Referees’ comments on “Continuous increase in East Asia HFC-23 emissions inferred from
high-frequency atmospheric observations from 2008 to 2019”

by Hyeri Park, Jooil Kim, Sohyeon Geum, Yeaseul Kim, Rona L. Thompson, Jens Miihle, Peter
K. Salameh, Christina M. Harth, Kieran M. Stanley, Simon O’Doherty, Paul J. Fraser, Peter
G. Simmonds, Paul B. Krummel, Ray F. Weiss, Ronald G. Prinn, Sunyoung Park

We thank the referees for their thoughtful and thorough reviews. We are pleased that all the
reviewers see our manuscript as a valuable contribution to the field. We have taken almost all
of the reviewers' suggestions and concerns into account in the revised version, as we note in
detail below, and we feel we have been able to make an even stronger presentation of our
findings in light of their insights and questions. We thank the reviewers and the editor for their
time and effort and appreciate the recommendation for publication in Atmospheric Physics and
Chemistry. [In the following, Reviewers’ comments are in bold Courier New and our responses
and are in Time New Roman font]

Referee #2:

This manuscript describes new measurements and interpretation
that are very important and novel for the international Montreal
Protocol community in particular. These results have been
eagerly anticipated for some time, given the paper of Stanley
et al on global HFC-23 emission changes a few years ago. The
current manuscript provides convincing evidence suggesting that
the cause of the continued elevated global emissions of HFC-23
arise in large part from eastern China. It will be read and
studied extensively by scientists and the much broader audience
that includes international policymakers. As such, it needs to
be as clear as possible. At this point, I don’t have substantive
issues with the scientific approach or methodologies, but I do
find that the organization and emphasis in certain sections make
the main messages opaque and not clearly conveyed. With close
attention to these issues in a revision, I believe this paper
will be an extremely important contribution to the field.

>>> Thanks to the reviewer's constructive comments and suggestions. We agree with the
reviewer and have completely reorganized the 3. Result and Discussion and 4. Conclusions
sections for clarity of presentation. The discussion of HCFC-22 observations and emission
estimates is now included in the Supplementary Information. The HCFC-22 production section
of the original manuscript has now been moved to a newly added subsection of the Method
(2.3 Bottom-up Emissions Estimates) to clarify that the HCFC-22 production information for
eastern China is linked to the inventory-based bottom-up HFC-23 emissions estimation.

All the content from the original Conclusions section has now been included in a new
subsection titled “3.4 Comparison of HFC-23 emissions in eastern Asia to global HFC-23



emissions” in the Result and Discussion, which now consists of four subsections: 3.1
Atmospheric mole fractions of HFC-23; 3.2 HFC-23 emissions from eastern Asia derived from
atmospheric observations using inverse modelling; 3.3 Discrepancy between bottom-up and
top-down eastern China estimates; 3.4 Comparison of HFC-23 emissions in eastern Asia to
global HFC-23 emissions. We think this organization is much clearer as well as more concise
than our originally submitted version of the manuscript.

For example, the title does not accurately reflect the findings
of the paper:
>>> We agree with the reviewer and have revised the title now to read: “A rise in HFC-23
emissions from eastern Asia since 2015”. We think it better reflects our main findings, as the
reviewer suggested.

Emissions from East Asia as a whole are not presented in a table
or figure, making it difficult to assess if the sum of emissions
from this region have “continuously increased” throughout 2008-
2019 as is asserted in the Title (and abstract, see line 26).
>>> This is a good suggestion, and we have modified Figure 2 and Table 1 to include total
emissions from the four regions (i.e., eastern Asia), which must be a useful addition to the
paper to show that the observed increase in eastern Asia emissions was primarily driven by
emissions from eastern China.

In addition, we have clarified line 26 of the abstract, where we intended to mention the
continuous rise for the post-CDM period, by moving “since 2015” to after “the continuous
rise”.

Second, the emission estimates for smaller regions (E China, S.
Korea, N. Korea, and W. Japan) provided in Figure 2 and Table 1
do not suggest a “continuous increase” in their sum over 2008
to 2019. Instead, I see emissions that vary between 4 and 10
Gg/yr from time to time depending on the effectiveness of the
controls in place. Suggestion: revise title to better reflect
the results and consider if showing the total from these 4
regions in Figure 2 would be useful.

>>> As noted above, the revised Figure 2 and Table 1 now show total emissions from eastern
Asia. We thought that the term “continuous increase” could also be used to refer to the overall
increase from 2008 to 2019, even though it was not a steady increase from year to year. We
also intended to indicate the continuing increase in emissions inferred before and after the
CDM. However, we now agree with the reviewer that this could be misleading to readers. To
avoid ambiguity, we have revised the title to now read: “A rise in HFC-23 emissions from
eastern Asia since 2015”.



(note also that East Asia is a well-defined region that doesn’t
correspond well to the region for which measurements at Gosan
have sensitivity to; consider a different label.)

>>> We thought that “East Asia” would not be a self-explanatory name in a science paper, and
thus as far as its detailed definition is provided in the manuscript (see the first paragraph of
Section 3.2), it could be used in consistency with many previous studies (e.g., Rigby et al.,
2019, Park et al., 2021, Kim et al., 2021, and Western et al., 2022). However, from the
reviewer’s perspective, we agree that the four sub-divided regions covered by this study are
“part of” East Asia, and thus we have re-named our study region as “eastern Asia” to avoid any
potential confusion for many readers who are not familiar with our previous studies. So, the
term “East Asia” in the original manuscript has now been replaced with “eastern Asia”
throughout the text in the revised manuscript.

The lack of any map indicating the spatial sensitivity extent
is unfortunate, particularly since Figures 3 and 4 suggests a
strong co-location of HCFC22 production plants with HFC-23
emissions in some instances but not all. Is this because the
knowns plants in southern China are not well sensed by
measurements at Gosan, or because emissions from these plants
were indeed small? A map of surface sensitivity would help
address this issue, even if it appeared only in the Supplement.
>>> A point well-taken. We’ve now shown the sensitivity of the Gosan observations to the
area surrounding the site in Supplementary Figure S1(a) (shown below). We’ve also indicated
the locations of the HCFC-22 production plants that we had identified from various sources
(updated Table S1), and boundaries of nine Chinese provinces with high sensitivity in our
inverse model domain, to show that six plants located in southern China (Fujian, Jiangxi, and
Hubei provinces), four in western China (Sichuan province), one in Inner Mongolia, and one
in Heilongjiang, China's northernmost province, are beyond our model domain and thus not
included in our emission trend analysis. We note that all other eastern China plants listed in the
table were in the high-sensitivity regions where we can potentially retrieve meaningful
information through the inversion. It is also the case that further away from the station,
atmospheric mixing of plumes that emanate from emissions sources makes their effect on the
observations small. Therefore, it was difficult to discern whether the relatively lower strength
of HFC-23 emissions from the Zhejiang province suggested actual small emissions or not. So,
we include the sensitive map (Figure S1(a)) only to demonstrate that most of HCFC-22 plants
were located in the high-sensitivity inverse domain, without adding any speculative
explanations.
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Figure S1 (a): The sensitivity of the measurements to emissions of HFC-23 (a) for 2008-2019

Further on figures 3 and 4, some indication of the magnitude of
HCFC-22 production by plant (different sized red dots?) would
strengthen your arguments suggesting HCFC-22 plants are co-
located with HFC-23 emission. Aren’t these magnitudes available
by production plant at least during the CDM period?

>>> These are good suggestions, but again it is unfortunate that the details regarding
production capacity, operation period, and CDM engagement of each plant were not fully
available even for the CDM period because (1) not all HCFC-22 plants in China had
participated in the CDM program, and (2) the CDM reports were not submitted on a monthly
or yearly basis, making it difficult to accurately estimate HCFC-22 production by plant even
during the CDM period. For the post-CDM period, the TEAP reports provided the productions
of a few plants in China in 2015 and 201, but the information was not comprehensive and
consistent enough to compare production capacities in a quantitative way or to show temporal
changes in plant distribution.

It appears as if the distribution of production plants is the
same in all three panels of Figure 3 despite the time changes
in HCFC-22 production plants in China through this period. Is
it possible to remedy this issue and show only plants reportedly
producing during the different periods?

>>> Considering it is not possible to discern potential time changes in HCFC-22 plant locations,
production capacities, and so on, as noted above, we agree that displaying the same distribution
of production plants for three different periods can be misleading. Therefore, we decided to
mark the identified plants only in the revised Figure 3, which shows the spatial distribution of
a posteriori HFC-23 emissions for the entire study period, 2008-2019 (same as the original
Figure 4). Whereas, we have removed the HCFC-22 plant locations from the revised Figure 4
(a)-(c) (i.e., previous Figure 3), which are the emission distribution maps grouped for the CDM
period, the CDM exit period, and the HPPMP period. The purpose of Figure 4 is to demonstrate



that over the three periods, the broad patterns in the emission sources did not change much,
and the emissions during the HPPMP period were similar to or even higher than those for other
periods. In addition, a detailed analysis to discern any changes in the location and magnitude
of emissions sources over time would not be appropriate given that our emission sources were
not identified at finer scales than provinces, or groups of provinces in eastern China. Therefore,
the revised Figure 4 does not include the plant locations.

Discussion related to HCFC-22 is confusing and hard to
follow. Some up-front text is needed in sections 3.3. and 3.4
that makes clear why production of HCFC-22 from eastern China
is needed with respect to the main points of the paper, HFC-23
emissions, and how you will go about deriving those quantities.
Maybe some explanatory text that is in section 3.5 can be moved
forward. Consider moving section 3.4 to the Supplement, as it
describes a fairly straight forward method for estimating HCFC-
22 production in years where that info is lacking.

>>> As noted in the response to the above comment regarding the organization of the
discussion, Sections 3.3. and 3.4 of the originally submitted manuscript have now been moved
to the Supplementary Information and Method sections, respectively. A new subsection in the
Method (2.3 Bottom-up Emissions Estimates) includes a brief introduction to the inventory-
based estimation method originally provided at the beginning of Section 3.5, along with an
explanation of why HCFC-22 production in eastern China is needed. Thanks again for the
reviewer’s editorial comments.

Conclusion needs a significant overhaul. Issues not discussed
in the paper are mentioned at 1length (unreported HCFC-22
production?) as are potentialities that are in the end
discounted. These possibilities can be mentioned, discussed in
the paper or Supplement, but they leave this reader very confused
when presented only in the conclusion. The Conclusion focus
should be on clear statements of the main messages and findings,
otherwise they will be lost to most readers, which would be very
unfortunate for this most important result.

>>> We agree with the reviewer. The 4. Conclusions section of the original manuscript has
now been reorganized as a sub-section of the 3. Result and Discussion, titled “3.6 Comparison
of HFC-23 in eastern Asia to global HFC-23 emissions”.

We have completely rewritten the Conclusions of the revised manuscript for clarity of
presentation. The revised conclusions now read: “Our top-down inversion estimates for HFC-
23 emissions in eastern Asia for 2008—2019 were based on twelve-year, high-frequency in situ
observations of atmospheric HFC-23 concentrations made at Gosan. The first published post-
CDM HFC-23 emissions in this region show that our observation-derived emissions were much
larger than the bottom-up estimates that were expected to be close to zero after 2015 due to



Chinese abatement activities under the HPPMP. Several considerations suggest that observed
discrepancies between the top-down and bottom-up HFC-23 emissions estimates are less likely
to originate from the existence of unreported, unknown HCFC-22 production. First, the spatial
distribution of our derived HFC-23 emissions is well correlated to the locations of the known
HCFC-22 plants. Second, our cumulative excess emissions of 23.7 + 3.6 Gg from eastern China
between 2015 and 2019 should result in unknown HCFC-22 production of as much as 977 +
147 Gg, equivalent to 136—184 % of the total quantity of HCFC-22 produced for 2018 in
eastern China. Such large unknown production seems highly unlikely, given that our
observation-based HCFC-22 emissions in China were consistent with the inventory-based
HCFC-22 emissions estimates thereby suggesting that the bottom-up emissions for China were
relatively well-constrained and thus the associated HCFC-22 production records were also
reasonably accurate. Third, when we inferred the eastern China HFC-23 emissions by scaling
down the global top-down HFC-23 emissions given in Stanley et al. (2020) based on the
fraction of the HCFC-22 production in eastern China to the global total, the HCFC-22
production-scaled HFC-23 emissions were consistent with our observation-derived emissions
for eastern China even during the HPPMP period, suggesting that both global and regional
HFC-23 emissions, which were independently determined, are primarily associated with
known HCFC-22 production facilities. On the basis of this reasoning, the discrepancies
between top-down vs. bottom-up emissions of HFC-23 in eastern China are most likely due to
unsuccessful reduction processes of HFC-23 at factory level and inaccurate quantification of
emission reductions. In addition, our results show that the HFC-23 emissions from eastern Asia
explain a substantial fraction of the post-CDM rise in global emissions and are probably due to
the unabated emissions in the manufacture of HCFC-22. Thus, they underscore actions to
identify responsible industrial practices and organize more effective regulatory controls in
order to address this critical issue and prevent unwanted emissions at both regional and global
scales. Other regions, and indeed the rest of China, which are not well detected by the current
observations may also have contributed to the unexpected trends in HFC-23. Further
investigation will be required to better understand which mechanisms are responsible for the
recent increase in global HFC-23 emissions in different regions.”

Unclear wording in the abstract:

Line 22: on use of the word mandated. The text (lines 55-64)
indicates that the Chinese NDRC was a plan for reducing emissions,
and the HPPMP is a @plan with reporting of emission
estimates. None of these comes across as a “mandate”, so I’'d
argue the use of the word is inaccurate unless related laws or
mandates were put in place in China that are not currently
mentioned in the manuscript.

>>> Changed to “implemented”.



Line 23- Likely sources of HFC-23 emission are well known
(leakage or release of by-production); consider changing
“sources of” to “regions responsible for”.

>>> A point well-taken. Done.

Lines 28-29, are these quantities cumulative for the 5-yr period
or annual rates?

>>> Yes, the quantity represents the 2015-2019 cumulative difference between top-down and
bottom-up estimates in eastern China. We have now modified the text (now lines 27-28) here
to read: “The cumulative difference between top-down and bottom-up estimates for 2015-2019
in eastern China was ~23.7 + 3.6 Gg, which accounts for 47 + 11 % of the global mismatch.”

Lines 30-33. This is a confusing sentence attempting to convey
too many points in one sentence. I recommend a rewrite.

>>> This sentence has been rephrased to (line 29-32): “Our analysis based on HCFC-22
production information suggests the HFC-23 emissions rise in eastern China is more likely
associated with known HCFC-22 production facilities rather than the existence of unreported,
unknown HCFC-22 production, and thus the observed discrepancy between top-down and
bottom-up emissions could be attributed to unsuccessful factory-level HFC-23 abatement and
inaccurate quantification of emission reductions.”

Other details:

The TEAP data displayed in Figure 7 are puzzling given the
expectation that production should have been capped in 2013 and
declined thereafter. 1Is this total production for all uses,
dispersive and feedstock-related? Some explanation is needed but
lacking.

>>> The original Figure 7 is now Figure S3 of the revised manuscript. Figure S3 illustrating
the TEAP data shows the total production of HCFC-22 in China from 2008 to 2019, including
both dispersive and feedstock use. Developing countries agreed to a 10% reduction in HCFC-
22 consumption in 2013 and a 10% reduction in production in 2015, followed by a 35%
reduction in 2020, a 67.5% reduction in 2025, and a complete freeze in 2030. It is important to
note that under the Montreal Protocol, the use of HCFC-22 as a feedstock has been exempted
from the phase-out schedule in some countries, including China. According to the TEAP 2020
report, the proportion of China’s HCFC-22 production for feedstock use has been increasing
relative to HCFC-22 production for dispersive use (a new Figure S2 shown below). Therefore,
the lack of a clear decline in HCFC-22 production even after 2013 could be due to an increase
in production for feedstock use in China. For this information, the new Figure S2 has been
added, and this addition helps to visually represent China's progress toward meeting the targets
and clarify the context of the data presented in Figure S3.
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Lines 210-215, without a full analysis of eastern Chinese HCFC-
22 results, Dbanks, emissions from Dbanks, etc., it 1is
inappropriate to suggest or “imply that HCFC-22 production and
consumption in the region have been increasing” despite MP
controls mandating a freeze and decline in these quantities
destined for dispersive use in and after 2013. These messages
need clarifying.

>>> A point well-taken. We have changed it: “The continuing rise in the emissions seems to
indicate the contribution of dispersive use is still significant, although its production for
dispersive use is currently being phased out in developing countries by the Montreal Protocol.”

Citing WMO reports and other assessment reports is appropriately
done by using chapter lead authors for the appropriate chapter.
>>> Changed.

Lines 49-52, be careful with tense, as Kigali Amendment controls
may be “in place” now, but controls on production won’t apply
for many years for many countries.

>>> Agreed. This sentence has been rephrased to (lines 52-55): “Later, the HFC-23 by-
production and emission associated with the production of HCFC-22 also began to be
controlled by the Kigali Amendment to the Montreal Protocol on Substances that Deplete the
Ozone Layer (MP), adopted in 2016 (Clark and Wagner, 2016), to preserve the climate benefit
achieved by the MP.”

Lines 53-55. Citations appear mid-sentence so support the
statement on HCFC-22 production, but the assertion that China
is the largest HFC-23 emitter needs support (a citation) given
that HFC-23 emission doesn’t necessarily track HCFC-22
production given the possibility of destruction.

>>> We have clarified this (lines 56-58): “The global production of HCFC-22, and thus HFC-



23 emissions, are heavily centered around eastern Asia. Notably, China, where more than 50%
of the global HCFC-22 has been produced since 2009, can be considered one of the most
significant HFC-23 emitters in the world (UNEP, 2018; Simmonds et al., 2018)”

Lines 69-72—this argument doesn’t hold unless we understand the
contributions of these countries, which isn’t mentioned writ
this point. Logic needs improving.

>>> We have amended this sentence (lines 68-72) to “A recent top-down study based on
atmospheric measurements (Stanley et al., 2020) showed that the global HFC-23 emissions had
increased and in 2018 were higher than at any point in history. Stanley et al. (2020) also
suggested that these results contradicted the 87 % emission reduction anticipated over 2014—
2017 from HFC-23 capture and destruction activities at HCFC-22 production facilities under
the national phase-out plans initiated following the end of the CDM programs in a few
developing countries including China (UNEP, 2018; Say et al., 2019).”

Figure 1 and Figure 5, consider somehow indicating periods where
the instrument was not operational to prevent the conclusion
that there were no measured enhancements during late 2016 to
mid-2017 and other times. Also, indicate in the caption if
measurements made at Mace Head and Cape Grim represent all
results or only those during non-polluted periods (the latter
would be most appropriate to show).

>>> We have revised the caption for clarity to read “Atmospheric HFC-23 concentrations
observed from 2008 to 2019 at the Gosan station (GSN, 33.3° N, 126.2° E). Pollution events
denoted by red dots were identified as significant enhancements in concentrations from
background levels shown in black. Some data gaps in the Gosan measurement timeseries
occurred due to instrumental system downtime caused mostly by typhoons and heavy rains.
The green and blue dots represent all observations of atmospheric HFC-23 at Mace Head
(53.3°N, 9.9°W) and Cape Grim (40.7°S, 144.7°E), respectively, for comparison.

Figure 2, indicate that the values plotted are annual
averages. How were the data gaps handled when deriving annual
means and their uncertainties? This needs a clear description
in the methods. The uncertainties for 2017 don’t look much
different than other years, despite there only Dbeing
approximately only half as many measurements available for
interpretation during 2017.

>>> With regard to the reviewer’s question, we would like to clarify that the uncertainties for
our inverse modelling results were determined as 2¢ uncertainties of annual means from 27
different model runs, where each set of three different a priori distributions have nine
combinations of different a priori emissions magnitudes with corresponding uncertainties.
Therefore, the uncertainty estimates account for the variability resulting from different model



configurations and a priori assumptions. The determination of uncertainties for the model
results is described in detail in the Supplementary Information.

The measurement error covariance matrix has also been involved in each inversion run (Section
2.2), and the uncertainty assigned to each concentration enhancement incorporates
measurement uncertainty and other uncertainties associated with the model representation of
this measurement, which are difficult to estimate directly. As such, we performed several
inversion tests for 2008 varying the uncertainty and comparing the reduced-chi square value,
which is equal to half the value of the cost function divided by the number of observations and
served as an approximate measure for the appropriateness of the uncertainties. Then the
assigned measurement uncertainties were applied throughout the study period. In this sense, it
is possible that overall model uncertainties would vary not only by errors in the meteorology
and transport modeling, but also by bias introduced from data gaps. To consider how significant
data gaps could be problematic, we have examined the sensitivity of our measurements to HFC-
23 emissions for each year between 20082019 (see Figure S1(b) shown below). We note that
the year-to-year sensitivity of the observations to the emissions from eastern Asia did not
change substantially throughout this period, and thus potential bias resulting from the data gap
in 2017 would be within the overall uncertainties determined from 27 different model runs.

Figure S1(b): The sensitivity of the measurements to emissions of
HFC-23 for each year between 2008-2019.



Figure 3, axis label units aren’t mentioned. Consider including
a table next to the panels or within them providing mean emission
totals by region.

>>> Done. The axis unit has been added. Updated Figure 3 and Table 1 now include the total
emissions from eastern Asia.

Figure 7 has typos and duplicate text that needs fixing.

>>> Corrected.

Figure 8, hatched regions need defining in the caption,
particularly the yellow region, even if they are described in
the main text.

>>> That’s a good suggestion. Done.

Figure 9, assumptions (e.g., emission/production fraction) were
made to derive the HFC23 emissions from Chinese HCFC-22
production information shown in this figure, and these
assumptions need mentioning in the caption along with a
description of the values that were chosen and how they were
derived. (Don't make the reader have to search for important
details in the main text.)

>>> As noted in our response to the previous comment, we have downscaled the global top-
down emissions of HFC-23 to HCFC-22 production-scaled eastern China HFC-23 emissions
using annual fractions of eastern China's HCFC-22 production to the global total production.
The annual fractions were derived using the simple extrapolation method described in Section
2.3 and the associated assumptions were also discussed in the text. Since this downscaling itself
did not involve any assumptions, we have just expanded the caption of Figure 6 (i.e., Figure 9
in the original version) to read: “HFC-23 emissions for eastern China inferred by downscaling
the global top-down emissions estimates (Stanley et al., 2020) based on annual fractions of the
eastern China HCFC-22 production to the global total production. The HCFC-22 production-
scaled estimates of HFC-23 emissions (gray line) are in good agreement with our observation-
based emissions (red line).”



