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Abstract: The long-path differential optical absorption spectroscopy (LP-DOAS) technique was
deployed in Shanghai to continuously monitor ozone (O3), formaldehyde (HCHO), nitrogen diox-
ide (NO2), nitrous acid (HONO), and nitrate radical (NO3) mixing ratios from September 2019 to
August 2020. Through a clustering method, four typical clusters of the O3 diurnal pattern were
identified: high during both the daytime and nighttime (cluster 1), high during the nighttime but
low during the daytime (cluster 2), low during both the daytime and nighttime (cluster 3), and low
during the nighttime but high during the daytime (cluster 4). The drivers of O3 variation for the
four clusters were investigated for the day- and nighttime. Ambient NO caused the O3 gap after
midnight between clusters 1 and 2 and clusters 3 and 4. During the daytime, vigorous O3 generation
(clusters 1 and 4) was found to accompany higher temperature, lower humidity, lower wind speed,
and higher radiation. Moreover, O3 concentration correlated with HCHO for all clusters except for the
low O3 cluster 3, while O3 correlated with HCHO/NOx, but anti-correlated with NOx for all clusters.
The lower boundary layer height before midnight hindered O3 diffusion and accordingly determined
the final O3 accumulation over the daily cycle for clusters 1 and 4. The interactions between the
O3 diel profile and other atmospheric reactive components established that higher HONO before
sunrise significantly promoted daytime O3 generation, while higher daytime O3 led to a higher
nighttime NO3 level. This paper summarizes the interplays between day- and nighttime oxidants and
oxidation products, particularly the cause and effect for daytime O3 generation from the perspective
of nighttime atmospheric components.

Keywords: ozone pollution; photochemical reaction; nighttime ozone; clustering; LP-DOAS

1. Introduction

In the troposphere, the photochemical reactions of nitrogen oxides (NOx) and volatile
organic compounds (VOCs) act as major yield factors for ozone (O3) [1]. In addition,
regional transport and tropospheric intrusion also contribute to stratospheric O3 levels [2].
As an important product of photochemical reactions, O3 actively participates in certain
atmospheric chemical processes. The strong oxidation potential of O3 renders it not only
harmful for animals and plants [3], but also a crucial driver for climate change [4] and
ecosystem damage [5]. Severe O3 pollution episodes have repeatedly been reported over
China in recent years [6,7]. In order to regulate and control tropospheric O3 formation, it is
imperative to understand the drivers that integrate to cause changes in tropospheric O3
levels. Principally, surface concentrations of O3 are dominated by anthropogenic precursors
and meteorological conditions [8]. In densely populated and economic zones such as
eastern China, O3 pollution is severe because of the higher emissions of VOCs and NOx [9].
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With respect to meteorological conditions, temperature, humidity, wind and sunshine
duration, etc., have been identified as having crucial effects on O3 concentration [10–12].

In addition to directly analyzing O3 pollution characteristics from the available ob-
servational results, adoption of various models to simulate O3 budgets, such as the Box
model [13] and RACM2-LIM1 [14], has become prevalent as an advanced study approach
to characterizing regional O3 pollution. Regardless of the approach used, much of the
focus is on the photochemical generation of O3 during the daytime. There are very few
studies that report the drivers of nighttime variations in O3, especially its interactions
with the reactive atmospheric components (such as NO3 and HONO) apart from the key
meteorological factors.

Differential optical absorption spectroscopy (DOAS) is a common technique used to
measure the concentrations of trace gases and radicals in the atmosphere [15] and has been
widely applied in atmospheric pollution monitoring [16]. This technique not only enables
long-term continuous automatic observation with a single set of equipment, but also allows
for the simultaneous measurement of multiple pollutants owing to different absorption
properties for different pollutant gases [17]. The concentrations of O3 as well as the
relevant atmospheric components, including HCHO, NO2, HONO, and NO3, are captured
synchronously with DOAS, which greatly reduces the errors caused by measurements with
multiple instruments. Furthermore, the DOAS measurement capability enriches our scope
in the survey of O3 pollution.

The current study is structured as follows. Section 2 describes the instrument specifi-
cations and methodology. The results of DOAS observation are overviewed in Section 3.1.
In Section 3.2, we group O3 pollution into four clusters by clustering method according to
different diurnal patterns. The drivers of the differences among the four clusters are studied
based on the relevant atmospheric components and meteorological factors during three
periods: daytime, before, and after midnight. In Section 3.3, we discuss the interactions
between day- and nighttime atmospheric components to further interpret the causes and
impacts of daytime O3 pollution.

2. Measurement and Method
2.1. Measurement Site and Instrument Installation

A long-path DOAS (LP-DOAS) instrument was installed in Nanhui (121.80◦ E, 31.06◦ N),
which is a suburb located east of Shanghai, China, about 10 km from the East China Sea
coastline (Figure 1). Although several point sources of pollution such as the Laogang
Chemical Industrial Park to the east and the Pudong International Airport to the north
surround this site, heavy traffic emissions hardly occur. Overall, the area maintains lower
levels of observed NOx, but nearly identical levels of O3 compared with the urban areas.
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In order to monitor several different species synchronously, two collocated LP-DOAS
systems were arranged for ultraviolet and visible wavelength ranges. Each LP-DOAS
system consisted of the light source (150 W Xenon lamp for ultraviolet, light-emitting diode
lamp for visible light), a light-emitting/receiving system with the telescope diameter of
210 mm, a spectrometer with a photodiode array detector (1024 pixels), and a computer
as the controller. The instrument was mounted on the sixth floor of a residential building
about 19 m above the ground. The retroreflector shared by the two systems was installed
on the roof of the Shanghai Nanhui Environmental Monitoring Station, 775 m away from
the observation site. The collimating beam emitted by the light source was reflected by the
retroreflector after a certain distance transmission and finally collected by the receiving
port. Afterwards, the light signals processed by the spectrometer were converted into
electrical signals and recorded on the computer. In addition, the dark current and noise
were removed during the measurement process by blocking the light emitted by the lamp
and alternately collecting the background spectrum. The temporal resolution of spectral
acquisition was six minutes.

2.2. Spectral Analysis

DOAS is based on the Beer–Lambert law, which describes the relationship between
the intensity of light absorption and the concentration of the light-absorbing substance
of a certain wavelength. According to various differential absorption characteristics, the
concentrations of O3, HCHO, NO2, and HONO in the atmosphere were retrieved through
the observed ultraviolet spectra [18], while the concentration of NO3 was retrieved by
visible spectra [19].

The spectral retrieval was mainly performed using DOASIS software developed by
the Institute of Environmental Physics at Heidelberg University. For this study, the spectral
analysis settings and detection limits of O3, HCHO, NO2, HONO, and NO3 retrieval are
shown in Table S1. The high-resolution absorption cross-sections of NO2 [20], HCHO [21],
SO2 [22], HONO [23], O3 [24], H2O (from the HITRAN database), and solar spectra were
included in the fitting process. The theoretical detection limits are 2.0 ppbv for O3, 0.1 ppbv
for HCHO and HONO, 1 ppbv for NO2, and 4 pptv for NO3.

Figure 2 presents typical DOAS spectral fitting results for O3, HCHO, NO2, HONO,
and NO3. Moreover, the spectral retrieval results with residuals higher than 4 × 10−4 for
HCHO, NO2, HONO, and NO3, and higher than 2 × 10−3 for O3 were filtered out. More
than 90% of the results passed the filter, indicating the good performance of the DOAS
spectral fitting. Additionally, intercomparison of O3 and NO2 measured by DOAS and in-
situ instruments at the Shanghai Nanhui Environmental Monitoring Station verified the
reliability of the DOAS measurements fitting as well (R2 > 0.9 for both) (Figure S1). The
spectral fitting results within 1 h intervals were averaged for the following discussion.

2.3. Auxiliary Data

The time series of nitric oxide (NO) was obtained from the Shanghai Nanhui En-
vironmental Monitoring Station, of which the temporal resolution was 1 h. All of the
meteorological parameters used in this study, including temperature, relative humidity,
wind, surface radiation, and boundary layer height, were obtained from the ERA5 data set
of the European Centre for Medium-Range Weather Forecasts.
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3. Results and Discussion
3.1. Overview of Observation

The monthly box charts of the daily means for O3, HCHO, NO2, HONO and NO3
measured by LP-DOAS from September 2019 to August 2020 are shown in Figure 3. The an-
nual means of O3, HCHO, NO2, HONO, and NO3 were 34.33 ppbv, 2.41 ppbv, 12.77 ppbv,
0.61 ppbv and 9.34 pptv, respectively. Overall, the trend of monthly O3 averages presented
a single peak during the year with a maximum of 40.56 ppbv and a minimum value of
17.00 ppbv in May 2020 and December 2019, respectively. This was a prominent reduction
compared with 2014 to 2018 [25], indicating the remarkable delayed benefits of the continu-
ous Clean Air Action Plan in China. It has been reported that O3 concentrations increased
sharply in megacities with the implementation of the Clean Air Action Plan in 2013, but
decreased after about three or four years later [26–28]. In addition, the Meiyu period in
June and July of 2020 caused lower surface O3 concentrations, so it was not surprising that
the O3 peaked in May 2020. Nevertheless, many higher O3 pollution episodes still occurred
in summer even though the means were reduced, as displayed by the short lines of the
90th percentile in the box chart (Figure 3a).

Likewise, the variations in the mean HCHO concentrations revealed a single-peak
trend throughout the year, with a maximum of 4.60 ppbv in July 2020 and a minimum of
1.20 ppbv in February 2020. The concentration of HCHO was comparable to the observation
in summer 2018 in Shanghai reported by Guo et al. (2021) [29]. Compared to O3 and HCHO,
NO2 and HONO depicted an opposite variation, the overall levels of both in 2019 were
significantly higher than those in 2020. After December 2019, both dropped rapidly in
January and February 2020, exhibiting a greater decline relative to the values in previous
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years [30,31]. This phenomenon is due to the COVID-19 lockdown in early 2020, which led
to the reductions in anthropogenic activities and hence the pollutant emissions [32].
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During the one-year observation period, there was a high concentration of NO3
radicals in the atmosphere in spring 2020, but a low concentration in winter 2019, depicting
a trend similar to that of O3. Given that O3 and NO2 are the precursors of NO3 in the
atmosphere and that the monthly variation in NO3 synchronized with O3, this indicated
that the production of NO3 was regulated more by O3 than by NO2 at the observation site.

The diurnal variations in hourly O3, HCHO, NO2, HONO, and NO3 over the year were
averaged as shown in Figure 4. O3 and HCHO manifested coincident diurnal single-peak
trends with maximums of 42.35 and 2.91 ppbv at 14:00 and 12:00, respectively. The marked
generation during the daytime implied that these species maintained rich secondary sources.
The stage during which O3 levels declined before 06:00 was due to the titration effect caused
by the increasing NO during rush hour when the generation of O3 was comparatively
weak [33]. On average, O3 varied by 23.95 ppbv over a day, i.e., more than 100% of the daily
minimum, while the variation in HCHO concentrations was 0.99 ppbv, i.e., approximately
50% of the daily minimum.
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In contrast, the diurnal variations in NO2 and HONO exhibited single-valley trends
with minimums of 6.84 and 0.44 ppbv at 12:00 and 14:00, respectively. Vehicle emissions
contributed to the anthropogenic primary sources during the morning rush hour, which
led to a slight increase in the concentrations of these species. With respect to NO3, the
extreme photolysis during the daytime brought about a sustained minimal atmospheric
concentration. After sunset, the NO3 concentration increased rapidly to its maximum level
at 20:00. The average nighttime NO3 concentration reached 15 pptv, which was slightly
lower than that observed in Shanghai in 2011 [34]. This phenomenon may be attributed to
the current decrease in the precursors NO2 and O3.

3.2. Clustering of O3 Diurnal Patterns

Admittedly, averaging over a time scale is a vital and traditional means to assess
the temporal characteristics of pollutants. However, as discussed above, higher O3 levels
at this observation site were found not only in summer, but also in spring and autumn.
Seasonal categories could not integrally reflect the features of higher O3 conditions. In
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response, we aimed to discard the time limit and classify the O3 pollution based only on
the characteristics of the daily O3 variation. Accordingly, K-means clustering methodology
was used to identify groups of O3 pollution according to diurnal patterns, which enabled
data objects to be assigned to the same cluster in accordance with common features [35].
Simultaneously, each cluster maintained distinct characteristics. Clustering analysis has
been applied in atmospheric pollution for many years, especially using backward trajectory
clustering [36].

Here, we defined the number of clustering units as four. Detailed information includ-
ing determination of the optimal cluster number, the process of clustering, and evaluation
of the clustering result, can be found in the Supplementary Materials. Visualization of the
clustering results is displayed in Figure 5a. The monthly distribution of all the clusters were
shown in Figure S6. Clusters 1 and 4 appeared more in autumn, spring and summer, i.e., the
O3 pollution season in Shanghai. Additionally, cluster 3 appeared more in autumn and
winter, whereas the distribution of cluster 2 was dispersed. The final four clustering centers
shown in Figure 5b were used for the subsequent discussion. Additionally, the nighttime
was divided into two parts, i.e., before (18:00–24:00) and after (00:00–06:00) midnight.
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The O3 for cluster 1 retained a higher level after midnight and a higher production
during the daytime. At the end of the daily cycle, daily accumulation was observed
instead of backtracking to the original level. Similarly, cluster 2 was characterized by a
higher nighttime background; however, its daytime generation was weak. In addition,
the O3 concentration returned to the original level over a one-day period. Regarding
cluster 3, the period after midnight revealed a relatively lower O3 concentration compared
to clusters 1 and 2. After sunrise, the daytime increase was small, and the concentration
just before midnight was equal to the daily minimum, which paralleled cluster 2. Cluster 4
reflected a lower level after midnight, but a considerable increase during the daytime,
whereas before midnight, it dropped rapidly and eventually presented an increase of about
10 ppbv over a one-day period.

After identification of the four O3 diurnal pattern clusters, in order to explore the
drivers of the O3 variations for the three different periods, relevant atmospheric components
and meteorological factors for each cluster were averaged accordingly as illustrated in
Figure 6. Furthermore, Table 1 briefly summarizes the information from Figure 6 for the
four clusters in the different periods.

As shown in Figure 6a, the period after midnight produced an O3 gap of about
20 ppbv between clusters 1 and 2 and clusters 3 and 4. There was almost no O3 generation
chemically at night, during which the response of the meteorological factors to the O3
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concentration between clusters 1 and 2 and clusters 3 and 4 was indistinct, as shown in
Figure 6. Therefore, the gap was considered to be the outcome of a depletion effect on the
process of nocturnal atmospheric chemistry. Clusters 3 and 4 retained higher NO levels
compared to clusters 1 and 2, as denoted in Figure 6e. Ambient NO reacted violently with
O3 and was capable of accelerating the O3 consumption [37]. Therefore, NO was regarded
as the driver of the O3 gap in this period.
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humidity (c), wind speed (d), radiation (e), and boundary layer height (f)) as well as the relevant
atmospheric components (HCHO (g), NO2 (h), HCHO/NO2 (i), HONO (j), NO (k), and NO3 (l)).
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Table 1. A summary of the information visualized in Figure 6 for the four clusters in different periods.

Period Species Cluster 1 Cluster 2 Cluster 3 Cluster 4

After
midnight

O3 level higher higher lower lower
NO titration weak weak intense intense
HONO level lower // // higher

Daytime
O3 increase lower // // higher

Photochemical level intense weak weak intense
Meteorological factors for

photochemical reaction
(T, RH, WS, R)

favorable adverse adverse favorable

Before
midnight

O3-18:00 higher // // lower
max-NO3 higher // // lower

BLH lower higher higher lower
O3 accumulation yes / / yes

T, RH, WS, R, and BLH represent temperature, relative humidity, wind speed, radiation, and boundary layer
height, respectively. “/” represents a null value, while “//” in clusters 2 and 3 indicates that it is not discussed in
this study.

During the daytime, the photochemical generation of O3 suggested a prominent dif-
ference between clusters 1 and 4 and clusters 2 and 3. Intense photochemical reactions
(clusters 1 and 4) were detected accompanied by higher temperature, lower relative humid-
ity, lower wind speed, and higher radiation, which accorded with the basic understanding
of the photochemical reactions and has also been verified in previous studies [38,39]. With
respect to precursors of photochemistry, the dominant roles of HCHO and NO2 in the gen-
eration of O3 cannot be neglected since it was confirmed that HCHO and NO2 are able to
characterize the respective levels of VOCs and NOx in the atmosphere [40]. However, they
displayed completely different behavior toward O3 variation (Figure 6g,h): HCHO was
apparently higher for clusters 1 and 4 associated with evident O3 production, while NO2
was difficult to distinguish among them. This implied that the photochemical generation
of O3 was basically dominated by VOCs rather than NOx in Shanghai, which has also been
reported in previous studies [41,42].

The dependences of O3 on HCHO, HCHO/NO2, and NOx were surveyed as depicted
in Figure 7. O3 concentration was found to correlate with HCHO for all clusters except for
the low O3 cluster 3. Moreover, O3 correlated with HCHO/NO2, but negatively correlated
with NOx for all clusters. For cluster 3, a strong negative correlation with NOx resulted in
the good correlation with HCHO/NO2 in the case that the correlation with HCHO was
poor. This provided important information for O3 control strategies.

Compared to the time after midnight, a more significant decline in surface O3 was
revealed before midnight. This period indicated the diverse terminuses of the four clusters
over the daily cycle. The O3 concentration for clusters 1 and 4 exhibited a certain accumula-
tion, while clusters 2 and 3 regressed to the level of the daily minimum. Lower boundary
layer heights were discovered for clusters 1 and 4 (Figure 6f), which directly hindered O3
diffusion and further led to the slow decline in ambient O3. Therefore, the boundary layer
height seemed to be the driver of the O3 decline before midnight.

3.3. Interactions of Day- and Nighttime Atmospheric Components

In this section, we discuss the interactions among the three periods by taking the
daytime period as the object. We investigated the impact of the period after midnight on
the daytime as well as how it affected the period before midnight. Since the daytime was
characterized by intense photochemical generation of O3, clusters 1 and 4 were suitably
selected for the subsequent discussion.

The HONO levels of clusters 1 and 4 showed disparity after midnight (Figure 6j). After
sunrise, the atmospheric HONO decreased rapidly because of the escalation of photolysis.
The higher HONO level for cluster 4 resulted in a more prominent photochemistry as
denoted by the more elevated O3 during the daytime in Figure 6a. The photolysis of
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HONO is an important source of OH radicals in the atmosphere [43,44]. HONO is able to
significantly enhance the oxidation capacity of the atmosphere and further promote the
photochemical generation of O3 [45,46].
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The radiation for cluster 4 was found to be lower than that for cluster 1 during the
daytime (Figure 6e); meanwhile, the O3 increase in cluster 4 was larger than that in cluster 1.
We accordingly explored the influence of the radiation on HONO-O3 levels, as illustrated
in Figure 8. When the radiation was higher, the daytime O3 increment showed the most
sensitive reaction to the variation in averaged HONO after midnight, with a slope of 47.16.
As radiation dropped to the middle level, the sensitivity was hence reduced, whereas the
response between the O3 increment and the averaged HONO was unclear when radiation
was lower than 2.6 × 106 J·m−2. Figure 8b shows the proportions of radiation levels in
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clusters 1 and 4. It is obvious that cluster 1 was more occupied by higher radiation while
lower radiation mainly covered cluster 4. Consequently, for cluster 4, it was not surprising
to find the larger O3 increment even though the radiation was relatively low.
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In terms of daytime O3 acting in the nighttime atmosphere, the NO3 level for clusters 1
and 4 was found to reflect a final gap of 16 pptv before midnight (Figure 6l), which could
be attributed to the O3 difference after sunset. The larger remnant of O3 for cluster 1 in
the daytime facilitated the generation of NO3 before midnight. NO3 is a crucial oxidant in
the nocturnal atmosphere [19], which can trigger the conversion of a variety of VOCs, and
NOx can also be removed from the atmosphere by further forming soluble nitrates after
conversion into NO3 [47,48]. Therefore, the higher daytime O3 seemed to play a critical
role in various nocturnal atmospheric chemical processes by generating more NO3.

Moreover, the relationship between the daily O3 concentration at 18:00 and the maxi-
mum NO3 before midnight was investigated (Figure 9). The O3 level at 18:00 was consid-
ered the endpoint of generation and loss during the daytime. Overall, max-NO3 exhibited
an exponential growth with O3-18:00, suggesting that the increase tended to be faster
gradually. Cluster 1 evidently experienced a steeper rise than cluster 4 owing to the larger
persistent level of O3 in the daytime.

Furthermore, in order to explore O3 pollution associated with the meteorological
conditions and the corresponding variability of the relative atmospheric components at a
more detailed level, a case study of a high O3 pollution episode was carried out as shown
in Supplementary Materials (Figure S7, Table S2). The in-depth analysis of the case study is
also found to be consistent with the clustering characteristics.
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4. Conclusions

The current study surveyed O3, HCHO, NO2, HONO and NO3 concentrations from
September 2019 to August 2020 based on LP-DOAS measurements in Nanhui, Shanghai.
Here, we classified O3 diurnal patterns into four clusters using the K-means clustering
methodology, the differences among which were manifested in three periods: daytime
and before and after midnight. The relevant atmospheric components and meteorological
factors were examined purposefully.

The period after midnight showed an evident O3 gap between clusters 1 and 2 and
clusters 3 and 4, which was driven by different ambient NO. During the daytime, the
intense photochemistry was found to strongly depend on the meteorological conditions of
higher temperature, lower humidity, lower wind speed and higher radiation. O3 correlated
with HCHO/NO2, but negatively correlated with NOx for all clusters. The HCHO/NO2
ratio was an excellent indicator of the O3 levels rather than HCHO itself. Moreover, the
lower boundary layer height before midnight seemed to hinder the diffusion of O3, which
resulted in an accumulation at the end of the daily cycle. The interactions among the three
periods of the diurnal pattern were analyzed for clusters 1 and 4. The daytime O3 levels
showed a consensus with the HONO levels after midnight, during which time radiation
conditionally played a role. In addition, the cumulative O3 in the daytime determined the
level of NO3 production before midnight.

As the DOAS method can simultaneously detect multiple trace gases in the atmo-
sphere, we determined that the relationship between active atmospheric components
and O3 pollution can be reviewed from the perspective of diurnal interaction. Therefore,
this paper provides novel inspiration for the future study and management of regional
O3 pollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13020351/s1. Table S1. DOAS fit settings and detection
limits for O3, NO2, HCHO, HONO and NO3; Table S2. A summary of the relevant atmospheric
components for each day; Figure S1. Time series of the O3 and NO2 mixing ratios of the DOAS
retrieval, and the linear fitting, mean bias and the standard deviation for the two observation methods;
Figure S2. DBI values for the number of clusters from 1 to 10. Figure S3. The process of clustering
in this study; Figure S4. Bar plots of the silhouette coefficient values for all the diurnal patterns;
Figure S5. The SC values when the cluster number is defined range from 2 to 10; Figure S6. The
monthly distribution of clustering result; Figure S7. Time series of O3, HCHO and NO2, HCHO/NO2
and NO, NO3 and HONO, temperature (T) and relative humidity (RH), wind speed (WS), boundary
layer height (BLH) and radiation (R).
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