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Abstract: Under the control of the Montreal Protocol and its amendments, hydrofluorocarbons
(HCFCs) are used as temporary substitutes for ozone-depleting substances, such as chlorofluorocar-
bons, and are regulated for consumption and production. China plans to phase out HCFCs by 2030,
and HCFC-22 (CHCIF,) is currently the most abundant HCFC in the atmosphere. This study mea-
sures the vertical profiles and total columns of atmospheric HCFC-22 from January 2017 to December
2022, based on the mid-infrared solar spectra recorded by the ground-based high-resolution Fourier
transform infrared (FTIR) spectrometer at the Hefei remote sensing station. The HCFC-22 total
columns over Hefei increased from 2017-2018 and gradually decreased in 2018-2022, with an annual
variation rate of 5.98% and —1.02% =+ 0.02%, respectively. Compared with the ACE-FTS satellite
independent dataset, the FTIR data indicate good consistency with the ACE-FTS data at a 5-25 km
altitude, with an average relative difference of —4.38 & 0.83% between the vertical profiles. HCFC-22
emissions in the Yangtze River Delta from 2017 to 2022 are estimated, derived from measured total
columns combined with the Lagrangian transport model and the Bayesian inversion technique. In
the Yangtze River Delta, HCFC-22 emissions were high in 2017, with a value of 33.3 £ 16.8 kt, and
decreased from 2018 to 2022, with a minimum of 27.3 & 13.6 kt in 2022 during the observations.

Keywords: chlorodifluoromethane; FTIR; ground-based remote sensing; halocarbon emissions

1. Introduction

Chlorodifluoromethane (CHCIF,, HCFC-22) is a hydrofluorocarbon gas, commonly
used in industrial and domestic refrigeration systems. Ever since Molina and Rowland
(1974) confirmed that chlorofluorocarbons (CFCs) can severely destroy the ozone layer,
scientists have been searching for more alternatives of chlorofluorocarbons [1]. According
to the regulations of the Montreal Protocol on Substances that Deplete the Ozone Layer,
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HCEFCs, as temporary substitutes for CFCs, have been widely used in industrial produc-
tion since the early 21st century. The atmospheric lifetime of HCFC-22 is approximately
9.8-18 years. Compared to common CFCs, HCFC-22 has a shorter lifetime, but due to
the presence of chlorine atoms, hydrofluorocarbons still have the potential to destroy the
stratospheric ozone [2]. Meanwhile, HCFCs also have high greenhouse warming potentials
(GWPs, the ratio of the emission radiative forcing of a substance to the same mass emission
of CO, summed within a given time period, with the GWP of CO, equal to 1), which
reported to be 1780 for 100 years (WMO, 2018) [3].

As one of the world’s largest HCFC-consuming countries, China accumulated ap-
proximately 1576.8 (1348.2-1819.0) kt of HCFC-22 emissions from 1990 to 2019 [4]. China
promised to phase out the production of HCFC-22 completely before 2030, in order to
adhere to the Montreal Protocol. A study of the HCFC-22 concentration trends and distri-
butions in the atmosphere will help to understand HCFCs’ emissions in China. At present,
the concentration measurement and regional emission estimate of HCFC-22 have attracted
more attention in China [5-9]. Fang et al. (2019) estimated the emission and variations
of major HCFCs in China from 2011-2017 based on HCFC-22 concentration data from
seven in-situ stations and the Bayesian inversion technique [5]. Yu et al. (2022) used flask
sampling to measure the HCFC-22 ambient mixing ratio at the Lin’an background station
and estimated the regional emissions of HCFC-22 during 2011-2018, using the interspecies
correlation method [6].

Compared with in-situ measurements, the Fourier transform infrared spectroscopy
(FTIR) technology is employed for the remote sensing of the HCFC’s column concentration.
For satellite remote sensing, the limb-viewing infrared Fourier transform spectrometer
MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) observed the global
HCFC-22 on the Environmental Satellite (ENVISAT) from 2002-2012 [10-12]. The At-
mospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) has been
monitoring the global HCFC-22 atmospheric concentration since 2003 [13-17]. Steffen
et al. (2019) analyzed the HCFC-22 annual trend changes in the tropical region between
7.5-17.5 km in 2004-2018 for ACE-FTS satellite data [17].

Réunion Island, Jungfraujoch, and the St. Petersburg site are applying ground-based
high-resolution FTIR technology to measure HCFC-22's spatial distribution and long-term
trends, and the total columns of HCFC-22 show good consistency in comparison with
satellite data [18-20]. Zhou et al. (2016) operated ground-based FTIR instruments to detect
HCFC-22 above two NDACC stations at Réunion Island and compared the results with
MIPAS/ENVISAT data [18]. Prignon et al. (2019) retrieved HCFC-22 above Jungfraujoch
using the improved retrieval strategy and analyzed the results with model simulations,
in-situ measurements, and satellite data [19]. Polyakov et al. (2021) observed HCFC-22
total columns at the St. Petersburg site and compared WACCM data and ACE-FTS data
with high-resolution FTIR data [20].

The Hefei FTIR station is one of the candidate NDACC (Network for the Detection of
Atmospheric Composition Change) stations. Hefei, located in the Yangtze River Delta, is
one of the most developed regions in China. The Yangtze River Delta includes the Shanghai
municipality and the provinces of Jiangsu, Zhejiang, and Anhui, accounting for 3.7% of
China’s total area with a population of 227 million, and constituted about a quarter of the
country’s GDP in 2019 [21]. The Yangtze River Delta has a manufacturing industry with a
strong production capacity and a high industrialization level. According to statistics, 60% of
HCFC-22-production enterprises in China are located in the region (National Development
and Reform Commission, 2018) [22]. A high production of HCFC-22 that is caused by a
large population and high industrialization may lead to high HCFC-22 emissions in the
region. Therefore, an understanding of the HCFC-22 emissions in the Yangtze River Delta
is of great significance for studying HCFC emissions in China.

The purpose of this study is to retrieve HCFC-22's spatio-temporal distribution from
solar spectra using ground-based Fourier transform infrared spectroscopy, to compare the
total columns with the ACE-FTS satellite database, and then to obtain HCFC-22 emissions
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in the Yangtze River Delta based on measured data. Section 2 introduced the Hefei FTIR
observation station, as well as the retrieval parameters and strategies of HCFC-22. Provided
the single spectral retrieval of HCFC-22, understood the basic knowledge of ACE-FTS
satellite, Lagrangian particle diffusion model FLEXPART and Bayesian algorithm. Section 3
studied the interannual variation and seasonal results of HCFC-22, compared the data with
ACE-FTS satellite data, and estimated the HCFC-22 emissions in the Yangtze River Delta.
Section 4 discussed the above results. Section 5 provided the conclusions from this study.

2. Materials and Methods
2.1. Site Description

The Hefei site is located in the north-west suburbs of Hefei, Anhui in eastern China
(31.91°N and 117.17°E). Our site installed a high-resolution FTIR spectrometer (Bruker IFS
125HR), matched with a solar tracker (A547), to sample solar absorption infrared spectra
since 2014, as shown in Figure 1 [23]. We installed the Zeno meteorological station (coastal
environmental systems, Seattle, WA, USA) to record meteorological information [24].

Figure 1. (a) Ground-based high-resolution FTIR spectrometer; (b) Solar tracker (A547).

The Hefei high-resolution FTIR observation station is an NDACC-IRWG candidate
station and has been widely used for studying atmospheric trace gases and for verifying
satellite data and model simulations [25-28]. The main spectrum in this study is the mid-
infrared spectrum, which has a spectral resolution of 0.005 cm~!. The high-resolution
FTIR spectrometer in this study was equipped with a mercury cadmium telluride (MCT)
detector and a KBr beamsplitter. We replaced the CaF; incoming light window of the
FTIR spectrometer with the KCl window in December 2016, so we could measure the
mid-infrared spectrum in the 700-4000 cm ! range since then.

2.2. HCFC-22 Retrieval Strategy

The retrieval microwindow of HCFC-22 is 2v6 Q-branch (828.75-829.4 cm™!), and
HCFC-22 has relatively strong absorption features in this infrared spectral region. The
pseudo-line list (PLL) from the NASA laboratory is used to calculate the spectroscopic
line parameter of HCFC-22 [29]. The interfering gases include H,O, CO;, and O3, and the
line parameters were calculated using HITRAN 2012. The reanalysis data of the National
Centers for Environment Protection (NCEP) provides the main atmospheric parameters
used in retrieval [30]. All prior gas profiles, except for H,O, are from WACCM version
6 data [31]. Table 1 lists the retrieval parameters.
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Table 1. Retrieval parameters used for HCFC-22.

Species HCFC-22
microwindow 828.75-829.4
Interfering species Hy0O, CO,, O3
Spectroscopy PLL, HITRAN 2012
T, P and H,O profiles NCEP
A priori profile WACCAM v6

The SFIT4 (version 0.9.4.4) algorithm is used to retrieve the total columns and vertical
profile of HCFC-22 [32]. This algorithm is based on the optimal estimation method (OEM).
The relationship between the measurement vector y and the state vector x is described
as follows:

y=F(x,b) +¢ 1)

F(x,b) is the forward model, which describes the entire physical process of the
measurement; state vector x represents the vertical profile of the gas needed to be retrieved;
b contains information that may affect the measurement vector; and ¢ represents the
measurement noise and uncertainty. The F(x, b) in the FTIR measurement is nonlinear, so
the algorithm uses Newton's iteration method to ultimately find the state vector % that is
close to the real state vector x:

F=x+A(x—x,) +¢ )

X, is an a priori profile from WACCM version 6. The averaging kernel matrix A
denotes, as the sensitivity, the retrieved states and is described as follows:

A = (S;14+KTs 1K) IKTs; 1K ®3)

After using the i + 1 iterations by the Newton'’s iteration method, the optimal solution
of the state vector is obtained:

1
s =%+ (KISTK +871) < (KIS fy—F(x)] - 8 (i %)} @)

K is the weight function matrix; S, is the priori covariance matrix, and its inverse
matrix is the regularization matrix R; and S, represents the measurement covariance matrix.
The regularization matrix required for the algorithm is calculated through the Tikhonov L;
regularization method in our study, and L; is the first derivative operator. As described by
Tikhonov and Sussmann, the regularization matrix R is defined as follows [33,34]:

R =aLlL, (5)
when the height is a non-height constant search grid:
R’ = aLITL, (6)

where « is the regularization strength, and T is calculated by the thickness of the different
layers (Az):

1
az 0 0
0 &
T— .AzZ 0 c R(=1)x(n-1) )
. . * 1
0 DRI 0 m

In order to minimize measurement errors and smoothing errors, we chose the regular-
ization strength a as 100 for HCFC-22's retrieval.
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2.3. Typical Spectral Retrieval of HCFC-22

Figure 2 shows the typical spectral fitting obtained from the mid-infrared spectrum
collected on 2 January 2022 at 02:45:14 UTC (solar zenith angle, SZA is 58.69°). The
variation-of-fitting residual is within +1%, and the RMS (root-mean-square) is 0.336%. As
shown in Figure 3, HCFC-22 is mainly collected below 20 km and has a relatively low
variation, and the concentration gradually decreases from the altitude of 20 km to the
higher altitudes. The average kernel of HCFC-22 represents the impact of concentration
changes at each layer height on the concentration retrieval at other layers, i.e., the sensitivity
of retrieval at that height. It can be seen that the average kernel is high below the 20 km
altitude, reaching the highest value at around an 8 km altitude in Figure 4.

RMS =  0.336
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Figure 2. The typical spectrum of measured (blue) and fitted (red) HCFC-22 (CHF,Cl) (02:45:14 UTC
2 January 2022, solar zenith angle of 58.69°).

In the error analysis of HCFC-22’s retrieval, the posteriori error estimation method
from Rodgers (2003) [35] mainly includes the smoothing error (Ss),

Ss = (A—IDS,(A—1)T 8)
the forward model parameter error (Sy),
Sf = G,K;S,K; G, )
and the measurement error (S;,),
Su = GyS:Gy, (10)

where Gy, is the contribution matrix, Kj, is the weight function of the forward model on
the model parameters, S, is the retrieval’s state vector covariance matrix, S; represents the
forward model parameter matrix, and S; is the measurement covariance matrix [35].
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Figure 3. The HCFC-22 profiles, including an a priori profile and a retrieved profile.

80

80

70+
70

60+

(9]
o
T

L
w0
o

N
o

Altitude(Km)
Altitude(Km)

W
o
T

n
w
o

o]
o
T

20

10+

10

O L1 ]
0.00 0.02 0.04
Averaging Kernels

Figure 4. The HCFC-22 typical averaging kernels.
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Table 2 shows the calculated error terms of HCFC-22's retrieval, including systematic
errors and random errors. For the uncertainty setting of the error term, the vertical profile’s
systematic uncertainty of atmospheric temperature is calculated from NCEP. The random
error of the entire atmospheric temperature is 5 K. The systematic error uncertainty pa-
rameter of SZA is selected as 0.1°, while the random uncertainty is 0.2°. The maximum
absorption coefficient error of HCFC-22 in the PLL is 5%. Therefore, the priori error-of-line-
intensity error, the Line T-broadening error, and the Line P-broadening error are also set
to 5%. The uncertainty of the H,O spectroscopy, the instrument line shape (ILS), and the
zero-level offset (zshift) are set to 10%, 2%, and 1%, respectively.

Table 2. Error budgets for the HCFC-22 retrievals at Hefei.

Parameter Uncertainty/% Systematic Error/% Random Error/%

Smoothing - 0.84 -

Measurement - - 2.49
Retrieval - 0.04 -
Interfering species - 0.55 -

Temperature - 0.11 0.68

SZA 0.1/0.2 0.07 0.14
Line intensity 5 1.26 -
Line T broadening 5 2.00 -
Line P broadening 5 0.86 -
H,O spectroscopy 10 2.57 -

ILS 2 0.05 0.05

zshift 1 0.39 0.39

Total - 3.8 2.6

The systematic error for the HCFC-22 typical retrieval at Hefei is 3.8%, and the random
error is 2.6%. HyO spectroscopy is the main systematic error, and then measurement error is
the main source of random error. The total error of typical HCFC-22 retrieval is 4.6%, which
means that our retrieval results are reasonable. The total systematic/random uncertainties
for the HCFC-22 retrievals are 4.7/4.4% at the St. Denis site, 4.4/3.6% at the Maido site,
and 5.75/3.70% at the St. Petersburg site [18,20]. The typical systematic and random errors
for the Hefei HCFC-22 retrievals are similar to the other sites.

2.4. ACE (Atmospheric Chemistry Experience) Satellite Data

The primary objective of the ACE (Atmospheric Chemistry Experience) satellite is
to understand the impact of ozone-depleting substances on the ozone and to study the
chemical and dynamical processes of the ozone in the stratosphere and upper troposphere.
The mission of ACE is to observe the atmospheric ozone-depletion components, such
as CFCs and HCFCs. ACE-FTS covers the 750-4400 cm ! range and operates the solar
occultation to collect atmospheric transmission spectra at sunrise or sunset. The vertical
resolution of the ACE-FTS data is approximately 4 km [36,37].

The ACE focus regions are mainly in the Arctic and high latitude regions, and the
observation data in the tropical and subtropical regions are little [38]. To obtain more
comparable satellite data, we chose the satellite data of £5° latitudes and +10° longitudes
(27-37°N and 107-127°E) centered on the Hefei station, and the FTIR data with a satellite
transit time of £2 days to compare the HCFC-22 vertical profiles from 2017-2022. The
ACE data (v4.1/v4.2) were used, and the outliers were filtered by eliminating the points
deviating from 2.5 times the median absolute deviations [15]. Considering the difference in
a prior profile and the vertical sensitivity between two measurements, it is necessary to
interpolate the satellite profile into the FTIR vertical grid before comparing the two datasets
and then to smooth the satellite data to obtain the smoothed satellite profile x,,¢ [35]:

Xt = Xa + A(Xsat — Xa) (11)
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X, represents a prior profile of FTIR, xgat is the raw satellite profile, and A is the FTIR-
averaging kernels matrix.

2.5. Atmospheric Transport Simulation

The Lagrangian particle dispersion model FLEXPART, developed in the 1990s, has
been widely applied in multi-scale atmospheric transport simulations and analyses for
atmospheric gases and aerosols. FLEXPART simulates the transport and diffusion of tracer
releases, and inverse modeling, derived from source receptor relationships, is commonly
used in atmospheric research [39-41]. In FLEXPART’s backward mode, we calculated the
sensitivity of receptor elements to the source and obtained the influence of mass emissions
at the source location on the atmospheric mixing ratio at the receptor location. In our
study, the model is driven by wind field data from the European Centre for Medium-Range
Weather Forecasts (ECMWFs) for 3 h and a 0.25° x 0.25° resolution. During the FTIR
measurements, FLEXPART v10.4 releases 100,000 particles every 3 h from the ground to
12 km, and the backward simulation period is 7 days. The output of the FLEXPART model
simulation is emission sensitivity, also known as the source-receptor-relationship (SRR).
Assuming all emissions occur near the ground, we output the SRR values for 0-100 m
above the ground in the FLEXPART model. Figure 5 shows the total emission sensitivity
of the backward trajectory simulated by FLEXPART from 2017 to 2022, indicating that
the emission sensitivity in the Yangtze River Delta (i.e., Shanghai, Jiangsu, Zhejiang, and
Anhui) is relatively high.

s-malkg

34N|

32NE

30N}

28 N

100E  110E 120E 130E 14E 116 E 118E 120E 122E

Figure 5. The emission sensitivity of the backward trajectory simulated by FLEXPART from 2017 to
2022. The Hefei station is the black dot, and the black box indicates the Yangtze River Delta.

2.6. Inverse Modeling

A Bayesian algorithm combined with the FLEXPART simulation are used to esti-
mate spatial emissions, and the Bayesian algorithm is detailed in Stohl (2009) and Henne
(2016) [42,43]. Here, we describe the method simply.

The source receptor relationship calculated by the FLEXPART dispersion model can be
given by the matrix formula between the simulated values and the state vector as follows:

Y = My, (12)

where y,, represents the simulated value of the observation stations at different times and
positions, which also includes the baseline. The state vector x;; is the unknown value that
describes the emission. The matrix M represents source sensitivities, containing the block
matrix MF that provides the dependence on the emissions and the block matrix M® that



Remote Sens. 2023, 15, 5590

90f17

provides the dependence on the baseline. The matrix MP is calculated by temporal linear
interpolation between discrete baseline nodes.

The optimal posterior estimation is made by minimizing the cost function | in the
Bayesian inversion:

] = %(xm - xb)TB_l(xm - xb) +(Mxm - yo)TRWl_l (Mxm - yo) (13)

Xm = xp +BMT(MBMT + R) "1 (y, — Mx,) (14)

where x;, is the emission intensity state vector in the grid cell, x; represents a prior emission
state vector, and y, represents the observed mole fraction. The matrices B and R;,; describe
the uncertainty covariance matrices for a prior emission and observation. For prior emission
vectors, this study takes the estimated total emissions of HCFC-22 in China from 2017-2022
by Fang et al. (2018) as a reference and uses approximate calculations of the population
spatial distribution (Gridded Population of the World Version 4, CIESIN) to obtain a priori
emissions in the Yangtze River Delta [44,45]. The prior emission uncertainty in each grid is
set as 200%. The posterior emission uncertainty is obtained from an ensemble of inversions
by the scaling of a priori emissions at 150%, 100%, and 50%.

2.7. The Determination of the Baseline of the Dry Air Average Mole Fractions

The dry air average mole fraction (Xgas) within a certain altitude range is calculated
based on the HCFC-22 time series, as the input data for the emission calculation. The
calculation formula is as follows [46]:

N partial columng partial columng (15)
8as partial columndryair partial columnyyetair — partial columnHZO

where partial columng, partial columnyy , partial columndryair, and partial columnyetair
are the partial columns of the target gas, water vapor, dry air, and wet air, respectively.
The calculation height range of Xgas is set as 0-12 km, which is below the troposphere.
Atmospheric pollutants are mainly transported and diffused within the troposphere, and
spectral retrieval has a high sensitivity in the troposphere.

The optimal posterior estimation is made by minimizing the cost function ] in the
Bayesian inversion: the FLEXPART backward simulation only accounts for the concen-
tration change at the observation station caused by emission transports in a period of
time, while the baseline, namely, the background mole fraction of the target gas, needs
to be additionally calculated in the Bayesian inversion calculation. The baseline value
represents the contributions of all emissions in the past. We adopted the method described
in Stohl (2009), which uses the measures Xg,s values and the simulated values, and the
simulated values are based on a priori emission calculations [43]. Firstly, the lowest 25%
of the observed values were selected during the 60-day moving time window, which are
the values of those that are less affected by emissions. Then, the simulated concentration
enhancements of the a priori emissions are calculated and subtracted from the selected
observation values. Among them, the values above the median of the simulated mole
fraction and the corresponding observation data are excluded to avoid overestimating the
contribution of emissions. Finally, at each time window, the resulting values are averaged
and linearly interpolated to the observation time. Figure 6 depicts the measured Xpcrc-22
and the calculated baseline at the Hefei station.
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Figure 6. The atmospheric Xycrpc-2o time series (blue) and the baseline (orange) measured at Hefei.

3. Results
3.1. Annual Trend and Seasonal Cycle

The HCFC-22 data that exceed the mean + 20 for the RMS, systemic error, and
random error were considered as outliers and discarded, and o is the standard deviation.
The seasonal variation and annual trend of HCFC-22’s total columns are simulated by
polynomials and the Fourier series, and ¢ is the year fraction:

F(t) =a+bt+ct>+dt +eth+ Zizl (fok_1cos(27tkt) + forsin(27tkt))  (16)

a represents a constant; b, ¢, d, and e are polynomial coefficients with a fourth-order
polynomial; and f; to fs represent sin/cosine harmonic term coefficients with third-order
harmonic terms. Figure 7 shows the HCFC-22 data with Fourier and linearity fitting. The
annual variation trend of HCFC-22's total columns over Hefei shows an initial increase
followed by a decrease from January 2017 to December 2022, as can be seen. The HCFC-22
total columns increased from 2017 to 2018, reached the peak in 2018 with an average annual
value of approximately 5.74 x 101> molec-cm 2, and gradually decreased from 2018 to 2022.
The annual variation of the HCFC-22 total columns over Hefei is 5.98% from 2017 to 2018
and is —1.02 &£ 0.01% from 2018 to 2022. According to the Montreal Protocol and the Kigali
Amendment, China’s production and consumption of chlorofluorocarbons as refrigerants
or foaming agents have started to freeze since 2013, achieving a 10% reduction in 2015 and
a 35% reduction in 2020 [47]. The measured HCFC-22 columns above the Hefei atmosphere
have decreased in recent years, indicating that the HCFC-22 decomposition rate is greater
than the increase rate in emissions, and the policy of restricting production is effective. Yi
etal. (2021) conducted in-situ measurements of major halocarbons in five Chinese cities and
also demonstrated that the atmospheric concentration of HCFC-22 has shown a slowing
down for the increase trend or a decreasing trend in recent years in China [48]. The time
series at the St. Petersburg NADCC ground-based remote sensing station also have a
similar variation trend compared with the Hefei station. Two stations applied the same
remote sensing technology and retrieval algorithms to observe atmospheric HCFC-22. The
HCEFC-22 total columns over St. Petersburg slowly increased before 2016, then stabilized,
and slightly decreased after 2017, with a growth rate of 1.19 £ 0.81% from 2013 to 2016
and —0.66 + 0.49% from 2016 to 2019 [49]. Meanwhile, we also present the HCFC-22
annual trends obtained from other NDACC ground-based remote sensing stations and the
ACE-FTS satellite (30°5-30°N) in Table 3.
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Figure 7. Time series of HCFC-22 total columns measured at Hefei site. The red dots are HCFC-22
daily averages. The light red error bar is the daily standard deviation. The black solid and dashed
lines are the Fourier series and the fourth-order polynomial linearity fitting curves, respectively.

Table 3. The atmospheric HCFC-22 annual trends at Hefei and other ground-based remote sensing
sites, namely, St. Petersburg, Réunion Island, Jungfraujoch, and the satellite ACE-FTS (30°S-30°N).

Data Period Trend (% Year—1)
2017-2018 5.98
Hefei
2018-2022 —1.02 £ 0.01
2013-2016 1.19 £ 0.81
St. Petersburg [49]
2016-2019 —0.66 + 0.49
Réunion Island [18] 2004-2016 2.84 + 0.06
Jungfraujoch [19] 2012-2017 1.72 £0.31
ACE-FTS (30°S-30°N) [17] 2012-2018 1.74 + 0.08

We also obtained the average monthly variations of the HCFC-22 total columns at the
Hefei station using de-trended data, which are shown in Figure 8, and which subtract the
annual average. The HCFC-22 total columns show a clear seasonal variation, reaching the
peak in July of the summer and the lowest point in April and March of the spring. The
seasonal amplitude of HCFC-22, which is the monthly maximum minus the minimum
values, is 4.10 x 10 molec-cm~2. Then, the seasonal variability for the maximum and
minimum months of HCFC-22 is 7% (seasonal amplitude/annual mean x 100%). Similar
HCFC-22 seasonal variations also appear at Jungfraujoch in Switzerland and the Réunion
Island station in the western Indian Ocean, with the highest value in the summer and
the lowest value in the winter or spring [18,19]. The seasonal cycle measured at the
stations is related to the seasonal cycle in emissions and atmospheric transport. As a
common refrigerant, HCFC-22 is often used in the summer, and the high vapor pressure in
refrigeration systems in the summer makes it easy to leak. Xiang et al. (2019) found that
the summer HCFC-22 emissions are about two to three times the winter ones based on
the aircraft data over the Pacific Ocean [50]. Chirkov et al. (2016) found that the HCFC-
22 minimum value in the northern hemisphere during the spring may be related to the
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invasion of the stratospheric air lacking HCFC-22 at the end of the polar winter and during
the breakdown of the polar vortex based on MIPAS satellite data [51]. Other tropospheric
sources, such as CFCs, also reach the minimum in the spring at the Hefei station [52].
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Figure 8. The monthly average of the de-trended total columns for HCFC-22. The black line represents
the monthly variation, and the red line represents the error bar.

3.2. A Comparison with Satellite Data

Figure 9 plots FTIR profiles at the Hefei site, the 27-37° N and 107-127°E raw satellite
profile, the smoothed satellite profile, and the global ACE-FTS satellite profile. We only
compare the profiles at a 5-25 km altitude, as the main height range of the microwindow
used by ACE-FTS for HCFC-22 is a 5-25 km altitude, and FTIR measurements also have
a low sensitivity for HCFC-22's retrieval above the 25 km altitude. As shown in Figure 9,
the raw satellite profile at 27-37°N and 107-127°E is higher than the global ACE-FTS
HCFC-22 measurements’ average profile, indicating that the HCFC-22 concentration near
Hefei is relatively higher than the global average. The HCFC-22 vertical volume mixing
ratio (VMR) profiles derive from the satellite at +5° latitudes and +10° longitudes centered
on Hefei are relatively close to the profiles measured by the ground-based FTIR. The
smoothed satellite VMR profiles are slightly lower than the VMR profiles observed by
ground-based FTIR. The relative difference is calculated by subtracting the FTIR data from
the smoothed satellite data and dividing them by FTIR data. Within the 5-25 km altitude
range, the vertical relative difference between the satellite ACE-FTS database and FTIR
data is —4.38 £ 0.83%. The HCFC-22 partial columns for the satellite data at the 5-25 km
altitude range is 2.81 x 10'® molec-cm 2, and the partial columns for the FTIR data are
2.95 x 101 molec-cm™2, with the partial column relative difference being —4.75%. The
results indicate that the ground-based FTIR data at Hefei show good consistency with the
ACE-FTS data for HCFC-22.
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Figure 9. The HCFC-22 vertical profiles. The ground-based FTIR profile is black, the ACE-FTS
satellite, before smoothing (27-37°N and 107-127°E), is grey, the global ACE-FTS satellite profile is
blue, and the smoothed ACE-FTS satellite profile (27-37°N and 107-127°E) is red.

3.3. The Emission Estimations of HCFC-22 in the Yangtze River Delta

Table 4 lists the calculated emissions of HCFC-22 in the Yangtze River Delta in
2017-2022. In our study, the Yangtze River Delta’s HCFC-22 emissions peaked in 2017, with
approximately 33.3 £ 16.8 kt, respectively. From 2018 to 2022, the HCFC-22 emissions in the
Yangtze River Delta showed a downward trend, with a minimum value of 27.3 & 13.6 kt
in 2022. As can be seen, the emission values are close to the values determined by other
methods, as in for example, the HCFC-22 emissions in 2017 and 2018 in the Yangtze River
Delta, which used the interspecies correlation method by CO and HFC-134a [6]. Li esti-
mated the HCFC-22 historical emissions from 1990 to 2014 and projected that HCFC-22
emissions would peak in 2016 under the legislative amendment in China [53]. Wu et al.
obtained HCFC-22 emissions in various regions of China from 1990 to 2019 based on the
bottom-up method and found that both the production and consumption of HCFC-22
had a peak in 2012 (364.6 and 165.0 kt, respectively), while the total emissions peaked in
2017 [4]. So, the variation trend of HCFC-22 emissions of the Yangtze River Delta are well
consistent with that estimated by other studies. The Yangtze River Delta is an important
source of HCFC-22 emissions in China, accounting for approximately 20% in the country’s
total emissions [6]. The variation trend in emissions in this region reflects, to some extent,
the variation in HCFC-22 in China.
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Table 4. A priori emissions and estimations of HCFC-22 emissions in the Yangtze River Delta, 1
sigma uncertainty.

Peri A Priori Emissions (China) This Study Emissions b.y co Emissions by .
eriod (kt/Year) [44] (kt/Year) Interspecies HFC-134a Interspecies
Correlation (kt/Year) [6] Correlation (kt/Year) [6]

2017 167.5 333 +£16.8 29.8 £15.6 30.8 +10.5

2018 165.2 32.6 £16.3 31.6+£179

2019 161.0 319 £16.0

2020 155.6 30.7 £15.4

2021 148.4 292+ 14.6

2022 138.9 273 £13.6

4. Discussion

In our study, the atmospheric HCFC-22 total columns from January 2017 to December
2022 were retrieved based on ground-based high resolution FTIR infrared solar spectra
measurements over Hefei, China. The annual trends and seasonal variations of atmospheric
HCFC-22 were analyzed and compared with satellite data. Finally, the HCFC-22 emis-
sions in the Yangtze River Delta from 2017-2022 were estimated based on the HCFC-22
total columns.

After using SFIT4 and the Tikhonov L; regularization to retrieve the HCFC-22 profile
from mid-infrared spectra, it was found that the atmospheric HCFC-22 is distributed over
the entire atmosphere, with high concentrations at 0-20 km. Based on the posteriori error
estimation, the total retrieval error of HCFC-22 is 4.6%, including the systematic error,
which is 3.8%, with the random error, which is 2.6%. Then, the HCFC-22 total columns
over Hefei increased in 2017 and 2018, with an annual trend rate of 5.98%, and gradually
decreased in 2018 to 2022, with a decrease rate of —1.02 + 0.01%. The HCFC-22 total
columns reached their peak in the summer (July) and had a lower peak in the spring
(April). The seasonal amplitude between July and April is 4.10 x 10 molec-cm~2. By a
comparison of the Hefei retrievals with the satellite ACE-FTS database, the mean relative
difference in the profiles is —4.38 & 0.83% at 5 to 25 km. The HCFC-22 partial columns from
the satellite observations are 2.81 x 10'®> molec-cm ™2 at 5-25 km, the partial columns from
the FTIR measurements are 2.95 x 10'° molec-cm ™2, and the relative difference is —4.75%.

Finally, the HCFC-22 dry air average mole fractions calculated using total columns
were used to estimate the HCFC-22 emissions in the Yangtze River Delta region from
2017-2022, based on the atmospheric transport model FLEXPART and the Bayesian al-
gorithm. The results show that the HCFC-22 emissions in the Yangtze River Delta were
relatively high in 2017, with approximately 33.3 & 16.8 kt. From 2018 to 2022, the HCFC-22
emissions decreased, with a minimum value of 27.3 + 13.6 kt in 2022.

5. Conclusions

The atmospheric remote sensing measurement experiment based on ground-based
FTIR at Hefei site showed the HCFC-22 over Hefei continued to decline after 2018. This is
due to China’s recent HCFC-22 emission reduction policies, and the estimated HCFC-22
emissions in the Yangtze River Delta region have been declining since 2017. Although this
study has regional limitations, it brings positive news for the reduction of atmospheric
ozone depleting substances HCFC-22 and the restoration of the ozone layer.
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