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Abstract: Rfn (formaldehyde/nitrogen dioxide) is a common indicator based on satellite observa-
tions used to classify ozone formation sensitivity. However, it may underestimate anthropogenic
volatile organic compounds (VOCs) in heavily polluted cities when only formaldehyde (HCHO)
is used in Rfn to measure VOCs, since it is mainly derived from natural sources worldwide. In
this study, we used multiaxis differential optical absorption spectroscopy to acquire tropospheric
observations of nitrogen dioxide (NO;), HCHO and glyoxal (CHOCHO) in Beijing from 1 April 2019
to 31 March 2020. Combined with VOCs detected simultaneously by gas chromatography—mass
spectrometry and proton transfer reaction—-time-of-flight/mass spectrometry near the ground, we
evaluated the representativeness of HCHO column densities on total VOCs (TVOC) in equivalent
propylene concentrations, which is called reactivity. The results showed that there were significant
seasonal differences in the response of HCHO to TVOC reactivity, with fitting slopes of 2.3 (spring),
2.6 (summer), 2.9 (autumn) and 1.0 (winter) in the four seasons, respectively. Since CHOCHO can
be used to partly characterize the contribution of anthropogenic VOC emissions and demonstrated
a better response to TVOC reactivity in winter, with fitting slopes of 0.2 (spring), 0.2 (summer),
0.2 (autumn) and 0.5 (winter) in the four seasons, respectively, we introduced CHOCHO to construct
a new indicator (HCHO + 6 x CHOCHO). The fitting slopes of the four seasons were more similar,
being 3.2 (spring), 3.6 (summer), 4.0 (autumn) and 4.0 (winter). The ratio of the new indicator to
NOy, Rmn (HCHO + 6 x CHOCHO)/NO,), was used to reclassify the ozone formation sensitivity
of urban areas in North China, revealing that it is a transition regime before 1300 LST (LST = UST + 8)
and an NOx-limited regime afterwards. Rmn improved the sensitivity from the VOC-limited regime
to the NOx-limited regime, enhancing the sensitivity of NOx and providing new robust support for
ozone pollution prevention and control.

Keywords: ozone formation sensitivity; satellite; MAX-DOAS; HCHO; glyoxal; remote sensing

1. Introduction

Since the implementation of the State Council’s Air Pollution Prevention and Control
Action Plan in 2013, particulate pollution has been significantly improved in China [1].
However, the ozone level remains high, with the volume mixing ratio (VMR) concentration
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increasing from 64 to 79 ppb between 2013 and 2017 [1]. Ozone is associated with adverse
health effects, including effects on respiratory and cardiovascular systems. It can also
aggravate lung diseases and trigger asthma [2]. Therefore, controlling ozone pollution is
an urgent matter. Since ozone has two precursors, volatile organic compounds (VOCs) and
nitric oxide (NOX), it is necessary to determine which precursor it is more sensitive to [3].
In summary, the key to ozone reduction is the estimation of ozone formation sensitivity.

Recently, several methods have been adopted to determine ozone formation sensitivity.
Through the indicator method [4], observation-based model [5], WRF-CMAQ model [6],
and other methods, urban cities have been found to be sensitive to VOCs (i.e., VOC-limited),
while rural areas were found to be sensitive to NOx (i.e., NOx-limited). Urban cities were
found to be VOC-limited or in a transition regime (sensitive to both VOCs and NOx) in
the morning and NOx-limited in the afternoon. However, these methods are only based
on single-point measurement, and have not been studied when performed over a wide
range, globally. Martin et al. [7] developed the ozone formation sensitivity indicator,
which consists of a ratio of HCHO to nitrogen dioxide (NO,), called Rfn (HCHO/NO,),
determined on the basis of satellite observations, which can produce global results over
long time periods with stronger spatial representation and wider time spans. Subsequently,
Ducan et al. [8] identified the following threshold: when Rfn < 1, it is VOC-limited; when
1 < Rfn < 2, it corresponds to the transition regime; and when Rfn > 2, it is NOx-limited.
According to Rfn determined on the basis of satellite data, China is overall VOC-limited;
more specifically, urban cities are mostly VOC-limited, while rural and remote areas are
NOx-limited [9]. However, when considering of the vigorous NOx emission reductions,
megacities, such as Beijing, Shanghai and Guangzhou, have shown an increasing NOx
sensitivity in recent years [10-14].

Nevertheless, VOCs have different sources in different areas [13]. Studies have found
that HCHO mainly comes from natural sources, among which isoprene oxidation accounts
for the largest contribution, reaching 50% in strong source areas [15,16]. Moreover, changes
in biogenic emissions have a strong driving effect on the seasonal regulation of HCHO [17].
Photolysis of alkenes yields HCHO at the fastest rate, while aromatics and alkanes yield
HCHO at a lower rate [18]. In populated and industrialized areas, the anthropogenic source
of VOCs contributes only 7% to HCHO, though they are significant [19]. In addition, the
assumption that HCHO can represent VOCs may not apply to situations with high VOC
levels [20]. Consequently, HCHO is not able to completely represent total VOCs (TVOC);
in other words, it may underestimate contributions of anthropogenic VOCs (AVOCs) and
thereby influence ozone reduction policies when using Rfn to ascertain ozone formation
sensitivity. Instead, Liu et al. [21] reported that glyoxal (CHOCHO) is more suitable for
characterizing TVOC than HCHO. Urban and suburban CHOCHO are primarily derived
from the degradation of aromatics [22,23]. The amount of CHOCHO produced by isoprene
oxidation is much less than that produced by oxidation of AVOCs such as aromatics [24].
Given the above, CHOCHO is a better indication of AVOCs than HCHO [25-27].

To address this limitation, our work utilized near-ground VOC data to evaluate the
representative ability of HCHO to TVOC and then added CHOCHO to characterize AVOC
emissions based on HCHO. We constructed a new indicator to differentiate ozone formation
sensitivity, and further assessed the importance of the new indicator for distinguishing
ozone formation sensitivity.

2. Materials and Methods
2.1. Sites

The ground observation was performed at the Tower branch of the Institute of Atmo-
spheric Physics, Chinese Academy of Sciences, Beijing. The ground-based remote sensing
apparatus was located on the roof of the Academy of Meteorology, Chinese Academy of
Sciences, Beijing. Both stations are in the urban area of Beijing, where traffic is the main
emission source. Moreover, the distance between the stations is approximately 9 km.
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2.2. Ground Observation

In this work, we used two in situ observation methods to observe VOCs: gas
chromatography—mass spectrometry (GC—MS, Model SE2010, Shimadzu, Kyoto, Japan)
and proton transfer reaction—time-of-flight/mass spectrometry (PTR-TOF/MS, Model
TOF4000, IONICON, Innsbruck, Austria). Because VOCs are evenly distributed in the
boundary layer [28-30], ground VOCs can be used to substitute for space VOCs in related
research. According to Method TO-15, as described by the American Environmental
Protection Agency, we employed GC—MS to observe several ozone precursors speci-
fied at the Photochemical Assessment Monitoring Stations (PAMS, species presented in
Table S1), among which dodecane and acetylene were not involved in the calculation
due to the serious lack of data for the former and the lack of a constant rate with OH
radicals for the latter. Alternatively, oxygenated VOCs (OVOCs), as a considerable subset
of VOCs, play a vital role in the function of radicals, and are thus inevitably sensitive to
atmospheric oxidation capacity [31]. As a result, OVOCs also need to be included in VOCs
for further study. While GC—MS is deficient for the measurement of OVOCs due to its
low separation efficiency and accuracy of measurement [32], PTR-TOF/MS presents more
advantages for the measurement of OVOCs as a result of its high temporal resolution and
soft ionization, facilitating a reduction in the underestimation of environmental OVOC
levels and resulting in accurate detection [33]. As a result, we employed PTR-TOF/MS
to observe OVOCs in this work. Furthermore, the dominant components of OVOCs are
HCHO, acetaldehyde and acetone, which account for nearly 90% [34,35]. Even so, acetone
contributes less to ozone formation [36], in contrast to other OVOCs. Consequently, in
this work, only HCHO and acetaldehyde measured by PTR-TOF/MS are considered to be
representative of OVOCs. In general, in this work, 57 different kinds of VOC are regarded
as constituting TVOCs, including 55 kinds of VOC measured using GC—MS and two
OVOCs measured using PTR-TOF/MS, in order to conduct the subsequent research. A
supplementary introduction to methods of GC-MS and PTR-TOF/MS are presented in
Text S1. In addition, an in situ instrument called the NO-NO,-NOx analyzer (Model 42i,
Thermo, Waltham, MA, USA) was used to acquire NO; levels. For a further description
of above instruments, see Yao et al. [37] and Yuan et al. [38]. Finally, the amount of data
analyzed in this work amounted to 1587 corresponding to TVOCs from April 2019 to
January 2020, 2855 corresponding to in situ NO, from April 2019 to March 2020 and 1598
corresponding to in situ HCHO from May 2019 to March 2020.

2.3. Ground-Based Remote Sensing

A MAX-DOAS (multiaxis differential optical absorption spectroscopy) system instru-
ment, which can be used to stereoscopically monitor air pollutants, was used to observe
NO,, HCHO and CHOCHO in the troposphere [39]. The detailed observations and sub-
sequent processing are presented in Text S2, and more specific settings of the retrieval
approach are provided in Text S3. To obtain vertical column densities (VCDs), we con-
verted differential slant column densities retrieved using the HEIPRO inversion algorithm
(Heidelberg Profile, developed by the IUP of Heidelberg University, Heidelberg, Germany)
using differential air mass factors acquired using the radiation transfer model. In addition,
because clouds greatly influence the detection of MAX-DOAS, we deleted data that were
obtained under cloud cover. For further details, see Kang et al. [40]. Due to the fact that
MAX-DOAS can only make observations in the presence of sunlight, data were only ac-
quired between 0800 LST and 1700 LST (LST = UTC + 8). Finally, the volumes of VCD data
analyzed in this work were 1309 for HCHO, 1525 for NO, and 1084 for CHOCHO from
April 2019 to March 2020.

3. Results
3.1. Validation of MAX-DOAS

To verify the accuracy of the MAX-DOAS measurements, we compared the values
of NO, and HCHO measured using MAX-DOAS to VMR concentrations measured using
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in situ instruments. The time series are shown in Figure S1. The correlation analysis
(Figure 1) shows that the Pearson’s correlation R values in different seasons were 0.7
(spring), 0.5 (summer), 0.8 (autumn) and 0.8 (winter) for NO; and 0.9 (spring), 0.5 (summer),
0.9 (autumn) and 0.7 (winter) for HCHO. These are both strong correlations, revealing
that MAX-DOAS was highly consistent with ground observations. As a result, data from
MAX-DOAS observations can be used for subsequent related studies.
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Figure 1. Correlation analysis of MAX-DOAS and in situ observations: (a) NOy; (b) HCHO.

3.2. Representativeness of HCHO on TVOC during Different Seasons

The equivalent propylene concentration (EPC, where the calculation method is shown
in Text S4) represents the reactivity of VOCs; thus, in this work, we used correlation analysis
between HCHO concentration and TVOC EPC in different seasons to illustrate the degree
to which HCHO is representative of TVOC. Theoretically, the level of slope reflects the
magnitude of TVOC reactivity represented by HCHO, while the level of correlation reflects
the accuracy of HCHO's characterization of TVOC reactivity. On this basis, whether or
not HCHO is always applicable for representing TVOC reactivity can be estimated by
comparing the fitting slopes for the four seasons, which will only be positive when the level
of the fitting slopes in different seasons are close. As shown in Figure 2a, the correlations
for the four seasons were 0.7 (spring), 0.5 (summer), 0.7 (autumn) and 0.4 (winter), and
the fitting slopes for the four seasons were 2.3 (spring), 2.6 (summer), 2.9 (autumn) and
1.0 (winter), respectively. Namely, HCHO exhibited a seasonally discrepant response to
TVOC reactivity, with a distinctly low magnitude of TVOC reactivity being represented
by HCHO in winter, with inaccurate HCHO characterization of TVOC. In other words, a
single HCHO is not able to accurately reflect TVOC.
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Figure 2. Correlations between VCD and TVOC reactivity in different seasons: (a) HCHO; (b) CHOCHO.

Similarly, we calculated the correlation between CHOCHO and TVOC EPC (Figure 2b).
The results showed that the slopes for the different seasons were 0.2 (spring), 0.2 (summer),
autumn (0.2) and 0.5 (winter), respectively. The slope for winter was twice as high as that
for any other season, which was opposed to HCHO, implying that its representativeness of
TVOC reactivity might be improved through the combination of HCHO and CHOCHO.
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3.3. Study of New Indicator of Ozone Formation Sensitivity
3.3.1. Establishment of Indicator

Considering the strength of Rfn, in this work, VCD data observed using MAX-DOAS
were used to further improve ozone formation sensitivity. The correlation R between
HCHO and TVOC reactivity (Figure 3a) was 0.6. Next, we imported CHOCHO based on
HCHO and performed a multivariate linear fitting analysis with TVOC reactivity (Table S4).
The correlation R was 0.7, displaying a higher relationship, indicating that the addition
of CHOCHO enables TVOC reactivity to be better reflected. Remarkably, the coefficient
ratio i of CHOCHO and HCHO in this multivariate equation was 6. To verify the i value,
we established a new indicator, Mix, by adding i CHOCHO cycles based on a single
HCHO cycle:

Mix = HCHO +i x CHOCHO
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Figure 3. (a) Correlation analysis between HCHO VCD and TVOC reactivity; (b) slope-variability
with different i values.

Subsequently, we calculated the variability of the fitting slopes between Mix corre-
sponding to different values of i and TVOC reactivity for different seasons (Figure 3b). The
smaller the variability, the more similar the ability of HCHO to represent TVOC among the
different seasons. From 1 to 100, the variability was distributed within 10% only when i
was equal to 3, 4, 5, or 6, revealing that the magnitudes of TVOC represented by HCHO
were the closest among the four seasons. In combination with the ratio in the multivariate
equation described above, in this work, a value i = 6 was adopted, and a new indicator,
Mix = HCHO + 6 x CHOCHO, was established to improve the insufficient representation
of TVOC obtained using a single HCHO.

3.3.2. Validation of the New Indicator

To validate the spatial representation of Mix with respect to TVOC, we calculated
the correlations of Mix and TVOC reactivity for the different seasons (Figure 4). The
correlation R values were 0.7 (spring), 0.6 (summer), 0.7 (autumn), and 0.5 (winter), and
the fitting slopes were 3.2 (spring), 3.6 (summer), 4.0 (autumn), and 4.0 (winter), respec-
tively. Compared to using a single HCHO (Figure 2a), the fitting slope of Mix and TVOC
reactivity demonstrated a prominent enhancement in winter, as did the correlation. In
conclusion, the addition of CHOCHO effectively promoted the magnitude and accuracy of
the representation of TVOC by HCHO in winter.
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4. Discussion
4.1. Changes in Ozone Formation Sensitivity Evaluated Using the New Indicator

By substituting Mix, we constructed a new indicator, Rmn (Rmn = Mix/NO,), for
distinguishing ozone formation sensitivity, and the time series of both Rfn and Rmn are
shown in Figure S2. In line with the division method used for Rfn (Section 1), Rmn
was used to evaluate the ozone formation sensitivity of North China, and compared
with the sensitivity indicated by Rfn (Figure 5). The whole year was VOC-limited before
1200 LST, while it belonged to the transition regime afterward, as determined by Rfn,
while it belonged to the transition regime before 1300 LST and NOx-limited afterward, as
determined by Rmn, with the sensitivity conversion being delayed by one hour. In terms
of the seasons, when using Rfn, winter and spring were both VOC-limited; summer was
transition regime, except for the period with the strongest light (1200-1500 LST), which was
NOx-limited; autumn was VOC-limited before 1200 LST and transition regime afterward.
In contrast, the diurnal variation in sensitivity indicated when using Rmn increased more
evidently in the afternoon, placing the sensitivity close to the transition regime and the
NOx-limited regime, especially in spring and autumn. Spring was VOC-limited before
1100 LST and transition regime afterward; autumn was transition regime before 1300 LST
and NOx-limited afterward; summer was transition regime during 0800 and 1000 LST
and NOx-limited afterward; in winter, the sensitivity fluctuated between the VOC-limited
regime and the transition regime, but was more inclined toward the transition regime
around noon (1000, 1100, 1300 and 1600 LST were transition regime). Overall, the ozone
formation sensitivity categorized by Rmn was more sensitive to NOx, with its change being
more apparent in the afternoon.
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Figure 5. Distribution of ozone formation sensitivity: (a) determined by Rfn and (b) determined
by Rmn.
4.2. Limitations

There are two limitations to this work. First, Mix is not necessarily applicable in all
regions. Second, as yet, no threshold has been specified for Rmn.
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With respect to the first limitation, the compositions of VOCs vary in different regions
and the distinct proportions of biogenic and anthropogenic contributions will result in
changes in the corresponding i values. Therefore, specialized studies need to be conducted
for different regions.

With respect to the second limitation, at present, this study only addresses the problem
of using HCHO/NO, for determining the sensitivity of ozone formation and provides
a preliminary solution. As such, this study does not provide a threshold value of Rmn,
which can only be determined through a complete air quality model simulation. Therefore,
research on the threshold value will be performed in future work.

5. Conclusions

In this work, we conducted a single-site study in Beijing, combining ground obser-
vations with ground-based remote sensing observations, to illustrate the deficiency of
the original satellite-based indicator Rfn of ozone formation sensitivity estimation, and
thereby established a new indicator. First, we evaluated the representativeness of HCHO
for TVOC and discovered that HCHO was not able to characterize TVOC reactivity equally
in different seasons. The fitting slopes were 2.3 (spring), 2.6 (summer), 2.9 (autumn) and
1.0 (winter), with a considerable underestimation in winter. Since CHOCHO can be used
to partly symbolize AVOCs, we also calculated the correlation between it and TVOC re-
activity. The fitting slopes were 0.2 (spring), 0.2 (summer), 0.2 (autumn) and 0.5 (winter),
with a much better response to TVOC reactivity in winter, thus making up for the lack of
the representativeness of HCHO for TVOC in winter. Therefore, we introduced this and
performed innovations to establish a new indicator, Rmn (HCHO + 6 x CHOCHO)/NO5).

When reassessing ozone formation sensitivity using Rmn, it was found to belong
to a transition regime before 1300 LST, and a NOx-limited afterward in North China. In
spring, it was VOC-limited before 1100 LST and transition regime afterward; in summer,
it was a transition regime before 1100 LST and NOx-limited afterward; in autumn, it was
a transition regime before 1300 LST and NOx-limited afterward; and in winter, it was
VOC-limited in general, but belonged to a transition regime around noon. Compared to the
sensitivity determined using Rfn, the sensitivity determined using Rmn was more sensitive
to NOx, implying that ozone prevention and control should be focused more on reducing
NOx emissions. Rfn relegates part of the NOx-limited regime and transition regime to
the transition regime and VOC-limited regime, respectively, while Rmn corrects this bias
and is more appropriate for the classification of ozone formation sensitivity in urban cities.
Moreover, because both satellite and MAX-DOAS are able to detect HCHO and CHOCHO,
Rmn can be applied to determine ozone formation sensitivity using these two observation
methods at the same time, providing a broader application and more specific support for
the prevention and control of atmospheric ozone pollution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15081982 /s1. Text S1: Methods supplementary introduction [41].
Text S2: Detailed observation and subsequent processing [42,43]. Text S3: Specific settings for the
retrieval [44]. Text S4: Equivalent propylene concentration [45,46]. Table S1: Ozone precursors in
PAMs. Table S2: MDL (pptv) of VOCs selected in this study. Table S3: DOAS spectrum analysis
settings of O4, NO,, HCHO and CHOCHO [42,47-55]. Table S4: Multivariate linear fitting results.
Figure S1: Time series of in situ VMR VS MAX-DOAS VMR (a) NO;, (b) HCHO. Figure S2: Time
series of Rfn and Rmn.
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