
Increases in Global and East Asian Nitrogen Trifluoride (NF3)
Emissions Inferred from Atmospheric Observations
Yu Liu,* Jianxiong Sheng, Matthew Rigby, Anita Ganesan, Jooil Kim, Luke M. Western, Jens Mühle,
Sunyoung Park, Hyeri Park, Ray F. Weiss, Peter K. Salameh, Simon O’Doherty, Dickon Young,
Paul B. Krummel, Martin K. Vollmer, Stefan Reimann, Chris R. Lunder, and Ronald G. Prinn*

Cite This: Environ. Sci. Technol. 2024, 58, 13318−13326 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nitrogen trifluoride (NF3) is a potent and long-lived greenhouse gas that is widely used in
the manufacture of semiconductors, photovoltaic cells, and flat panel displays. Using atmospheric
observations from eight monitoring stations from the Advanced Global Atmospheric Gases Experiment
(AGAGE) and inverse modeling with a global 3-D atmospheric chemical transport model (GEOS-
Chem), we quantify global and regional NF3 emission from 2015 to 2021. We find that global emissions
have grown from 1.93 ± 0.58 Gg yr−1 (± one standard deviation) in 2015 to 3.38 ± 0.61 Gg yr−1 in
2021, with an average annual increase of 10% yr−1. The available observations allow us to attribute
significant emissions to China (0.93 ± 0.15 Gg yr−1 in 2015 and 1.53 ± 0.20 Gg yr−1 in 2021) and South
Korea (0.38 ± 0.07 Gg yr−1 to 0.65 ± 0.10 Gg yr−1). East Asia contributes around 73% of the global NF3
emission increase from 2015 to 2021: approximately 41% of the increase is from emissions from China
(with Taiwan included), 19% from South Korea, and 13% from Japan. For Japan, which is the only one
of these three countries to submit annual NF3 emissions to UNFCCC, our bottom-up and top-down
estimates are higher than reported. With increasing demand for electronics, especially flat panel displays,
emissions are expected to further increase in the future.
KEYWORDS: nitrogen trifluoride, GEOS-Chem, AGAGE, top-down, global and regional NF3 emission

■ INTRODUCTION
Nitrogen trifluoride (NF3) is a very potent long-lived
greenhouse gas (GHG), with an atmospheric lifetime of
approximately 569 years1 (uncertainty in the lifetime is
thought to be large2,3), and an extremely high global warming
potential (17,200 on a 100-year time scale).4,5 It is primarily
emitted during NF3 production and from its end use in the
cleaning of silicon-containing deposits in the semiconductor
industry or during the manufacture of flat-panel displays
(FPD), such as liquid crystal displays (LCDs) and amorphous-
Si/crystalline-Si thin-film photovoltaic (PV) cells.6−9 Minor
emissions are thought to be associated with its use as a rocket
fuel oxidizer, as a fluorine donor for chemical lasers, and for
fluorochemical production.6,10 Leakage during its trans-
portation likely has a negligible contribution to the
atmospheric NF3 abundance.

8 The removal of NF3 in the
atmosphere is mainly through photolysis in the stratosphere
and mesosphere.11,12

NF3 was included in the basket of substances controlled
under the Kyoto Protocol through the Doha Amendment in
2012. Some countries have specific targets to reduce NF3
emissions as part of their wider greenhouse gas emissions
reduction strategy, e.g., Japan aimed for reduction from 1.6
million tons CO2-eq in 2013 to 0.5 million tons CO2-eq in
2030.13 NF3 emissions have also been required to be reported
to the Chinese government since 2021.14 South Korea, one of

the major emitters,7 does not report its NF3 emissions to the
United Nations Framework Convention on Climate Change
(UNFCCC) or include it in their commitments to the Paris
agreement.15 Other Annex I Parties (such as USA, Canada, and
countries in the European Union and Oceania) have a bulk
reduction commitment to UNFCCC, but do not single out
NF3 emissions reduction.

16−20

Previous studies showed that global NF3 emissions had risen
from undetectable levels in the 1980s to 1.18 ± 0.21 Gg·yr−1 in
2011, based on inverse modeling using a 12-box atmospheric
chemistry transport model combined with atmospheric
measurements.6 The latest World Meteorological Organization
Scientific Assessment of Ozone Depletion reported that NF3
emissions increased from 2.0 ± 0.1 Gg·yr−1 in 2016 to 3.0 ±
0.1 Gg yr−1 in 2020, based on results from the 12-box model
and measurements at five AGAGE stations.5

Emissions from East Asia were estimated for 2014 and 2015
by Arnold et al.7 In that study, emissions from South Korea
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were estimated to be approximately 0.4 ± 0.05 and 0.6 ± 0.07
Gg yr−1 in 2014 and 2015, respectively. Emissions from China
were found to be potentially substantial but were inferred with
very large uncertainties (1.08 ± 1.17 and 0.36 ± 1.36 Gg yr−1
in 2014 and 2015, respectively).
In this study, we estimate global and regional emissions from

2015 to 2021, using a global inversion system based on a 3-D
chemical transport model, GEOS-Chem, and observational
data from eight AGAGE stations: Kennaook/Cape Grim,
Tasmania, Australia (CGO), Cape Matatula, American Samoa
(SMO), Ragged Point, Barbados (RPB), Gosan, South Korea
(GSN), Trinidad Head, California, USA (THD), Jungfraujoch,
Switzerland (JFJ), Mace Head, Ireland (MHD), and Zeppelin,
Svalbard, Norway (ZEP) (Supplementary Table 1).21 A major
advance of this study is that the inversion system uses a high
resolution (2.5° longitude and 2° latitude) global 3-D chemical
transport model, will account for interannual variability in the
meteorological fields, and also resolves continental scale
emissions rather than zonal averages, compared to previously
used box models.

■ GROWTH IN GLOBAL MOLE FRACTIONS
A previous study reported that the global tropospheric annual
mean dry air mole fraction increased from almost zero in the
early 1970s (0.008 ppt in 1975) to 0.86 ± 0.04 parts per
trillion (ppt) in 2011, based on archived air data samples.6

Updated reported values, including in situ measurements, show
that this growth continued, reaching to 2.3 ppt in 2020.5 Data
updated here from observations at AGAGE measurement sites
show that NF3 global mean mole fractions reached 2.59 ± 0.11
ppt in 2021 (Figure 1). The mean growth rate of the global
mole fraction between 2015 and 2021 was 0.22 ± 0.12 ppt
yr−1. This value reached a maximum in 2021 (0.28 ± 0.15 ppt
yr−1), suggesting that global emissions have continued to grow
throughout this period.
Increases in Global Emissions. Here, we report inferred

emissions from three inversions using three different a priori
spatial distributions. The prior annual mean emissions are
extrapolated from Arnold et al.6 The three prior distributions
are derived from proportions of semiconductor (wafer)
capacity, flat screen display capacity (as most of the flat screen
display production is for liquid-crystal displays (LCDs), we
assume that all flat screen production is for LCD throughout),
or NF3 market share for each region (we assume NF3 market
share represents the NF3 consumption from each region in
Supplementary Table 2 and regions are defined in Supple-
mentary Figure 1). Global posterior emissions are the total of
the derived NF3 emissions from 11 regions defined in
Supplementary Figure 1. The amount of NF3 employed in
the photovoltaic (PV) cell industry only accounts for a small
fraction of global NF3 production (about 3%

8), so we do not
include this sector in our prior emission distribution estimates.
The mean inversion results show that global emissions of

NF3 rose from 1.93 ± 0.58 Gg yr−1 in 2015 to 3.38 ± 0.61 Gg
yr−1 in 2021, with an average annual increase of 10% yr−1, with
large error reduction (>80%) compared to the prior
uncertainty (Figure 2 and Supplementary Figures 2−5).
Note that the average of the inversion results using the three
different prior estimates is presented, unless otherwise stated.
The overall emission growth rate derived using a linear
regression for the time period 2015−2021 was significantly
positive, at 0.70 ± 0.06 Gg yr−2.

The model simulations agree well with the observed trend,
as shown by the comparison of the posterior mole fraction and
the observations (Supplementary Figures 6−7). Supplemen-
tary Table 3 shows that the three inversion simulations
improve the model and observation root-mean-square error
compared to the prior.
Emissions from East Asian Regions. Emissions were

estimated from 11 regions (Supplementary Table 4). Among
these regions, East Asia emits large amounts of NF3 to the
global totals (>70%). Since East Asia is the main contributor to
global emissions and their variability, this section focuses on
that region.
We separately quantify East Asian emissions from south

China, northeast China, South Korea, and Japan. Emissions
from the rest of China and North Korea are negligible, and
these two regions are included into the region defined as the
rest of Asia, Russia, and middle east (Figure 2, Supplementary
Figures 2−3). The inferred mean annual emissions from south

Figure 1. Monthly mean NF3 mole fractions and their standard
deviations in monthly variability measured at (a) seven AGAGE
stations in relatively remote locations: CGO: Cape Grim, Tasmania;
SMO: Cape Matatula, American Samoa; RPB: Ragged Point,
Barbados; THD: Trinidad Head, California; JFJ: Jungfraujoch,
Switzerland; MHD: Mace Head, Ireland; ZEP: Zeppelin, Norway;
(b) monthly mean NF3 mole fractions and their standard deviations
in monthly variability measured at GSN: Gosan, South Korea; (c)
global annual mole fraction and annual growth rate. Global annual
mole fractions are from the average of the monthly mean NF3 mole
fractions from five background sites (CGO, SMO, RPB, THD,
MHD).
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China and northeast China are 0.83 ± 0.13 and 0.45 ± 0.12 Gg
yr−1 between 2015 and 2021, respectively. The contribution of
the mean annual emissions from these two regions to the
global emissions (2.64 ± 0.51 Gg yr−1) varies between 22%
and 45% for south China and 11% and 27% for northeast
China over this seven-year period. South Korea has an average

emission of 0.48 ± 0.08 Gg yr−1 between 2015 and 2021, and
its emissions comprise 12−26% of the inferred average global
mean emissions over the seven years. Given the proportion of
semiconductors and flat panel display-LCDs manufactured in
South Korea relative to global totals (24% for LCD capacity in
2018, 26% for semiconductor capacity in 2015),22,23 we
conclude that this ratio is reasonably consistent with the
industrial activities in South Korea. The emissions from Japan
are lowest in this region, with average emissions of 0.32 ± 0.10
Gg yr−1, contributing 7−20% of global emissions.
NF3 emissions have increased between 2015 and 2021 by

0.34 ± 0.18 Gg yr−1 and 0.26 ± 0.17 Gg yr−1 in south China
and northeast China, respectively, while global emissions have
risen by 1.45 ± 0.84 Gg yr−1 (see Supplementary Table 5).
Hence, NF3 emissions growth from China contributed around
41% of the global rise. Emissions growth in South Korea (0.27
± 0.12 Gg yr−1) and Japan (0.19 ± 0.16 Gg yr−1) over this
period contributed 19% and 13% to the rise, respectively. The
increases from these three countries together have contributed
approximately 73% of the global increase (Supplementary
Table 5).
The influence of COVID-19 on the estimated NF3 emissions

seems small in South Korea; even during the 2020−2021
period in which there were national lockdowns, and NF3
related activities, such as factory production, trading, were
less active, the emissions still increased. The derived NF3
emissions between 2020 and 2021 increased by 0.15 ± 0.12 Gg
yr−1 compared to the period of 2015 to 2018 (2019 is not
considered here as there were trade conflicts between Japan
and South Korea in 2019,24 when the limited raw material
supply to produce semiconductors might affect the NF3
consumption related activities in South Korea). In contrast,
we do not find a significant rise in emissions from South China,
Northeast China, and Japan during the COVID-19 period
(2020−2021) compared to the period before (2015−2019)
(0.12 ± 0.19 Gg yr−1 for South China, 0.07 ± 0.17 Gg yr−1 for
Northeast China, 0.03 ± 0.16 Gg yr−1 for Japan).
Emissions from Other Regions. Regions outside of East

Asia contributed around 21% to the global averaged NF3
emissions and 27% to the global emission increase
(Supplementary Figures 2−3).
Among the rest of the regions, only three regions have

significant emission growth between 2015 and 2021: 13%
(0.19 ± 0.16 Gg yr−1) from North America, 12% (0.18 ± 0.09
Gg yr−1) from Europe, and 4% (0.06 ± 0.4 Gg yr−1) from
Oceania. Only North America released above zero emissions
averaged over 7 years (2015−2021) (0.29 ± 0.10 Gg yr−1).
The estimated averaged emissions in Europe and Oceania are
not significantly different from zero.
Southeast Asia emitted 0.18 ± 0.13 Gg yr−1 on average, with

no significant increase in the estimation in 2021 compared to
2015. The estimated annual mean emissions decreased in
between 2020 and 2021 compared to 2018 and 2019, which
might reflect the influence of lockdown on the NF3 related
industrial activity in this region during the COVID-19 period.
The remaining regions (South Asia, Africa, Central and

South America) neither have large emissions, nor significant
emissions growth. The emissions from South Asia (defined as
India, Sri Lanka, Pakistan and Bangladesh) have changed from
0.15 ± 0.10 Gg yr−1 in 2015 to 0.08 ± 0.13 Gg yr−1 in 2021,
with emissions reduced by around 5%, which is offset by the
increase in Southeast Asia. The mean emission for Africa is
0.02 ± 0.11 Gg yr−1 over 2015 and 2021, and the average

Figure 2. Comparisons of top-down from this study to bottom-up
estimates and previous studies: (a) Global compared to EDGAR
v7.026 and Laube & Tegtmeier5; (b) China (with Taiwan included)
compared to EDGAR v7.0, Guo et al.27 and Arnold et al.7; (c) South
Korea compared to Arnold et al.7; (d) Japan compared to data from
EDGAR v7.0, Japan’s 2023 National Inventory Report to the
UNFCCC (NIR, Japan),10 Arnold et al.7 For (a) Global and (d)
Japan, we also show bottom-up (in situ) (in situ meaning low NF3
conversion rate) and bottom-up (remote) (remote meaning high NF3
conversion rate) emissions estimated in this study with no abatement
(destruction of NF3 in exhaust gas) considered, while NIR (Japan,
2023) data state that abatement was considered. Top-down results
and bottom-up (in situ) are sharing the left y-axis, while EDGAR v7.0,
NIR, bottom-up (remote) are using the right y-axis. Note that the left
y-axis is 10 times higher than the right y-axis and bottom-up (in situ)
results are around 10 time larger than results from bottom-up
(remote).
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emissions in Central and South America is not significantly
from zero. This is consistent with the low NF3-related
industrial activities in these two regions over this time period
(see Supplementary Table 2 and 4). Supplementary Figure 6
shows the error reduction in each region. Even though there
are no AGAGE continuous observation network in these
regions (South Asia, Africa, Central and South America,
Southeast Asia), the errors are still reduced based on constraint
from other observations.

■ DISCUSSION
Comparison to Previous Top-Down and Bottom-Up

Results. Global emissions derived over the period 2015−2020
using five AGAGE stations and the AGAGE 12-box model are
consistent, within 1-sigma uncertainties, with our global
estimates (Figure 2).5 The two top-down methods suggest
that emissions of NF3 are more than 10 times higher than the
EDGAR v7.0 estimate during this period (Figure 2) (EDGAR,
2022). Moreover, top-down emissions have continuously
increased since 2015, unlike those from EDGAR v7.0. The
discrepancy between top-down and EDGAR v7.0 estimates
might be due to underestimation of emissions factors by
EDGAR v7.0 or emissions from certain source sectors or
countries might be missing. For example, EDGAR v7.0 does
not include any NF3 emissions in South Korea, even though
this country plays an important role in the semiconductor and
LCD industries; EDGAR v7.0 only considers NF3 emissions
from the electronic sectors, while other processes, such as the
process of producing NF3, and other industry activities that use
NF3 (e.g., NF3 usage in lasers), which may significantly
contribute to the NF3 emissions, are not included in EDGAR
v7.0.6,10,30

The derived NF3 emission for China (with Taiwan
included) in this study in 2015 is statistically consistent with
that was estimated in a previous study (0.98 ± 0.15 Gg·yr−1
compared to 0.36 ± 1.38 Gg·yr−1, as shown in Figure 2 and
Arnold et al.7), although the previous study is very uncertain.
Our mean posterior estimate for China is more than twice that
from Arnold et al.7 Our estimate for South Korea (0.35 ± 0.07
Gg·yr−1) is significantly smaller than that of Arnold et al.7 in
2015 (0.6 ± 0.07 Gg·yr−1), while the estimate for Japan (0.20
± 0.1 Gg·yr−1) is comparable to their top-down result (0.11 ±
0.39 Gg·yr−1). Similar to our significantly higher global NF3
top-down emissions compared to EDGAR v7.0, the regional
top-down estimated emissions for China and Japan are an
order of magnitude higher than the emissions estimated by
EDGAR v7.0 (Figure 2). The annual mean estimates in this
top-down study suggest that emissions from Japan declined
during 2017−2018, consistent with the trend estimated by
EDGAR v7.0 and the National Inventory Report to the
UNFCCC (NIR, Japan), although higher absolute emissions
for Japan are derived in this study (NIR estimate of emission
reductions between this time frame were mainly driven by the
reduction in production emissions, shown in the method
section Bottom-Up Estimates for Japan).10,26

Robustness of Inversion Results. Sensitivity tests were
performed to assess whether inversion results are sensitive to
the network configuration, prior emissions magnitude, trend
and uncertainty, and observational error (Supplementary
Figures 8−13). The only significant difference from our main
results is in the emissions from South Korea when observations
from GSN station are not included. As there are some data
gaps at this station in 2016, 2017, and 2018 due to

instrumental damage by typhoons,25 we do not know whether
the variability in NF3 emission from South Korea is caused by
the data gaps or by actual changes in emissions.
It is also possible that emissions from small countries such as

South Korea may be impacted by model resolution. It is
difficult to assess the impact of model resolution alone, but the
sensitivity of South Korean emissions to the inclusion or
exclusion of Gosan, and the difference of our results with
Arnold et al. (2018) may in part be related to the relatively
course resolution of the model compared to the size of that
country and its proximity to the Gosan.
Relating Emissions to Industrial Activity. Our global

estimated posterior NF3 emissions account for less than 10% of
the global NF3 production (Figure 3 upper panel, Supple-

mentary Table 6), and this emission ratio, defined as posterior
global NF3 emissions divided by global production, was used
to explain the change of the efficiency of industrial processes.6

The emission ratio has significantly declined between 2017
(0.09 ± 0.02) and 2020 (0.07 ± 0.01). The emission ratio in
2019 is also significantly smaller than the ratio for 2011, as
calculated by Arnold et al.6 This sustained reduction of the
emission ratios could point to lower NF3 production related
emissions, higher NF3 use efficiencies and/or more widespread
of remote plasma sources (RPS) or more efficient abatement
measures in the waste streams of facilities that use NF3.

31−33

The estimated global posterior emissions follow a similar
trend to global NF3-related industrial activities, i.e., NF3
demand data (Figure 3 lower panel). The significant increase
in Chinese emissions until 2018 is consistent with increasing
Chinese NF3 demand data (Figure 3 lower panel, Supple-
mentary Table 7). Our estimated Chinese emissions do not

Figure 3. Upper panel: emission ratio (unitless) of posterior global
NF3 emissions to global production. Global production is the total
annual amount of NF3 produced globally. Lower panel: comparison of
global and Chinese NF3 emissions and demand. Demand is the total
amount of NF3 needed or required by the industrial companies
globally or in China. The global NF3 production data, global demand
data between 2017 and 2020 and Chinese demand (not including
Taiwan) are from m.huaon.com,28 and the global demand data in
2015 and 2016 are from Adams.29
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increase as fast as Chinese NF3 demand after 2018, which
might point to lower NF3 production-related emissions, higher
NF3 utilization efficiency, or more widespread or more efficient
abatement.
We derived two bottom-up emission estimates for Japan

based on the NF3 production and consumption data in the
Japanese NIR. In both estimates, we consider zero abatement
to assess the upper limit of emissions but apply different usage
rates based on two NF3 consumption methods: (a) in situ, in
which the NF3 cleaning process is analogous to the process for
other cleaning gases like C2F6 and C3F8, characterized by low
NF3 use efficiency and high NF3 emissions without abate-
ment); (b) remote, in which remote plasma clean is used,
characterized by high NF3 use efficiency and low NF3
emissions without abatement. If we assume that 100% of the
NF3 is consumed by the semiconductor and LCD production
in the in situ method, our estimated upper limit emissions
would have increased from 0.463 to 0.680 Gg·yr−1 from 2015
to 2021 (Figure 2 d). In most years, these values would be
higher than the top-down emissions. If we assume that 100% of
the NF3 is used in the remote method, our estimated emissions
would have only increased from 0.067 to 0.069 Gg·yr−1, which
would be about 80% lower than our top-down emissions
estimate, but still higher than the NF3 emissions reported in
the Japanese NIR. The Japanese NIR does not report the
proportion in which the two methods are used, but since our
top-down emission estimate is significantly higher than the
Japanese NIR emissions estimate, we suggest that some of the
assumptions in the Japanese NIR, such as abatement rates,
and/or the data used in the NIR, such as estimated emissions
from production and industrial activities, need to be revised.
Estimated emissions using the in situ and remote method from
Japan account for around 10% and 9% of our bottom-up
estimated global emissions using similar parameters (details
shown in the Bottom-up Estimates section in Methods),
respectively, which are consistent with our top-down estimated
ratio (7−20%, as shown above). Our results suggest that real-
world abatement efficiencies may be lower than that used for
estimating Japanese NIR emissions, in line with the
conclusions derived for CF4 and C2F6 by Kim et al.,34 even
though NF3 is much easier to abate than CF4 or C2F6.
Our derived global emissions increased from 1.93 ± 0.58 Gg

yr−1 (±one standard deviation) in 2015 to 3.38 ± 0.61 Gg yr−1

in 2021, significantly larger than that from a bottom-up
inventory (EDGAR v7.0). The derived emissions are also
significantly higher than EDGAR v7.0 estimates in China and
Japan. East Asia contributes to around 73% of the global NF3
emission increase from 2015 to 2021, and North America,
Oceania, and Europe contributed most of the remaining
growth. We could only estimate the bottom-up emissions for
Japan and evaluate Japanese NIR emissions in this study, as
most countries do not report their NF3 consumption and
production data. We find that the uncertainties for the bottom-
up estimates are difficult to calculate due to the incompleteness
of the data. It would be very helpful if details such as NF3
consumption and production data, usage rates, abatement
rates, etc. were included in future NIRs. When combined with
top-down emission estimates such as those presented here, this
data would provide new insights to improve bottom-up
methods and resulting emission inventories.

■ METHODS
Measurement Data. The Medusa AGAGE gas chromato-

graph with mass spectrometric detection (GC-MS “Medusa”)
was the first instrument used to regularly monitor in situ NF3
dry mole fractions worldwide.21,35 Continuous atmospheric
NF3 measurements were implemented at AGAGE sites since
2011, with ambient measurements roughly every 2 h and
precisions that improved from ∼2% to ∼1% (or better) due to
improvements in analytical methods, chromatographic peak
sizes, and mass spectrometer technology.21,35 NF3 measure-
ments are reported on the Scripps Institution of Oceanography
(SIO) SIO-12 primary calibration scale.21 Every ambient air
measurement is followed by a working standard measurement
to account for changes in detector response. Each working
standard is compared with a tertiary standard four times a
week. Calibrated tertiary standards are sent by SIO to each
measurement site and they are reanalyzed at SIO upon their
return. Information for the measurement sites used for the
inversion is listed in Supplementary Table 1. Mole fractions at
the eight AGAGE stations are used to estimate global and
regional emissions, while unpolluted filtered data are used to
generate the global initial conditions. The unpolluted filtered
data for a particular day are identified as the data within
median plus 2σ, after removing seasonal variation using a
moving window with 121 days periods (60 days before and 60
days after the current day).36 Global annual mean mole
fractions are calculated based on global monthly nonpolluted
mean mole fractions and were taken from the AGAGE Web
site https://agage.mit.edu/.
Atmospheric Transport Modeling Using GEOS-Chem.

GEOS-Chem is a 3-D global atmospheric chemistry transport
model, and we use version 12.5 in this study to conduct the
forward simulation and generate the sensitivity matrix used in
the inversion.37 The forcing meteorological data are from
Modern-Era Retrospective Analysis for Research and Applica-
tions, Version 2 (MERRA2) generated by the NASA Global
Modeling and Assimilation Office (GMAO),38 which drives
the model with a resolution of 2.5° longitude and 2° latitude
and 45 vertical levels (Supplementary Figure 1). To initialize
our simulation, we spun up the model for 5 years prior to the
study period, using the prior emissions extrapolated from
Arnold et al.6 At the end of the spin-up period, the simulated
mole fraction field was adjusted so that the average mole
fraction at the measurement station locations was consistent
with the observations. Emissions derived in the first year
(2014) of the inversion were discarded to account for any
residual impacts of model spin-up.
Offline fields that describe the stratospheric loss of NF3 were

not readily available for use in this study. However, given its
very long lifetime compared to the study period, it is unlikely
that errors in the stratospheric loss distribution will have a
substantial impact on our results. Therefore, for convenience,
we decided to simply rescale the stratospheric loss for some
readily available species (CH4 in this case), to provide a
reasonable lifetime for NF3. We iteratively adjusted the loss
field until a lifetime of around 531−593 years was achieved
(see Supplementary Figure 15). Tests using a substantially
larger (around 800−1000 years) lifetime does not result in
significant changes in derived emissions (differences less than
0.1% in the global total).
A Priori Emissions and State Vectors. The a priori

global annual emissions from 2014 to 2022 are extrapolated
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using the regressed trend from the results for 2007−2011 from
Arnold et al.6 The total NF3 emissions in each year are
assigned to 11 different regions based on the prior distribution
information from three different resources to generate three
inversions: proportions for wafer capacity, flat screen display
(LCDs) capacity and NF3 market share. Information on the
NF3 proportions in each region is summarized in Supple-
mentary Table 2. Here, the information for NF3 market
distribution in 2018 is taken from m.huaon.com39; the
distribution of LCD production capacity in 2018 from
statista.com22; the information on wafter capacity for semi-
conductor in 2015 is taken from Platzer et al.23; the regional
emissions are redistributed to each grid cell based on the
intensity of night light data in 2016 from NASA (https://
eoimages.gsfc.nasa.gov/images/imagerecords/144000/
144897/BlackMarble_2016_01deg_gray_geo.tif). Night lights
data represent both population and industrialization density
and were used for approximating the prior distribution of trace
gases released from industrial activities in a former study.40

The final proportions for each region used in this study are
listed in the middle column in Supplementary Table 2. We
assume constant emissions in each grid throughout the year.
The 11 regions in the state vector are North America;

Europe; Africa; central and south America; Oceania; South
Asia (India, Sri Lanka, Pakistan and Bangladesh); south China
(with Taiwan included); South Korea; Japan; southeast Asia;
northeast China (Supplementary Figure 1). East Asia is
separated into South China, Northeast China, South Korea,
and Japan, as the sensitivity of mole fraction to the emissions
changes in the regions from east Asia at the AGAGE
measurement sites is different (Supplementary Figure 15).
The rest of the world is not optimized and hence not included
in the state vector, as the NF3 related industrial activity is very
low, and the NF3 emissions are negligible according to current
available information (e.g., the maximum NF3 emission is 0.48
× 10−3 Gg yr−1 in 2016 in Russia according to UNFCCC data
set,41 which is negligible comparing to the minimum in other
region, such as Japan). We estimate emissions for south China
(with Taiwan included), northeast China, Japan, and South
Korea separately to account for the NF3 emissions produced
by flat screen and semiconductor factories in these regions. In
South Asia, only India, Sri Lanka, Pakistan, and Bangladesh are
considered in this region, and the remaining countries are
assigned to the rest of the world due to the expectation that
there are negligible NF3 emissions from these regions. Turkey
is included in the European domain. China is separated into
South China (including Hong Kong and Macao plus Taiwan)
and Northeast China.
Inversion Theoretical Framework. We optimize the

global NF3 emissions based on Bayes’ theorem. The Bayesian
cost function J of the inverse problem is written as

J x x x S x x y Kx S y Kx( ) ( ) ( ) ( ) ( )A A A O
1 1= +

in which x is the state vector. xA is the prior emissions from
different regions. Here, both x and xA are emissions from 11
regions and 108 months (from 2014 January to 2022
December), leading to 1188 unknowns (Supplementary Figure
1). K is the Jacobian matrix of the monthly sensitivity of
modeled NF3 mole fractions at the measurement sites to the
perturbation (10%) of prior NF3 emissions from the different
regions. Here, we track the perturbed emissions for one year
and then approximate the remaining sensitivity as a two-year
exponentially decay toward the globally well mixed mole

fraction,42 after which, the perturbed emissions are assumed to
be well mixed globally. y is the monthly mean difference
between the measurements and the mole fractions derived
from the simulation with unperturbed prior emissions and
thus, xA is zero, and the posterior emissions represent the
deviations from the prior emissions. SA is the prior state vector
covariance, while SO is the observational and model error
covariance. We use 25% of the global annual prior mean
emissions as the annual errors (standard deviation) for each
region to construct the prior error covariance matrix. 25% is
chosen because it is the maximum difference of the proportion
information between the semiconductor and LCD in
Supplementary Table 2. We assume no spatial correlation
between the emissions from different regions and no temporal
correlations between different months, so only diagonal
elements in the prior error covariance matrix. The observa-
tional error covariance matrix SO is approximated as the
standard deviations of monthly mean measurements at each
site. Errors of all measurements are assumed to be
independent.
By minimizing J, with respect to x, we get the analytical

solution for posterior emissions changes:

x x G y Kx( )A= +
where G is the gain matrix:

G K S K S K S( )T
o A

T
o

1 1 1 1= +
Bottom-Up Estimates. The total bottom-up emissions E

(Gg yr−1) is calculated using the following equation:
E E Etotal production end use= +

Eproduction is the NF3 emitted during NF3 production, and
Eend−use is the aggregated NF3 released during the end use of
NF3 from different industrial activities, mainly semiconductor,
LCD, and PV cells. They are calculated using the following
equations:

E P rproduction p p= ×

Pp is the amount of production, and rp = Eproduction/Pp is the
production ratio from all the processes relating to of NF3
production.

E P r r( ) (1 )end use
i

N

supply use
1

= × ×
=

For Japanese bottom-up emissions (Japan being the only
country for which the required data is publicly available), N =
2, as there are mainly semiconductor and flat panel display
(LCD) industries in this country. P is the total consumed NF3
amount from all industry activities (tons); rsupply is the process
supply rate (also known as “heel factor”), 90% is deployed
here, meaning 10% of the NF3 in the cylinders will not be
used43; ruse is the use rate, containing two catalogs: in situ and
remote. In-situ NF3 cleaning process is analogous to the
process for other cleaning gases like C2F6 and C3F8. Remote
plasma sources dissociate NF3 into fluorine radicals before they
enter the chamber. For semiconductors, ruse is 80% for in situ,
98% for remote; for LCDs, ruse is 70% for in situ, 97% for
remote.43 Since the use rate is much lower for NF3 in situ use,
emissions are typically much higher as more unused NF3 exists
in the tools used in manufacturing processes. This can be
mitigated by abatement, that is destruction of NF3 in the waste
gas stream. We do not consider abatement for Eend−use here.
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For global bottom-up emissions, N = 3, as production of
certain PV cells can also results in NF3 emissions. We assume
that the parameters (ruse, rp) used for Japan also applies to the
global scale. The global NF3 production data and global
demand data between 2017 and 2020 are from m.huaon.-
com,28 and the global demand data in 2015 and 2016 are from
Adams.29 The global production in 2015 and 2016 are inferred
from our top-down emissions divided by the scaled emission
ratio from our study and the value in 2011 from Arnold et al.6

Here, the proportion of NF3 consumption used for PV cells
among global demand is using 3%, with a total leaking ratio
0.017.8 The global NF3 consumption in semiconductor was
taken from World Semiconductor Council,44 while the amount
used in LCD is the remaining in the global demand. The
calculated total bottom-up emissions for in situ and remote are
listed in Supplementary Table 8 and the details of the data are
in the supporting Excel files.
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