation/evaluation of the trajectory/dispersion models. Some studiese.g., 15-18 have 219 

cross-checked the inferred emission source fields with bottom-up emission 220 

information. This study takes advantage of precisely-known locations of HFC-23 221 

sources to evaluate the performance of these three methods in locating the source 222 

regions.  223 

Impact of Release Heights 224 

The impact of release heights is one of the most important factors that should be 225 

examined before presenting the final results of back-trajectory statistical methods.17 226 

Figure 4a-c and Figure S4a-c show distributions of CWT and PSCF values, 227 

respectively, of HFC-23 emissions sources in East Asia inferred using back-228 

trajectories with release heights of 20 m, 100 m, and 500 m, respectively. Slight 229 

differences are observed among the three cases. For example, the 20 m and 100 m 230 

cases show higher CWT values along the southern China coast than in the 500 m case. 231 

Nevertheless, the CWT value distribution patterns obtained from different release 232 

heights are very similar, with high CWT values identified as potential sources of 233 

HFC-23 being located in eastern China. Figure 4d shows CWT values calculated 234 

using an ensemble of trajectories from these three releases. In Figure 4d, high CWT 235 

values are found in eastern China. CWT value distribution pattern in Figure 4d is 236 
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consistent with that in Figure 4a-c. Meanwhile, PSCF value distribution patterns 237 

obtained from these three release heights are also very similar (Figure S4). Thus, we 238 

adopted an ensemble of trajectories from these three releases (reducing the 239 

uncertainties associated with the HYSPLIT trajectories from different trajectory 240 

release heights) in the PSCF and CWT analysis.  241 

Impact of Threshold Value on PSCF Analysis 242 

A “high mole fraction” threshold value must be chosen for computing the PSCF. 243 

Previous studies have used the mean,e.g., 36 the mediane.g., 2 or the 75th percentilee.g., 37 244 

of the measurement data as this threshold value. This study tested the values of 30th, 245 

50th, 70th, 90th, 95th and the 98th percentiles of the HFC-23 mole fractions as the 246 

threshold values to examine the impact of threshold value on the PSCF results (Figure 247 

5), similar to the comprehensive tests done by Cheng et al.17. A wide spread of HFC-248 

23 sources is inferred by the PSCF analysis using the 30th percentile as the threshold 249 

value, which does not agree with the actual concentrated HFC-23 sources. As the 250 

threshold value increased to 50th and 70th percentiles, high PSCF values became 251 

relatively concentrated in eastern China. When the 90th percentile was used, the 252 

corresponding PSCF value map shows the potential HFC-23 sources are mainly in 253 

eastern China, which is approximately consistent with the actual locations of HFC-23 254 

sources. When 95th and 98th percentiles were used, very few trajectories were 255 

identified as emission “signals” and the resulting PSCF values were extremely low. 256 

Using the 90th percentile as the threshold value, PSCF analyses produce the best 257 
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estimate of HFC-23 source locations, which is consistent with past studies that used 258 

the 90th percentile as the threshold value for locating biomass burning sources17.   259 

PSCF, CWT and Inverse Modeling Results 260 

Figure 6 provides the emission source area information inferred by using the PSCF 261 

(with 90th percentile of mole fraction data used as threshold value), CWT and inverse 262 

modeling methods. PSCF values (dimensionless) of close to 1.0, representing the 263 

potential of high HFC-23 emission, are located in eastern China (Figure 6a), which is 264 

in general consistent with the locations of non-CDM byproduct HFC-23 factories. If a 265 

lower value is chosen as the threshold value, high PSCF values become spatially 266 

diffuse (e.g., in Figure 5a and b), which does not agree at all with HFC-23 sources. 267 

The CWT value (in a unit of ppt) distribution map in Figure 6b shows a similar 268 

pattern to the PSCF value distribution map in Figure 6a. The PSCF and CWT values 269 

in North Korea are small but not negligible, which agrees with the fact that there was 270 

a byproduct HFC-23 factory in North Korea and that a small amount of HFC-23 was 271 

being emitted from that factory. PSCF and CWT values in Japan are minimal, which 272 

is consistent with the fact that almost no HFC-23 was emitted in Japan in 2010.  273 

There are many grid cells with high PSCF and CWT values in northern, middle, 274 

and southern China, though non-CDM byproduct HFC-23 factories do not exist in 275 

these regions. The misidentification of HFC-23 sources in this region (termed a 276 

“ghost source” problem) is likely caused by the climatology, since the air masses 277 

passing over ghost source regions had often passed over grid cells with non-CDM 278 
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byproduct HFC-23 factories before they reached the measurement stations. The 279 

“ghost source” problem originates from the fact that emission sources inferred by the 280 

PSCF and CWT methods are combinations of emission sources and preferred 281 

transport pathways, and it is hard to distinguish them in the nature of these back-282 

trajectory statistical methods. Maione et al. also identified ghost sources in the wake 283 

of real sources in a pseudo-experiment of PSCF method.4 The “ghost source” problem 284 

cannot be fully corrected in the PSCF and CWT methods, though using more stations 285 

(ideally placing stations on all sides of all sources, a goal that would be difficult to 286 

accomplish in reality) in the PSCF and CWT methods would help reduce the “ghost 287 

source” problem. 288 

Figure 6c shows the HFC-23 emission strength (in a unit of pg/m2/s) inferred from 289 

the inverse modeling method. Three “hot” areas of HFC-23 emissions were inferred 290 

in this inverse modeling case. The locations of three hot areas are quite consistent 291 

with the locations of non-CDM byproduct HFC-23 factories. However, only minimal 292 

HFC-23 emission strength was inferred for the grid cell of the non-CDM byproduct 293 

HFC-23 factory in southern China. This finding is not surprising because a minimal 294 

amount of HFC-23 (~0.07 Gg/yr; only ~1% of total China’s HFC-23 emissions) was 295 

emitted in 2010 in that factory and average emission sensitivity for that grid cell 296 

(~20ൈ106 ppt/(g m-2 s-1); Figure 3d) is too low for the emissions to be well 297 

constrained from the three stations. HFC-23 emissions in Japan and South Korea 298 

inferred by the inverse modeling method were very small (much smaller than 299 
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emissions in the three hot areas in China), which is consistent with the reported fact of 300 

HFC-23 incineration in these two countries. 301 

Discussion 302 

The analysis above shows that both PSCF and CWT methods did not perform well in 303 

accurately locating the emissions source areas. However, PSCF and CWT methods 304 

have been widely applied in numerous previous studies. Among the three methods, 305 

the inverse modeling method identified most closely the major source areas of HFC-306 

23 emissions. Thus, we suggest that the inverse modeling method should be used 307 

more in future studies with the goal of locating emission source regions, and that 308 

PSCF and CWT methods should be applied with caution in this kind of study. Note 309 

that if the purpose of a study is to identify the mixture of potential sources and 310 

transport pathways, beyond the topic of this study, PSCF and CWT methods may be 311 

used.  312 

Several causes contribute to the poor performance of PSCF and CWT methods in 313 

this study. First, contributions of unit emission from each grid cell along a trajectory 314 

are equally weighted in calculating the mole fraction at the measurement station, 315 

while this is not true in reality. The SRR matrix used in inverse modeling method 316 

explicitly shows the respective contribution of unit emission from each grid cell to 317 

mole fraction at the receptor. Second, PSCF and CWT values could be biased towards 318 

high values for regions which are frequently crossed by trajectories prior to and after 319 

the regions with high HFC-23 emissions, and true source areas of high emissions tend 320 
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to become spatially diffuse. Third, due to the nature of the PSCF method algorithm, 321 

PSCF values may be the same no matter whether the pollutant concentrations at the 322 

measurement site are slightly or significantly enhanced, although the CWT method 323 

overcomes this shortcoming of the PSCF method. The inverse modeling method 324 

overcomes all of these methodological shortcomings very well because it fully 325 

accounts for the magnitude of HFC-23 concentrations at the receptor stations.   326 

Another advantage of the inverse modeling method is its ability to determine 327 

absolute emission strength (e.g., in a unit of g/m2/s for the HFC-23 emissions in this 328 

study), while the PSCF and CWT methods can only provide relative emission strength 329 

potential. The emission field inferred from the inverse modeling method, as opposed 330 

to those from the PSCF and CWT methods, could be used to quantitatively cross-331 

check with the bottom-up emission inventory. Thus, the inverse modeling method is 332 

well suited for expanded use in future studies. 333 

One limitation of inverse modeling method is that it is computationally expensive 334 

to produce the source-receptor-relation matrix as the input of the inverse modeling 335 

method. However, back-trajectory statistical methods are computationally fast and 336 

they are able to deliver first hints in locating potential emission source areas (note that 337 

they are mixed with the preferred transport pathways), despite the limitations of back-338 

trajectory statistical methods. As computational capacity continues to increase 339 

quickly, the shortcomings of computationally expensive inverse modeling method 340 

becomes much less significant. We suggest that future studies complement with the 341 
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advantages among the three methods to better understand the emission sources. 342 
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Figures 495 

 496 

 497 

Figure 1.  Locations of three HFC-23 measurement stations in East Asia (a) and examples 498 

of air mass back-trajectory for the GSN station (b). The red diamonds represent three HFC-23 499 

measurement stations.500 

a 

b 
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 501 

Figure 2. Measured HFC-23 mole fractions at (a) GSN, (b) HAT, and (c) COI stations in 502 

East Asia. Note that the y scales are different in three subplots to illustrate the 503 

magnitude of HFC-23 mole fractions at each station.   504 



 
27 

 

505 

 506 

Figure 3. Average emission sensitivity from FLEXPART simulations for (a) GSN, (b) HAT, 507 

(c) COI and (d) GSNHATCOI stations for the year 2010. The purple squares represent the 508 

HFC-23 measurement stations.509 

a 

c  d 

b 
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 510 

 511 

Figure 4. CWT distribution of HFC-23 emissions sources in East Asia determined using 512 

release heights of 20 m agl (a), 100 m agl (b) and 500 m agl (c). d are results from CWT 513 

analysis using all back-trajectories from the three release heights. The red diamonds represent 514 

three HFC-23 measurement stations.515 

a 

c 

b 

d 
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516 

517 

 518 

Figure 5. Effect of changing the mole fraction threshold value on the resulting PSCF maps 519 

using 30th (a), 50th (b), 70th (c), 90th (d), 95th (e) and 98th (f) percentiles of the HFC-23 mole 520 

fractions as the threshold value in PSCF calculation. Back-trajectories from all three release 521 

heights (20 m, 50 m and 500 m agl) were used in PSCF calculations. 522 

a  b 

d

f 

c 

e 
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 523 

 524 

 525 

Figure 6. The PSCF (a), CWT (b) and inverse modeling (c) results for HFC-23 emissions in 526 

East Asia for the year 2010. The PSCF values were calculated with 90th percentile of mole 527 

fraction data used as threshold value. The red diamonds represent three HFC-23 measurement 528 

stations. In (c), the asterisks represent byproduct HFC-23 factories including CDM and non-529 

CDM. 530 

a 

c 

b 
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2 
 

Tests of Weight Function 10 

The total number of individual observations in 2010 at all three stations was 6993. 11 

The back-trajectories were initialized at 3 release heights. The number of endpoints 12 

for each trajectory is 56 (7days*8/day). Thus, the total number of endpoints for the 13 

whole-year period in this study is 6993*3*56=1174824. The trajectories 14 

approximately cover a domain of 0°–180° (longitude) and 0°–80° (latitude). Thus, the 15 

total number of grid cells is 57600 (180*80*4) in the geophysical regions covered by 16 

the trajectories. Thus, there is an expected average of 20 endpoints per grid cell.  17 

𝑊௜௝ ൌ ൜
1.00                   𝑁௜௝ ൐ 20
𝑁௜௝/20               𝑁௜௝ ൑ 20 18 

We examined the effect of changing weight function on the resulting PSCF (Figure 19 

S1) and CWT (Figure S2) maps using no weight function, 20 as the break point and 20 

40 as the break point in the weight functions. See the equation below for the weight 21 

function using 40 as the break point. 90th percentile of the HFC-23 measurement data 22 

is used as the threshold value. Results show that the 𝑊௜௝ weight function does not 23 

change the PSCF values in the areas where HFC-23 factories are located in (because 24 

there are significantly more than 20 endpoints over grid cells in the areas), but affect 25 

relatively far away regions, e.g., middle-western China. The same 𝑊௜௝ weight 26 

function was applied in the CWT calculation, and we arrived at the same conclusion 27 

of the impact of changing 𝑊௜௝ weight function on the CWT map.  28 
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𝑊௜௝ ൌ ൜
1.00                   𝑁௜௝ ൐ 40
𝑁௜௝/40               𝑁௜௝ ൑ 40 29 

If only one release height is considered, the average number of endpoints per grid 30 

cell is about 7. Thus we used 7 as the break point in the weight function in the PSCF 31 

and CWT calculations if trajectories from only one release height were used.  32 

𝑊௜௝ ൌ ൜
1.00                   𝑁௜௝ ൐ 7
𝑁௜௝/7                𝑁௜௝ ൑ 7  33 
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Tables 34 

Table S1. Information on longitude, latitude, and CDM project enrollment for each byproduct 35 

HFC-23 factory (HCFC-22 production factory). Note that “CDM” and “non-CDM” together 36 

in a row represents that there are more than one production lines in the corresponding HCFC-37 

22 factory and that some of production lines participated the CDM incineration program. 38 

“CDM” for a factory means insignificant emissions of HFC-23; “non-CDM” for a factory 39 

means substantial emissions of HFC-23.  40 

Country Factory ID Longitude Latitude Information on enrollment of CDM 

China 

1 119.9 32.5 CDM non-CDM 
2 120.8 31.8 CDM  

3 120.8 31.8 CDM  

4 117.0 36.7 CDM  

5 118.0 37.0 CDM non-CDM 
6 119.6 29.1  non-CDM 
7 119.8 28.9  non-CDM 
8 120.0 28.9 CDM  

9 119.4 29.1  non-CDM 
10 119.4 29.2  non-CDM 
11 118.9 28.9 CDM non-CDM 
12 121.3 28.8 CDM  

13 120.3 29.3 CDM  

14 104.9 29.2 CDM non-CDM 
15 104.8 29.4  non-CDM 
16 115.4 26.3  non-CDM 

South Korea 17 129.4 35.5 CDM   

North Korea 18 127.5 39.9   non-CDM 

Japan 
20 140.7 35.8  non-CDM but incinerating 
21 135.6 34.8  non-CDM but incinerating 
22 140.1 35.5  non-CDM but incinerating 
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Figures 41 

 42 

 43 

 44 

Figure S1. Effect of changing the weight function on the resulting PSCF maps using (a) no 45 

weight function, (b) 20 as the break point and (c) 40 as the break point in the weight function. 46 

90th percentile is used as the mole fraction threshold value.47 
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 48 

 49 

 50 

 51 

Figure S2. Effect of changing the weight function on the resulting CWT maps using (a) no 52 

weight function, (b) 20 as the break point and (c) 40 as the break point in the weight function. 53 

90th percentile is used as the mole fraction threshold value.54 
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 55 

Figure S3. Fat prior emission of HFC-23 in the inverse modeling. The red diamonds represent 56 

three HFC-23 measurement stations. The asterisks represent byproduct HFC-23 factories 57 

including CDM and non-CDM.58 
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59 

  60 

Figure S4. PSCF distribution of HFC-23 emissions sources in East Asia determined using 61 

release heights of 20 m agl (a), 100 m agl (b) and 500 m agl (c). d are results from CWT 62 

analysis using all back-trajectories from the three release heights. The red diamonds represent 63 

three HFC-23 measurement stations. 64 
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