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ABSTRACT

In this study, tropospheric formaldehyde (HCHO) vertical column densities (VCDs) were measured using multi-
axis differential optical absorption spectroscopy (MAX-DOAS) from January to November 2019 in Shenyang,
Northeast China. The maximum HCHO VCD value appeared in the summer (1.74 x 10'® molec/cm?), due to
increased photo-oxidation of volatile organic compounds (VOCs). HCHO concentrations increased from 08:00
and peaked near 13:00, which was mainly attributed to the increased release of isoprene from plants and
enhanced photolysis at noon. The HCHO VCDs observed by MAX-DOAS and OMI have a good correlation co-
efficient (R) of 0.78, and the contributions from primary and secondary HCHO sources were distinguished by the
multi-linear regression model. The anthropogenic emissions showed unobvious seasonal variations, and the
primary HCHO was relatively stable in Shenyang. Secondary HCHO contributed 82.62%, 83.90%, 78.90%, and
41.53% to the total measured ambient HCHO during the winter, spring, summer, and autumn, respectively. We
also found a good correlation (R = 0.78) between enhanced vegetation index (EVI) and HCHO VCDs, indicating
that the oxidation of biogenic volatile organic compounds (BVOCs) was the main source of HCHO. The ratio of
secondary HCHO to nitrogen dioxide (NO3) was used as the tracer to analyze O3-NOx-VOC sensitivities. We found
that the VOC-limited, VOC-NOx-limited, and NOy-limited regimes made up 93.67%, 6.23%, 0.11% of the overall
measurements, respectively. In addition, summertime ozone (O3) sensitivity changed from VOC-limited in the
morning to VOC-NOy-limited in the afternoon. Therefore, this study offers information on HCHO sources and
corresponding O3 production sensitivities to support strategic management decisions.

1. Introduction

radical (OH + HO) (Ma et al., 2016), which strongly drive ozone (O3)
formation (Luecken et al., 2012). Recently, the HCHO and O3 concen-

Formaldehyde (HCHO) can potentially influence tumor promotion
within a specific concentration range (Agathokleous and Calabrese
2021; Bilal et al., 2021a) and is highly associated with lung, leukemia
and nasopharyngeal cancer (Li et al., 2010; Tian et al., 2020). As one of
the most abundant volatile organic compounds (VOCs) in the Earth’s
atmosphere (Ling et al., 2017; Friedfeld et al., 2002), HCHO plays a
significant role in atmospheric photochemistry (Luecken et al., 2012;
Hassan et al., 2018). For example, HCHO photolysis generates HOy

trations have been increasing in China, affecting the atmospheric
oxidative capacity and resulting in photochemical smog (Sun et al.,
2020; Lietal., 2021; Zhang et al., 2019). Therefore, an investigation into
variation characteristics is greatly needed, to distinguish the sources of
HCHO and better understand O3-NO-VOC sensitivity to improve air
quality.

Previous studies have used satellite measurements to estimate HCHO
concentrations in different regions. For example, Bai et al. (2018) found

* Corresponding authors at: School of Environmental Science, Liaoning University, Shenyang 110036, China. Key Laboratory of Wetland Ecology and Environment
Research in Cold Regions of Heilongjiang Province, Harbin University, 150086, China (N. Bu). Key Lab of Environmental Optics & Technology, Anhui Institute of
Optics and Fine Mechanics, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei, 230031, China (C. Xing).

E-mail addresses: bunaishun@Inu.edu.cn (N. Bu), xingcz@aiofm.ac.cn (C. Xing).

https://doi.org/10.1016/j.envint.2021.107048

Received 14 August 2021; Received in revised form 11 December 2021; Accepted 13 December 2021

Available online 24 December 2021
0160-4120/© 2021 The Authors. Published by Elsevier Ltd.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

This is an open access article under the CC BY-NC-ND license


mailto:bunaishun@lnu.edu.cn
mailto:xingcz@aiofm.ac.cn
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2021.107048
https://doi.org/10.1016/j.envint.2021.107048
https://doi.org/10.1016/j.envint.2021.107048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2021.107048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Xue et al.

that HCHO concentrations in agricultural and urban conditions were
121% and 125% higher than in background regions (anthropogenic VOC
emissions were controlled) during 2005-2015, according to the Ozone
Monitoring Instrument (OMI). Fan et al. (2021) also found that the
human-induced sources of HCHO were higher compared to natural
sources in urban areas, according to OMI measurements obtained be-
tween 2009 and 2018. Furthermore, biological contributions of HCHO
emissions on Og formation exceeded anthropogenic sources in Shanghai
during ozone pollution in 2013-2017, as observed by the Global Ozone
Monitoring Experiment-2 (GOME-2) (Xu et al., 2021). Su et al. (2019)
also reported that the averaged contributions of primary HCHO reached
about 50.5% total HCHO concentrations at an industrial station in
Nanjing, according to Ozone Mapping and Profiler Suite (OMPS) ob-
servations from 2015 to 2017. Unfortunately, satellite have low near-
surface sensitivity and a coarse temporal resolution (Bilal et al.,
2021b), which disqualifies them from HCHO diurnal cycles studies.
Although in situ measurements have a higher temporal resolution and
observation accuracy (Wang et al., 2019; Chen et al., 2014), they are
usually limited to one location and lack vertical observation capabilities
(Lui et al., 2017; Yang et al., 2019; Wang et al., 2010). Recently, a
ground-based passive remote sensing technique was presented, with a
high spatio-temporal resolution. This system, based upon multi-axis
differential optical absorption spectroscopy (MAX-DOAS), can simulta-
neously measure multiple trace gases and analyze their chemical process
(Khan et al., 2018). As a result, it provides a promising strategy to
accurately investigate the photochemistry of HCHO and determining its
contributions to O3 formation (Xing et al., 2021; Benavent et al., 2019).
In addition, the total HCHO to nitrogen dioxide (NO3) ratio in the
atmosphere (HCHOy,/NO>) serves as an indicator of O3-NOx-VOC sen-
sitivities, assuming that HCHO concentrations serve as proxies for VOC
reactivity (Chi et al., 2018; Xing et al., 2017; Xu et al., 2021; Souri et al.,
2020). Thus, HCHO sources are usually divided into primary emissions
and secondary formations (Lui et al., 2017; Ho et al., 2012). Secondary
HCHO is mainly formed through VOCs oxidation (i.e. isoprene) (Liu
et al., 2018; Baek et al., 2014), and is positively correlated with peroxy
radicals (RO3) (Su et al., 2019; Chi et al., 2018). As a result, secondary
HCHO is a reasonable agent to determine total VOC reactivity and
precisely analyze the O3-NOx-VOC sensitivities. Therefore, wu can use
the ratio of secondary HCHO and NO, (HCHOs../NO>) to calculate O3
sensitivity and avoid the Os sensitivity unreally inclining to NOy-limited
conditions and further misleading the air quality management.
Numerous Os sensitivity observations are available for HCHO/NO,
based on satellite and ground data (Akshansha and Ramesh 2021; Hong
et al. 2021; Souri et al. 2020; Wang et al. 2021; Jin et al. 2020). For
example, Ryan et al. (2018) that reported the vast majority of high O3
production episodes occurred under NOy-limited conditions in Mel-
bourne, Australia. Sakamoto et al. (2019) also showed that O3 produc-
tion was more sensitive to VOCs in the morning and evening, and it
became more sensitive to NOy during the afternoon in Tsukuba, Japan.
Wang et al. (2016) revealed that in most urban and industrial regions in
the eastern half of China, ozone production was limited by the VOCs.
However, if primary HCHO had a relatively high contribution (>50%),
then the corresponding HCHO/NO; would be overestimated, and some
of the VOC-limited conditions would be misdiagnosed as NOy-limited
conditions (Liu et al. 2021). Thus, secondary HCHO may be more suit-
able for precisely analyzing O3-NO4-VOC sensitivity. VOCs from plants
(i.e., isoprene) contribute significantly to secondary HCHO (Mahilang
et al. 2021; Sindelarova et al. 2021), especially in high latitudes cities
with long hours of sunshine and active photochemistry processes during
the summer (Li et al., 2020a,b). These climate characteristics will
aggravate VOCs from plant emissions, promoting HCHO and O3 (Gao
et al., 2020; Chen et al., 2018; Zhao et al., 2019). The highest hourly O3
maximum values (exceeding 120 ppb) were found in southeastern
France and north-western Italy during summer (Sicard et al., 2013). In
Turin, which has some of the worst air quality in Europe, the limit values
for O3 were exceeded for 61 days in 2019 (Sicard et al., 2020).
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Therefore, it is of great significance to study Ogs sensitivity based on
secondary HCHO, especially during different seasons in high latitudes
cities, which possess unique climate characteristics.

Most VOCs produce HCHO through photolysis (Liu et al. 2017; Xing
et al. 2020). Therefore, secondary HCHO is a more appropriate tracer to
assess VOC activity (Liu et al. 2021; Su et al, 2019), and as a result,
secondary HCHO may be more suitable for precisely analyzing O3-NOy-
VOC sensitivities. In this study, we analyzed tropospheric HCHO sources
from MAX-DOAS measurements. Section 2 provides detailed de-
scriptions of the measurement instruments, data retrieval process, and
the multiple linear regression models. Sections 3.1 and 3.2 present the
temporal characteristics of the HCHO VCDs, which were compared with
the ozone monitoring instrument (OMI) satellite observations. Sections
4.1 and 4.2 describe the contributions of primary emissions and sec-
ondary formations for HCHO VCDs, as well as O3 formation sensitivity
based on NO; and secondary HCHO data. Finally, the conclusions are
presented in Section 5.

2. Measurements and methodology
2.1. Experimental setup

The MAX-DOAS instrument (2D-Envimes, Airyx, Heidelberg, Ger-
many) was installed on the garret floor of the Huixing building in
Liaoning University (41.23°N, 123.41°E) (Fig. 1), to provied continuous
HCHO measurements from January to November 2019. The MAX-DOAS
system composed of a telescope, two spectrometers, and a computer.
The telescope and two spectrometers were stabilized at 20 °C, and the
computer served as the control terminal. Scattered sunlight was
collected by telescope and then guided into spectrometers through a
prism reflector and quartz fiber. The telescope field of view was less than
0.3°, and the two spectrometers (Acton Spectrapro 300i Czerny-Turner
optical spectrometer) were outfitted with a charge-coupled device de-
tector camera (model DU 440-BU). The camera used 2048 pixels to
measure the spectra in ultraviolet (UV) (300-460 nm) and visible
(400-560 nm) wavelength ranges. The two spectrometers had a full-
width half-maximum (FWHM) of 0.6 nm.

The full MAX-DOAS scan was divided into 11 elevation angles
including 1, 2, 3, 4, 5, 6, 8, 10, 15, 30, and 90" (Xing et al., 2020). The
exposure times for each measurement were automatically adjusted
depending on the intensity of the received scattered sunlight, to ensure
similar intensities for the measurements obtained at all elevations. In
this study, the exposure time was denoted by the integration time, where
the integration time = single exposure time scan number. Therefore, it
did not result in saturation in the zenith direction and provided suffi-
cient sensitivities in the off-axis directions. Each night, the instrument
was set to collect dark current and offset spectra, which were subtracted
from the measured spectra during the day.

We utilized the spectrometer in the UV range, where the spectrum
measured at 90° was the reference spectrum for each sequence, to
remove the effects of absorption in the stratosphere (Sinreich et al.,
2005).

2.2. Spectral analysis

In this study, we utilized QDOAS spectral fitting software, which was
developed by BIRA-IASB (http://uv-vis.aeronomie.be/software
/QDOAS/, last access: 10 December 2019) to analyze the spectra
measured by MAX-DOAS (Zara et al., 2018; Constantin et al., 2017;
Michel et al., 2018; Hong et al., 2018; Xing et al., 2017). The fitted DOAS
results consisted of differential slant column densities (DSCDs) of HCHO,
which were calculated by subtracting the zenith reference spectra from
the off-zenith spectra. Table 1 provides the detailed settings for the
HCHO analysis, and an example DOAS spectral fitting of HCHO is shown
in Fig. 2.

DSCDs with RMS values greater than 0.0025 (Javed et al., 2019) and


http://uv%e2%80%93vis.aeronomie.be/software/QDOAS/
http://uv%e2%80%93vis.aeronomie.be/software/QDOAS/
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Fig. 1. Location of Shenyang.

Table 1
The DOAS retrieval settings for HCHO.

Parameter Date source

NO, 298 K, Io* correction (SCD of 107 molecules/cm?);
Vandaele, Hermans et al. (1998)

05 223 K, Io* correction (SCD of 102° molecules/cm?);
Serdyuchenko et al. (2014)

03 243 K, Io* correction (SCD of 102° molecules/cm?);
pre-orthogonalized; Serdyuchenko et al. (2014)

O4 293 K; Thalman and Volkamer (2013)

BrO 223 K; Fleischmann et al. (2004)

HCHO 297 K; Meller and Moortgat (2000)

Ring Calculated with QDOAS

Wavelength range 336.5-359 nm

Polynomial degree Order5

Intensity offset Constant

“ Solar Ip correction; Aliwell, Roozendael et al. (2002).

a solar zenith angle (SZA) larger than 80° were removed from the study
(Xing et al., 2019).

The SCD was converted into a vertical column density (VCD) through
the air mass factor (AMF) (Solomon and Schmeltekopf 1987), since the
measured SCD depends on the absorption path in the atmosphere. Thus,
AMF could be approximately calculated using the geometric method
(AMFgeo) (Tack et al., 2021; Zara et al., 2021; Honninger and Platt,
2002; Brinksma and Pinardi, 2008). Enhanced HCHO VCD retrievals
were achieved using a more sophisticated AMF calculation, utilizing the
Radiative transfer models (AMFrtm) (Wang et al, 2017b; Wagner et al.,
2004; Gielen et al. 2014). AMFrtm could be approximated by AMFgeo,
but only at altitudes between 2 and 4 km and SZA < 50° (Lamsal et al.
2017). Observations at low elevation angles could also result in large
deviations from true tropospheric AMF and large errors could occur in
the presence of high aerosol loads, even at high elevation angles
(Brinksma and Pinardi, 2008; Bilal et al., 2017b; Bilal et al., 2019b).
Therefore, using AMFgeo to convert SCD to VCD (VCDgeo) rather than
AMFrtm (VCDrtm) greatly simplifies the retrieval approach and

z DSCD = 8.83 x 10'” molec cm™
§ 0.06 RMS =4.22 x 10™
o) L
S 0.02}
2, i
o
= -0.02F
=
: i
fqa -0.06
&
320 330 340 350 360

Wavelength (nm)

Fig. 2. Example of DOAS fitting results for HCHO; where the red and black
curves indicate the fitted absorption structures and the derived absorption
structures from the measured spectra, respectively, and spectra with an eleva-
tion angle of 8° and a SZA of 54.35° were selected. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

improves data quality, as the AMF conversion will be independent of
some of the model parameter inputs (Lamsal et al., 2017). Halla et al.
(2011) showed a high correlation between VCDgeo and VCDrtm R? =
0.97), where VCDgeo was 8-12% lower than VCDrtm, assuming scaling
error. In addition, Ibrahim et al. (2010) reported a geometric approxi-
mation method using AMF = 1/sin (), where o is the elevation angle of
MAX-DOAS. Thus, the tropospheric VCD (VCDryp) Was represented by:

DSCD,,
Si: P 'e))

VCD1rop =
In this study, we selected a 30° elevation angle to calculate the
tropospheric HCHO VCDs. We then calculated the color index (CI),
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which was defined as the ratio of spectral intensities at 330 nm to 390
nm, to remove the cloud effects (Wagner et al., 2016). Subsequently, we
filtered out data when the CI was less than 10% (Ryan et al., 2018), and
the profiles for aerosol and trace gases were filtered out when the degree
of freedom (DFS) was less than 1.0 and the retrieved relative errors were
larger than 100% (Xing et al., 2021).

2.3. A multiple linear regression model

Carbon monoxide (CO) can be used as a tracer of primary HCHO
(Friedfeld et al., 2002; Garcia et al., 2006) and odd oxygen Oy (Ox = Og
+ NOg) can be used as an indicator of secondary HCHO (Wood et al.,
2010), to distinguish the ground-surface HCHO sources. Thus, a multiple
linear regression model was used to quantify the sources of HCHO ac-
cording to the following equation:

[HCHO] = fy+ 5, [CO] + B, (0], 2

where f, 1, and 3 are model fitting coefficients, f is the background
level of HCHO, which cannot be divided into primary or secondary
contributions, and [HCHO], [CO], and [O] represent the concentrations
(in ppbv) of HCHO, CO, and Oy, respectively. The relative contributions
of primary emissions, secondary formation, and background levels of
HCHO to the ambient HCHO were calculated by the following equations:

Ai(CO]
Pimars = 1
pinary = THCHO x 100%, 3
£,10,]
P, econdary — 1 )
secondars = THCHO] 00% “
ﬂ(l
Ppackgrouna = 100677
Backgrownd = Tepo] <0 ®)

where Pprimary, Psecondary> and Ppackground Tepresent the contributions of
primary emission, secondary formation, and background level to the
total HCHO, respectively.

HCHO DSCDs was converted to ground surface HCHO mixing ratios
(ppbv) using a simplified formula (Lee et al., 2008). Most studies have
shown that atmospheric HCHO is mainly concentrated below 1 km in
China (Li et al., 2013; Wang et al., 2017b; Chan et al., 2019). Therefore,
the HCHO mixing ratios was calculated by:

_1.25 x DSCD(moleculesc/cm®)

M(ppbv) = B x Ap(atm) ®)

where M represents the HCHO mixing ratio, B (2.688 x 10'%) is the unit
conversion factor of DU to molecules /cmz, DSCD denotes the HCHO
VCDs in the tropospheric, and /\p is the pressure difference between the
surface and at 1 km (Ziemke et al., 2001).

2.4. Ancillary data

The level-3 monthly gridded enhanced vegetation index (EVI) data
were derived from MODIS (https://giovanni.gsfc.nasa.gov/giovanni/,
last access: 22 August 2020) with spatial resolution of 0.05° x 0.05°
(Bilal et al., 2019a,b,c; 2017a,b). The pressure data was collected from
Taoxian Airport (http://www.wunderground.com, last access: 18
August 2020) with a temporal resolution of 30 min, which was about
22.6 km away from our monitoring site. The CO, NO,, and O3 concen-
trations were obtained from one of the China National Environmental
Monitoring Center (CNEMC) network stations, Lingdongjie monitoring
station (41.84°N, 123.42°E) (http://www.cnemc.cn/, last access: 22
August 2020), which is about 1.5 km away from our monitoring site.

The OMI level-3 gridded HCHO product was derived from the NASA
Goddard Earth Sciences Data and Information Services Center (GES-
DISC) (https://disc.gsfc.nasa.gov/, last access: 18. Apr. 2020) with a
spatial resolution of 13 x 24 km? (Boersma et al., 2011; Mhawish et al.,
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2021; Bilal et al., 2019a). The gridded OMI VCDs within 15 km of the
measurement site (approximately averaged OMI pixel size) were aver-
aged according to the monthly values. The overpass time of the OMI
satellite over the Shenyang region was around 13:30 local time, and
effective cloud fractions (CFs) and cloud top heights (CTHs) were taken
from Tropospheric Emission Monitoring Internet Service (TEMIS) for
OMI retrieval. CF values greater than 30% were excluded from the
comparison.

3. Results
3.1. Overview of tropospheric HCHO

The ambient HCHO VCDs remained fluctuating within 15% around
1.00 x 10'® molec/cm? from January to April, and the HCHO VCDs
increased twice, from April (9.2 x 10" molec/cm?) to August (19.01 x
10'® molec/cm?) (Fig. 3a). This was possibly related to BVOCs oxida-
tion, which produced HCHO when exposed to bright light, as the BVOC
emission at the planetary level is 1150 Tg C/year (Calfapietra et al.,
2013). BVOC emissions in China were 58.89 Tg in 2018, including 37.45
Tg isoprene. BVOC emissions increased between 2008 and 2018 at an
annual rate of 2.03% (Li et al., 2020b) reaching the maximum level in
August in northern China (Chen et al., 2020). The HCHO VCDs suddenly
dropped from 19.01 x 10'® molec/cm? in August to 10.11 x 10'°
molec/cm? in September, and this phenomenon was attributed to the
decrease in isoprene emissions in early September (Ding et al., 2016a;
Ding et al., 2016b; Chen et al., 2020).

In this study, the seasons were defined as spring (March, April, May),
summer (June, July, August), autumn (September, October, November),
and winter (January, February). The diurnal HCHO VCDs varied in 8.8
x 10'°-11.7 x 10%°,9.13 x 10'°-11.3 x 10'°, and 8.21 x 10'°-10.1 x
10'% molec/cmz, for winter, spring, and autumn, respectively (Fig. 3b).
In summer, the HCHO concentrations increased from 08:00 (1.18 x 10
molec/cmz) and peaked at 13:00 (2.08 x 1016 molec/cmz). Vehicle
emissions are a significant source of HCHO during early morning rush
hour (Li et al., 2014; Fan et al., 2021). The higher temperature and
stronger solar radiation intensity at noontime increased the release of
isoprene from plants (Jiang et al., 2019; Chen et al., 2020) and promoted
the photo-oxidation of VOCs to produce HCHO (Li et al., 2020a,b).

3.2. Comparison with OMI HCHO data

The HCHO VCDs extracted from the MAX-DOAS measurements were
compared with the OMI observations. For better comparison, the MAX-
DOAS data were averaged from 12:00 to 14:00, around the time of the
OMI satellite overpass (Cheng et al., 2019), and we found a good cor-
relation with R of 0.764 between the MAX-DOAS HCHO VCDs and OMI
HCHO VCDs (Fig. 4). However, OMI observations were on averaged 40%
lower than MAX-DOAS measurements. These differences were attrib-
uted to the averaging effect of the OMI observations with large pixels,
including the neighboring clean areas (Hong et al., 2018), as well as the
aerosol shielding effect and coverage effect of clouds (Javed et al.,
2019).

4. Discussion
4.1. Estimation sources of HCHO

The concentration of ambient HCHO depends on the primary emis-
sions and the photo-oxidation of VOCs (Fan et al., 2021; Taguchi et al.,
2021; Li et al., 2014). However, the quantitative evaluation of HCHO
sources is usually incomplete. In this study, found the secondary HCHO
accounted for 82.62%, 83.90%, 78.90% and 41.53 % of the emissions in
winter, spring, summer and autumn, respectively. Secondary HCHO in
spring (3.58 ppbv) and summer (6.30 ppbv) was significantly higher
than in winter (2.96 ppbv) and autumn (1.53 ppbv). Furthermore, the


https://giovanni.gsfc.nasa.gov/giovanni/
http://www.wunderground.com
http://www.cnemc.cn/
https://disc.gsfc.nasa.gov/
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Fig. 3. (a) Monthly variations for tropospheric HCHO VCDs, (b) diurnal cycles of tropospheric HCHO VCDs, averaged for different seasons from January to
November 2019. Note that the error bars indicate the fit coefficient error.
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Fig. 4. Comparison of tropospheric MAX-DOAS HCHO VCDs and OMI HCHO VCDs. (a) time series of monthly averaged MAX-DOAS and OMI HCHO VCDs, and (b)
the linear regression of the HCHO VCDs measured by MAX-DOAS and OMI.

enhanced vegetation index (EVI) was highly sensitive to vegetation 2011) (Tables 2S-4S). However, Ma et al. (2019) obtained different

growth, and resistant to the effects of dark soils and atmospheric noise results, showing that primary emission (i.e. Vehicle exhaust) was the
(Nepita-Villanueva et al., 2019; Sun et al., 2021). Therefore, we used EVI main source of HCHO in August and September in Shenyang. This dif-
as an indicator of this BVOC trend and we found the monthly averaged ference was attributed to the rapid development of industrialization and
HCHO VCDs and EVI (Fig. 5) showed a significant correlation (R = urbanization, which affected the precursors of HCHO. According to Shen
0.78). That indicates the photo-oxidation of BVOCs strongly contributed Yang Statistics Bureau of China in 2019, the number of chemical in-
to ambient HCHO in Shenyang. Deciduous trees such as Populus alba x dustry plants and the use of natural gas increased by about 14% and 69%
Populus berolinensis, Salix babylonica, Syringa oblata, and Ligustrum from 2017 to 2019, respectively. The increase in industry and natural
obtusifolium, mainly emitted isoprene, and their emission rates were gas contributed to the increase in VOC emissions (Khan et al., 2018),
97.33,17.71, 3.78, 0.13 pg-(g-h) ! in Shenyang, respectively (Shi et al., promoting the formation of secondary HCHO. As shown in Fig. 6b,
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Fig. 5. Comparison of monthly averaged HCHO VCDs measured by MAX-DOAS and EVI data. (a) Time series of HCHO VCDs and EVI data. (b) Scatter plots for the
HCHO VCDs and EVI data.
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Fig. 6. The time series of the absolute (a) and relative (b) contributions of
primary, secondary and background sources for ambient HCHO concentrations
from January to November 2019 in Shenyang.

primary HCHO was relatively stable at a mean value of 0.41 ppbv,
indicating anthropogenic emissions (i.e. wintertime coal combustion for
heating) was an inconspicuous seasonal variation in Shenyang. The
background levels of HCHO also significantly contribution (43.47%) to
ambient HCHO levels during autumn, which was possibly regulation
with CHy4 (Taguchi et al., 2021). CH4 can be directly oxidized into HCHO
and transported over long distance due to its long lifespan (Khan et al.,
2018; Yang et al., 2019).

In this study, the contributions of secondary HCHO reached their
maximum value between 12:00 and 14:00 in the summer. We defined
this type of diurnal modality as a single peak type, as it created U-shape.
The same HCHO variations during the day were also discovered in
Houston-Galveston Airshed (Rappengluck et al., 2010), as well as
Mexico (Lei et al., 2008), Shenzhen (Wang et al., 2017a) and Toyama
(Taguchi et al., 2021). Table 2 shows detailed information regarding the
sources and diurnal variations of HCHO in cities worldwide. The relative
contributions of summertime secondary HCHO in Shenyang were within
the range of the contributions of secondary HCHO in above cities.
However, wintertime secondary HCHO in Shenyang was higher than in
the previously mentioned cities.

4.2. 03-NO,-VOC sensitivities

Su et al. (2019) reported the total HCHO can be used as an indicator
of VOC reactivity and used to analyze Og sensitivity, as secondary HCHO
is the dominant source of HCHO. In this study, we used HCHOy,t/NO3
and HCHOqg../NO5 to determine the sensitive types of O3 formation type
to illustrate how only using secondary HCHO can improve the accuracy
of the calculated O3 sensitivities. The sensitivities of O3-NOx-VOC were
divided into the following three types: VOC-limited, VOC-NOy-limited
and NOy-limited conditions (Gao et al., 2017). HCHO/NO> ratio <1
represents the production of O3 reduction with diminishing level of
VOCs (VOCs-limited), and HCHO/NO, ratio >2 represents NOy-limited.
When 1 < HCHO/NO, ratio <2 characterizes a transition (VOC-NOy-
limited) regime where the momentary production of O3 was affected by
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Table 2
Overview of diurnal variations and sources of HCHO in cities worldwide.

Measurement Main source Diurnal variation
Date type (8:00-16:00)

Reference Location

Yang et al., Wuhan 2017

2019

Primary u-shaped
(winter:
73%)
Secondary
(summer:
67%)

Inverted u-shaped

Wang et al., Shenzhen 2016

2017a

Secondary Inverted u-shaped
(winter:

82%)

(spring:

80%)

(summer:

91%)

(autumn:

91%)

Lietal, 2014 Ziyang 2012 Primary
5 Dec. to 31 (winter:

Dec. 60%)

u-shaped

Lin et al., New York 2009

2012

Secondary Inverted u-shaped
15 Jul. to 3 (summer:
Aug. 70%)

Lietal, 2010  Beijing 2008 Primary
3 Jul. (summer:

76%)

u-shaped

Pang and Mu,
2006

Beijing 2005 Secondary Inverted u-shaped
(spring:

71%)

(summer:

78%)

(autumn:

73%)

Garcia et al., Mexico 2003

2006

Secondary Inverted u-shaped

4 Apr. to 5 May (spring:
58%)

Possanzini Rome 1994-1997

et al., 2002

Secondary Inverted u-shaped
(summer:
80-90%)
Primary
(winter:
65-70%)

u-shaped

This work Shenyang 2019 Secondary -
26 Jan. to 23 (winter: -
Nov. 83%)
(summer:
79%)
(spring: -
84%)
(autumn: -
42%)

Inverted u-shaped

both VOCs and NOx emissions (Duncan et al., 2010; Liu et al., 2017).
Subsequently, we found a 12% difference in calculated Os sensitivity
between using HCHO/NOy and HCHOg/NOy in the summer
(Table 3). This suggests that the influence of primary HCHO on total
HCHO cannot be ignored, although the secondary HCHO accounted for
78.9% of total HCHO.

O3 concentrations in spring and summer were significantly higher
than in winter and autumn (Fig. 7), which is consistent with the HCHO
concentration results (Fig. 3). Furthermore, O3 sensitivities in spring and
summer alternately occurred with VOC-NOy-limited and VOC-limited,
and they were NOx-limited in winter and autumn (Fig. 7). Gao et al.
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Table 3

O3 sensitivity types calculated using the HCHO,,,/NO» and HCHOg./NO, ratios.
Season Spring Summer Autumn Winter Annual
HCHO/NO, HCHOo HCHOjgec HCHO\o HCHO4ec HCHO\o¢ HCHO4e. HCHO,o HCHOqec HCHO,o HCHO4ec
VOC-limited 93.34% 96.67% 70.74% 82.94% 99.09% 100.00% 100.00% 100.00% 88.61% 93.67%
VOC-NOy-limited 6.51% 3.33% 27.59% 16.72% 0.91% 0.00% 0.00% 0.00% 10.83% 6.23%
NOy-limited 0.15% 0.00% 1.67% 0.33% 0.00% 0.00% 0.00% 0.00% 0.56% 0.11%
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Fig. 7. Variations in HCHO4../NO5 and O3 between 08:00 and 16:00 from January to November 2019 (time as color information), where the column and curves

indicate the HCHO;./NO; and O3 concentrations, respectively.

(2020) also reported the surface O3-NOx-VOC sensitivity consisted of
VOC-limited during spring, autumn and winter, while it was VOC-NOx-
limited during summertime in Liaoning, according to the HCHO¢,;/NO2
ratio. In this study, the hourly Os sensitivity production for VOC-limited,
VOC-NOy-limited and NOy-limited conditions accounted for 93.67%,
6.23%, 0.11%, respectively. Thus, Os sensitivity during the summer
generally showed a diurnal shift from the VOC-limited in the morning to
the VOC-NOy-limited in the afternoon. We also found the concentration
of O3 increase 20% between 12:00 and 13:00, and Os sensitivity
correspondingly changed from VOC-limited to VOC-NOy-limited
(Fig. 7). Thesediurnal variation indicated that the identification of Os
sensitivity regimes with high time resolution is needed to precisely
control Og pollution.

China’s government has issued a series of regulations and strategies
to mitigate the high levels of air pollution. For example, the State
Council of China issued the Air Pollution Prevention Action Plan (Huang
etal., 2018; Li et al., 2020a) and the Win the Blue Sky Three-Year Action
Plan in 2013 and 2018, which focused on reducing PM 5 concentrations
(Wang 2021; Guo et al., 2020). Following these continuous emission
control efforts, the annual mean PM, 5 concentrations in 31 provincial
capital cities reduced from 74 mg/m? to 39 mg/m® between 2013 and
2018 (http://english.mee.gov.cn/). Moreover, the annual average con-
centrations of PMjg, SO3, NO3, and CO decreased by 27.8%, 54.1%,
9.7%, and 28.2% in 74 key cities, respectively; however, O3 showed a
fluctuating 20.4% increase (Li et al., 2020a; Feng et al., 2019). There-
fore, the amount of O3 produced was strongly dependent on the ratio of
VOCs and NOy (Calfapietra et al., 2013). However, previous control
strategies for O3 have only focused on legislation-enforced control of
NOy emissions (Xu et al., 2021), and ignored the fact that higher O3

concentrations still occur in VOC-limited regions (Nichol et al., 2020).
Therefore, this study may serve as a guide for government agencies
regarding the control policies of O3 pollution based on HCHOsec/NOy,
and perhaps avoid some of the VOC-limited conditions that can be
misdiagnosed as NOy-limited conditions when using HCHO4y/NO>.

5. Conclusions

The primary emissions of HCHO were relatively stable due to un-
noticeable seasonal anthropogenic emissions, and photo-oxidation of
BVOCs was an important source of HCHO. Therefore, the HCHOge./NO>
ratio can be used as a reference value to infer O3-VOC-NOy sensitivities.
We found that the VOC-limited regime was 93.67% from 8:00 to 16:00
during the study period. The sensitivities of O3-VOC-NOx in the summer
typically showed a diurnal shift from VOC-limited in the morning to
VOC-NOx-limited in the afternoon. These results showed that the gov-
ernment needs to control the precursor emissions of Os differently
during different periods, according to the HCHOs../NO> ratio, to control
the formation of Os.

O3 concentrations have increased significantly worldwide, and O3
that is formed in cities is carried downwind to non-urban areas through
long-range transport (Paoletti et al., 2014). Therefore, it is necessary to
use accurate tracer gases when calculating O3 sensitivities and the re-
sults from this study can serve as a reference for future regional-scale
collaborations on air quality management.
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