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Abstract: We performed a comprehensive and intensive field experiment including ground-based
multi-axis differential optical absorption spectroscopy (MAX-DOAS) measurement at Raoyang
(115°44’ E, 38°14/ N; 20 m altitude) in summer (13 June-20 August) 2014. The NO, and HCHO profiles
retrieved by MAX-DOAS take on different vertical distribution shapes, with the former declining with
the increasing altitude and the latter having an elevated layer. The average levels of vertical column
densities (VCDs) and near-surface volume mixing ratios (VMRs) were 1.02 £ 0.51 X 10 molec-cm 2
and 3.23 £ 2.70 ppb for NO, and 2.32 + 0.56 x 10'® molec-cm~2 and 5.62 + 2.11 ppb for HCHO,
respectively. The NO, and HCHO levels are closely connected with meteorological conditions, with
the larger NO, VCDs being associated with lower temperature, higher relative humidity (RH) and
lower planetary boundary layer height (PBLH). With respect to the diurnal variations of vertical
distribution, the NO; in the residual layer gradually disappeared from 1.2 km height to the surface
during the period of 7:00-11:00 Beijing time (BJ), and the near-surface NO; had larger VMRs in the
early morning and evening than in the later morning and afternoon. An elevated HCHO layer was
observed to occur persistently with the lifted layer height rising from ~0.5 km to ~1.0 km before 10:00
BJ; the near-surface HCHO VMRs gradually increased and peaked around 10:00 BJ. The ratios of
HCHO to NO, (RycHo-NO2) Were generally larger than two in the boundary layer from 11:00 BJ until
19:00 BJ, the time period when ozone photochemistry was most active. Thus, ozone (O3) production
was mainly in the NOx-limited regime during the observation campaign, which was closely related to
relatively high temperatures and low RH. The O3 production regimes also changed with the wind’s
direction. These results are significant to reveal the formation mechanism of O3 pollution and develop
strategies for controlling the O3 photochemical pollution over the North China Plain.

Keywords: NO,; HCHO; vertical profile; ozone production; MAX-DOAS

1. Introduction

Nitrogen dioxide (NO,) and formaldehyde (HCHO) are not only important air pol-
lutants in the troposphere, but also crucial precursors of ozone which play a key role
in atmospheric chemistry [1-5]. Atmospheric NO,, a kind of nitrogen oxide (NOx), is
generated by human activity (mainly fossil fuel combustion and biomass combustion) and
natural processes (such as microbial processes and lightning) [6-8]. HCHO comes not
only from primary sources, such as the emissions of biomass combustion, transportation
and industry, but also secondary sources, i.e., photochemical production, by the way of
the oxidation of volatile organic compounds (VOCs) [9]. Therefore, NO, and HCHO are
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usually used as the markers of NOy and VOCs, respectively [10]. The investigations of NO,
and HCHO vertical distribution as well as their ratios are beneficial to reveal the spatial-
temporal evolution of ozone-NO-VOC sensitivity and formulate a reasonable ozone (O3)
pollution control strategy [11,12].

The North China Plain (NCP) is one of the high-risk areas of O3 pollution, and O3
spatiotemporal heterogeneity is impacted by complex factors such as the photochemical
process [13]. The limited vertical observations of NO, and HCHO restrict the comprehen-
sive understanding of the O3 pollution mechanism and long-term trend [14]. Ground-based
multi-axis differential optical absorption spectroscopy (MAX-DOAS) has been widely used
as a stereoscopic monitoring method to obtain NO, and HCHO profiles [15]. For example,
the MAX-DOAS observation at a rural site in the central-western NCP found lifted layers for
both NO, and HCHO with the 20-30% contribution of regional transport and the influence
of agricultural burning on HCHO variation in May and June 2016 [16]. The ratios of HCHO
to NO; concentrations retrieved from (MAX-)DOAS measurement are usually applied to
analyze the ozone-NOx-VOC sensitivity in different regions of China [17-21]. This research
has shown that there are significant spatial and temporal variations for O3 photochemical
production regimes. In addition, the studies by the observation-based box model suggest
that in situ O3 photochemical formation varies in different controlled regimes at two rural
NCP sites due to the polluted plume transport and biogenic emissions [22,23]. Moreover,
the research at another NCP site indicates the regimes of O3 production changing with
height and pollution conditions because of different levels of O3 precursors [24]. Despite
the above studies, our knowledge of the vertical distribution of temporal evolutions of NO,
and HCHO and their influence on O3 production is still insufficient for us to understand
the formation mechanism of O3 pollution and develop strategies for controlling the O3
pollution in the NCP rural area.

In this study, we present NO, and HCHO vertical distributions retrieved from ground-
based MAX-DOAS observation during a campaign in summer 2014 at a rural site of the
NCP. Section 2 introduces the site, measurement instruments, methods of spectral analysis
and vertical profile retrieval of NO, and HCHO, as well as ancillary datasets. Section 3
shows the overall characteristics and diurnal variations of vertical profiles of NO,, HCHO
and HCHO/NO; ratio, as well as the relationship between HCHO/NO; ratio and O3
production. Finally, discussion and conclusions are given in Sections 4 and 5, respectively.

2. Experiments and Methods
2.1. Site and Instrument

As an NCP rural site, Raoyang meteorological station (115°44’ E, 38°14’ N; 20 m above
sea level) is located in the middle of Hebei Province, China (Figure 1a). There are no large
local industrial emission sources. Agriculture is the main industry in Raoyang County.
The Yanshan and Taihang Mountains are distributed in the north and west of Raoyang,
respectively. A cluster of industrial and populated cites surrounding Raoyang observatory
are approximately 50-200 km away (Figure 1b) [25]. More details of geographical condi-
tions and atmospheric environment concerning Raoyang station can be found in previous
studies [26-29].
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Figure 1. (a) Geographical location of the Raoyang meteorological station in China and (b) satellite
image of the major neighborhood cities around Raoyang observatory, marked by white and red dots,
respectively.

The Mini MAX-DOAS system was set up on the roof of three-story building at Raoyang.
It operated automatically from 13 June to 20 August 2014. The compact instrument, made
by Hoffmann Messtechnik GmbH in Germany, collected scattered light via a telescope
which was coupled to a fiber and transferred to a spectrograph. The spectrograph operated
at the temperature of 5 °C, covering the wavelength range of 292-447 nm. A stepper motor
drove the instrument to achieve the measurement at different elevation angles with the
same southeastern azimuth. The instrument recorded the scattered solar spectra at 11
elevation angles (1°,2°, 3°,4°, 5°, 6°,8°,10°, 15°, 30° and 90°). The integration time of each
individual spectrum was ~0.5 min. We performed spectral correction with the spectra of
dark current and electronic offset as well as wavelength calibration before spectral fitting. A
computer with professional software was used for operational control and data collection.
More descriptions about the Mini MAX-DOAS instrument are available in our previous
work [25,30-33].

2.2. Spectral Analysis

According to the Beer-Lambert law, the differential slant column densities (dSCDs)
of target species (such as NO, and HCHO in this article) can be retrieved from measured
spectra of scattering sunlight by the DOAS method [34]. The NO, and HCHO dSCDs
denote the differences of their slant column densities (SCDs) between measurement spectra
and reference spectra. In this study, reference spectra were derived from sequential spectra,
which were defined as the interpolated spectra between two zenith spectra measured
before and after an off-zenith sequence of elevation angles. In this case, the NO, and
HCHO dSCDs from spectral inversion can be treated as tropospheric NO, and HCHO
dSCDs, i.e., so-called NO, and HCHO delta SCDs [35]. The process of spectral analysis was
achieved by QDOAS software (http:/ /uv-vis.aeronomie.be/software/QDOAS/) based
on the theory of non-linear least squares. The settings of fitting parameters for NO, and
HCHO spectral analysis can be taken from previous studies [16,31], listed in Table S1. In
the post-processing of data quality control, NO, and HCHO dSCDs were rejected when the
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Differential optical depth

root mean square (RMS) of spectral fitting residuals was larger than 0.003 [25]. Figure 2
shows an example of spectral fitting for NO, and HCHO dSCDs from spectrum measured
at the elevation angle of 10° at 12:05 Beijing time (BJ, UTC + 8 h) on 13 June 2014.
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Figure 2. Example of spectral fitting for (a) NO, and (b) HCHO. Black and red curves with symbols
indicate the measured and fitted differential optical depth, respectively. The fitted NO, and HCHO
dSCDs are 3.73 x 10'® molec-em~2 and 7.07 x 10'® molec-cm ™2, respectively. The corresponding
root mean square (RMS) of fitting residuals between measured and fitted spectra are 7.98 x 10~ and
8.81 x 1074, respectively.

2.3. Retrieval of NO, and HCHO Vertical Profiles

Vertical profiles of NO, and HCHO volume mixing ratios (VMRs) in the lower tro-
posphere (04 km) were separately retrieved from each elevation sequence of NO, and
HCHO delta dSCDs by the “Profile inversion algorithm of aerosol extinction and trace gas
concentration” (PriAM) algorithm, which was a type of optimal estimation (OE) profile
inversion algorithm for ground-based MAX-DOAS observation [36]. The solution of PriAM
profile retrieval is achieved by numerical iteration procedure. PriAM contains a two-step
inversion procedure, i.e., profile inversion of aerosol extinction (AE) and profile inversion
of trace gas VMRs. The AE vertical profiles at 360 nm have been successfully retrieved from
the oxygen dimer (O4) delta dSCDs during the field campaign. The specific results and
inversion parameters (for example, surface albedo, single scattering albedo and asymmetry
factor of aerosol, temperature and pressure profiles) for AE profiles can be referred to pre-
vious studies [25]. The AE profiles were used as the input parameters for NO, and HCHO
profile inversion in the second step. On the basis of the spectral fitting intervals of NO, and
HCHO, the simulations of air mass factor through the SCIATRAN radiative transfer model
(RTM) were carried out at 360 nm for NO, and 343 nm for HCHO. Retrieved AE profiles
were converted into those at NO, and HCHO simulation wavelengths with an Angstrom
exponent of 0.9, estimated from the collocated nephelometer measurement [26]. An expo-
nential a priori NO; profile and a Boltzmann distribution a priori HCHO profile the same
as that used in the adjacent site were used in this study [16]. The diagonal elements of the a
priori covariance matrix were set as 1 for NO, and 0.25 for HCHO, which did not decrease
with the altitudes in order to balance the flexibility and stability of the profile inversion.
Except the first layer (0-50 m) adjacent to the ground, hereafter called the near-surface layer,
the vertical interval in the NO, and HCHO profiles was set as 200 m. During the procedure
of data post processing, we rejected the NO, (HCHO) profiles with a cost function of profile
inversion larger than 30 and the relative deviations of NO, (HCHO) dSCDs between PriAM
simulation and MAX-DOAS measurement greater than 30%. The screening thresholds
were based on the balance of data quality and amount. With respect to selected thresholds,
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82% NO, profiles and 72% HCHO profiles were left, and the corresponding averages of
OE cost function were 5.72 for NO, and 9.90 for HCHO. Then, the near-surface VMRs and
vertical column densities (VCDs) of NO, and HCHO could be obtained by extraction and
vertical integration through NO, and HCHO profiles. In addition, it should be noted that
we use all the qualified MAX-DOAS data below without the classification of sky condition
because NO; and HCHO results are less influenced under most cloudy conditions (except
fog and optically thick clouds) [36]. Meanwhile, the aforementioned data quality procedure
can eliminate the parts of data interfered with by different sky conditions.

2.4. Ancillary Datasets

Hourly meteorological data, such as surface temperature, wind and relative humidity,
were obtained from the synchronous operational observation of China Meteorological
Administration (CMA) at the same site. The ERA5 reanalysis data (https:/ /www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 15 June 2020) were also
used for the extraction of the planetary boundary layer height (PBLH) as well as the a
priori profiles of temperature and pressure. The measurements of in situ surface Oz, NO,
and HCHO were also carried out during the intensive field campaign in the summer of
2014 [27,29]. Figure 3 shows the correlation of hourly concentrations between two data sets,
i.e., in situ measurements and MAX-DOAS retrieval. The correlation coefficients (R) are
0.82 and 0.46 for NO, and HCHO, respectively, which are similar to the results at a station
on the central-western edge of the same NCP area [16]. To some extent, this implies that
the retrieved data in this study are reliable to investigate the variations in NO, and HCHO.
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Figure 3. Correlation of the hourly averaged (a) NO, and (b) HCHO VMRs (black dots) between in
situ measurement and MAX-DOAS retrieval in the near-surface layer. The red lines indicate the linear
fit between both data sets. The unit conversion between “ppb” and “molec-cm~3” for MAX-DOAS
observation is achieved by the coefficient of 2.5 x 10'°.

3. Results
3.1. Abundance and Overall Characteristics

Owing to the fact that the substantial information on the concentrations derived from
the measurements was mainly below 2 km (Figure S1), the averaged NO, and HCHO
vertical profiles below 2.4 km during the effective observation period are shown by the
black lines with squares in Figure 4. The corresponding means + standard deviations of
VCDs and near-surface VMRs are 1.02 & 0.51 x 10'® molec-cm~2 and 3.23 = 2.70 ppb for
NO, and 2.32 4 0.56 x 10'® molec-cm~2 and 5.62 + 2.11 ppb for HCHO. The correlation
coefficients between VCDs and near-surface VMRs are 0.69 for NO, and 0.55 for HCHO,
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implying that there are limitations in the representation of NO, and HCHO variations at
higher altitudes due to their surface concentrations. This can be further confirmed by the
vertical structure of NO, and HCHO. While the NO, VMR decreases with the increasing
altitude as a whole, there is generally a significantly elevated HCHO pollution layer at the
altitude of ~1 km mainly caused by HCHO secondary production at higher altitudes.
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Figure 4. Vertical profiles of (a) NO, and (b) HCHO VMRs. The black lines with squares represent
the profiles averaged by all the valid NO, (HCHO) profiles during the effective observation period.
According to the mean and standard deviation of all the valid NO, (HCHO) VCDs, the correspond-
ing profiles are averaged on the condition of NO, (HCHO) VCDs larger than “mean + standard
deviation” (the red lines with dots) or smaller than “mean — standard deviation” (the blue lines with
triangles), respectively. The error bars denote the standard deviations of NO, (HCHO) VMRs at
different altitudes.

According to the aforementioned means and standard deviations of NO, (HCHO)
VCDs, two classifications of NO, (HCHO) profile corresponding to the NO, (HCHO) VCD
“larger than mean + standard deviation” or “smaller than mean — standard deviation”, are
screened and averaged, respectively, and presented as “Larger” and “Smaller” in Figure 4.
Then, the NO, (HCHO) levels and meteorological conditions for the three situations of
“All”, “Larger”, and “Smaller” are also summarized in Table 1. For NO;, the secondary
peak at the higher altitude (~1.1 km) appears to gradually become clear with the increasing
NO, VCD (Figure 4a). For HCHO, although the peak at the higher altitude (0.8-1.2 km)
always exists, it enhances gradually with the increasing HCHO VCD (Figure 4b). The
relatively lower temperature and higher relative humidity (RH) favor more severe NO,
pollution, while there are no significant differences in temperature and RH for the three
HCHO situations (Table 1). This is probably connected with the differences of chemical
reaction affecting NO, and HCHO. Through comparing the wind for the “Larger” and
“Smaller” situations, we find that the higher VCDs correspond to the lower wind speeds
(WS) with the wind directions (WD) of north for NO, and southeast for HCHO. In addition,
the NO, and HCHO pollution levels are closely related to the PBLHs. The higher PBLH,
the weaker the NO, VCDs.
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Table 1. Averages for the NO, and HCHO concentrations as well as corresponding meteorological

parameters.
NO; HCHO
Parameters
All Larger Smaller All Larger Smaller
16
VED/10 _» 102+051 203+060 047+0.04 232+£056 329+046 1.51+0.18
molec-cm
VMR/ppb  323+270 756+327 1.03+£033 562+211 750+259 4204153
Temperature/°C 30 26 33 30 29 28
RH/% 55 66 42 55 61 58
WD/° 120 353 98 120 131 263
WS/m-s~! 2.2 1.8 2.2 2.2 1.6 2.8
PBLH/km 1.16 0.46 1.56 1.16 0.99 0.95

3.2. Diurnal Variations

There are significant differences in the vertical distribution of NO, and HCHO diurnal
pattern (Figure 5a,b). It is clear that there are elevated pollution layers for both NO,
and HCHO before 10:00 BJ above the planetary boundary layer, i.e., in the residual layer
(Figure 5a,b,h). With the development of a daytime planetary boundary layer, the NO,
lifted layer gradually disappears, and NO, concentrates mainly at the heights of less than
0.2 km from 11:00-19:00 BJ. However, the elevated HCHO layer always exists through the
entire day, and the associated HCHO concentration levels are lower due to the higher PBLH
from 11:00-17:00 BJ. The most likely cause of elevated HCHO layers during 11:00-17:00
BJ is the more active photochemical reactions occurring in the upper part of the boundary
layer, consistent with previous research results on the atmospheric pollution and oxidation
pool over NCP [2].

The diurnal variations of NO, VCD and near-surface VMR are basically consistent,
and there are significant differences in the HCHO diurnal pattern between VCDs and
near-surface VMRs (Figure 5¢—f). For example, different from the peaks of NO, VCDs and
near-surface VMRs in the early morning and evening, the HCHO near-surface VMR gradu-
ally increases and peaks around 10:00 B]. The diurnal variations of VCD and near-surface
VMR are in the range of 0.74-1.78 x 10'® molec-cm~2 and 1.74-7.63 ppb for NO, and
2.11-2.95 x 10'® molec-cm~2 and 4.67-7.47 ppb for HCHO. Comparing the diurnal varia-
tions of temperature and RH with the near-surface VMRs of NO, and HCHO (Figure 5e-g),
we still find that higher NO, levels are associated with lower temperature and higher RH,
and there is no significant relationship between HCHO concentration and temperature (or
RH). Considering the relatively weak wind conditions (Figure 5h), the peaks of NO, VCDs
and near-surface VMRs in the early morning and evening are probably caused by local
sources such as traffic emission. Meanwhile, the NO, and HCHO pollution is relatively
weaker when the planetary boundary layer is fully developed around 15:00 BJ, showing a
PBLH of ~1.5 km (Figure 5c—£,h).



Atmosphere 2022, 13, 860 8 of 15

2.5 2.5

Altitude/km
in
Altitude/km
in
HCHO VMR/ppb

0.54 0.54 I ?
L

o —

56 7 8 91011121314151617 1819 20

56 7 8 9101112131415 16 17 18 19 20
Time/hr Time/hr
(a) (b)
641814101431403934363024132 641814101431403934363024132
o e
g 51 1 33'5* v 1
5 153
S 4 1 2 44
£ £
2 3 1 = 34
=) a
9 24 1 £
IS o
] o)
=1 2o d 2"
A A A
otr——T—T—T—T—TT—TTT— ot
6 7 8 9 10111213 141516 17 18 19 6 7 8 9 10111213 141516 17 18 19
Time/hr Time/hr
(9 (d)
2 4 18 14 10 14 31 40 39 34 363024 13 2 4 18 14 10 14 31 40 39 34 36 30 24 13 2
— T T T T T T T T 20T T T T T T T T T T T
184 1
164 1
o 144
o
£ 124
€ 10]
>
Il 81
2 6
41
lo]
24 Cri®
A R
o7 g T
6 7 8 910111213 141516 17 18 19 6 7 8 910111213 14151617 18 19
Time/hr Time/hr
(e) ®)
20r+—7F—7—7—7——7———————+40 ————T—7—7—7—7— 3.0
—2m/s
100 135 1o
1 - /}’}_-}—}—{_{\ /7 30 120 o
< g _$— & < ”\5
RS o NN 125 = £ 115
o~ B e BB O V Q
40+ 120 1.0 =
N
201 115 {,%/ Jos
0 10 _{ .0

6 7 8 9 10111213 1415161718 19

é % é é lb l‘l 1‘2 1‘3 1‘4 1‘5 1‘6 1‘7 1‘8 lb
Time/hr Time/hr
(8 (h)

Figure 5. Diurnal variations of (a) NO, VMR profiles, (c) NO, VCD and (e) NO, VMR in the lowest
layer based on the qualified hourly MAX-DOAS data as well as coincident meteorological conditions;
(g) diurnal pattern of in situ surface RH and T; (h) diurnal variations of in situ wind direction and speed
presented by vector arrow and PBLH from linearly interpolated reanalysis data. (b,d,f) are separately the
same as (a,c,e) except for HCHO. Lower (upper) error bars, boxes and lower (upper) triangles in (c—f) are
the 5th (95th), 25th (75th) percentiles, minima (maxima) of the data grouped in each hour, respectively.
Hyphens inside the boxes and red curves with circles in (c—f) separately denote the medians and the
averages. The numbers of integrated sampling days for specific hour are labeled at the top axis in (c—f).
The error bar in (g,h) denotes the standard deviation, and the scale of wind vector is also shown by a
horizontal arrow in (h). The time shown in the figures is Beijing time (B]).
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3.3. HCHO/NO; Ratio
3.3.1. Vertical Profile and Diurnal Variation

The ratio of HCHO to NO; (Rycpo-No2) has been proved to be an effective indicator to
investigate the sensitivity of tropospheric ozone production to nitrogen oxide and reactive
volatile organic compound (VOC) [37,38]. The averaged Rycho-Nno2 profile (Figure 6a) was
calculated through the profiles of HCHO and NO, VMRs retrieved from ground-based
MAX-DOAS. For the calculation of RgcHo-No2 (Figure S2), only the data with HCHO VMRs
larger than 1 ppb and smaller than 10 ppb were considered in order to balance the data relia-
bility and amount of Ryco-no2- The averages of Rycho-Noz calculated from near-surface
VMRs and VCDs are RHCHO-NOZ,VMR =271+ 1.67 and RHCHO-NOZ,VCD =2.61 £+ 0.94, re-
spectively, during the effective observation period; these values are close to each other.
However, the Rycpo-no2 below 2.0 km is in the range of 0.88-5.39 with an elevated layer
around the altitude of 1.0 km.

2 3
2.4 T T T T T T T
HCHO/NO, (near-surface VMR): 2.71 £ 1.67
HCHO/NO, (VCD): 2.61 £ 0.94
2.0 2 T 1.5
1.6 - & g
g
, | g ®)
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= I 1 = -
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Figure 6. Averaged vertical profile of (a) VMR ratio of HCHO to NO,. Diurnal variation of (b) vertical
profiles of VMR ratios of HCHO to NO; as well as (c) HCHO/NO; ratios of VCD and VMR in the
lowest layer. The color blocks are not shown in (b), once the HCHO VMRs are smaller than 1ppb
or larger than 10 ppb. The 1:1 and 2:1 ratios of HCHO/NO; in (c) are also shown by the colored
dashed lines.
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The averaged diurnal variations of daytime Ruycpo-no2 profile are shown in Figure 6b.
Smaller RycHo-no2 (<2) values mainly appear before 11:00 BJ in the lower layer. The
height of the lower boundary of the elevated Rycpo-Nno2 layer gradually decreases from
6:00 BJ (0.8 km) to 11:00 BJ (0.2 km) until the higher Rycro-noz (>2) fills the whole lower
troposphere (below 1.4 km) during the period of 12:00-17:00 B]. Above the altitude of
1.6 km, most RycHo-no2 Values are in the range of 1-2. After 19:00 BJ, the smaller
RucHo-No2 in the lower layer seems to occur again. Correspondingly, diurnal varia-
tions of RycHo-No2,vMR are in the range of 0.74-3.66, greater than that of Rycno-No2,vep
(1.53-3.18) (Figure 6¢). However, the trends of their diurnal variation are similar with the
wide peak around 15:00 BJ, although there are larger differences in the absolute value
between Rycno-No2,vMRr and Rucro-Noz,vep before 10:00 BJ and after 19:00 BJ. It is worth
noting that both RycHo-No2 vMmr and Rucro-No2, vep are larger than 2 after 10:00 BJ, when
the photochemistry reaction is active. This implies that the sensitivities of O3 production to
NOy and VOCs are the same in the lower troposphere at Raoyang, which can be further
confirmed by Rycro-No2 Vertical distribution (Figure 6a).

3.3.2. Relationship to O3 Production and Meteorological Condition

The relationships of the daytime (7:00-18:00 BJ) averages of HCHO and NO, to O3
production and meteorological condition are shown in Figure 7. To analyze the influence of
HCHO and NO; on O3 production, we assume the daytime surface O3 diurnal variations at
Raoyang station were mainly caused by O3 photochemical reaction [4,5], using the variation
range of daytime O3 concentration as a proxy for Oz production (“O3 Range” in Figure 7a,b).
Upon previous studies [39,40], O3 production regimes could be assigned as VOC-limited
(RucHOo-NO2 < 1), transition zone (1 < Rycygo.no? < 2) and NOx-limited (Rycygo.no2 > 2) for
HCHO VMRs lower than 10ppb. Therefore, inferred from the Rycro-No2,vep in Figure 7a,
O3 production regimes are in the NOx-limited section and transition zone, corresponding
to the larger and smaller O3 ranges with the typical boundary of ~60 ppb, respectively.
Differently from the VCD situation, in which there is no case of Rycpo-no2 vep < 1, there is
a small quantity of cases with Ruycro-Noz,vmr < 1 (i-e., VOC-limited) as shown in Figure 7b,
which is associated with weak near-surface O3 production (O3 range < 40 ppb). It is
interesting that the strongest near-surface O3 production (O3 Range > 90 ppb) occurs in the
transition zone, i.e., 1 < RucHo-No2,vMR < 2, probably signifying combined air pollution
in the region of Raoyang. On the whole, the cases with high O3z ranges are found in
the NOx-limited regime for both VCDs and near-surface VMRs in summer in the NCP
rural area.

In the interests of consistency with surface meteorological observation, we focus
on the near-surface HCHO and NO; VMRs as well as RycHo-No2,vmr in the following
discussion. It is clear that the zones of RycHo-No2, vMr > 2 and Rycho-NozvMmr < 1 are
corresponding to the high and low daytime averaged temperatures, respectively (Figure 7c).
With the opposite situation for RH, the low (typically 55%) and high (typically 65%)
RH appears in the NOx-limited and VOC-limited O3 production regimes, respectively
(Figure 7d). Therefore temperature and RH are two important driving factors of HCHO
and NO; photochemical process in summer, partly because they affect the photochemistry
activity and biogenic isoprene emissions [41,42]. The relationship between RycHo-No2, vMR
and wind speed is unapparent (Figure 7e), partly because the wind speed changes in a
small range. However, the rose of RycHo-NO2, vMR in 16 wind sectors clearly presents its
dependency of wind direction (Figure 7f). The total frequencies for Rycro-No2, vMR > 2,
1< RHCHO—NO2,VMR <2, RHCHO—NOZ,VMR < 1 are 49%, 40% and 11%, respectively. The
ratios of RucHo-NO2, vMR > 2 are distributed at the southeast side of the NE-SW axis with
a maximum frequency of ~16% in the ESE section. The ratios of Rycro-no2,vMmR < 1 are
mainly distributed in the NNW section with a maximum frequency of ~5%. Therefore, air
masses from different source regions can lead to different sensitivities of O3 production
to NOx and VOCs at the Raoyang station [22]. In addition, southeasterly winds occur
mainly during the afternoon period (Figure 5h), when O3 production is NOy-limited
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(RucHo-No2, Figure 6b). This can partly explain the dependence of Rycho-no2 on wind

direction (Figure 7f).
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Figure 7. Relationship of HCHO and NO; to O3 and meteorological conditions. (a) HCHO vs.
NO, VCD daytime (7:00-18:00 BJ) averages, colored by the range of surface O3 daytime variation.

(b) is same as (a), but for HCHO vs. NO, VMR daytime averages in the lowest layer. (c—e) is similar

to (b), but separately colored by daytime averages of air temperature, relative humidity and wind
speed. (f) Rose showing the frequency of VMR ratios of HCHO to NO, in 16 wind sectors. The ratios
of HCHO/NO, = 1:1 and 2:1 are also presented by the dash lines in (a—e).



Atmosphere 2022, 13, 860

12 0f 15

4. Discussion

The level of NO; VCD in this study is higher than that at the NCP background station
of Shangdianzi and lower than that in the NCP megacity of Beijing in summer [30,32,43].
However, the level of HCHO VCD is higher than that at another NCP rural site of Gucheng
and close to the HCHO abundance in Beijing in the summer of 2017 [44]. Satellite observa-
tion also found significant spatial differences and temporal variations for NO, and HCHO
levels over the NCP [45,46]. Even so, we found similar vertical structures and diurnal
variations of NO, and HCHO profiles retrieved by MAX-DOAS measurements at the NCP
rural site of Xingtai [16]. The boundary layer evolution and photochemical reaction played
an important role in the diurnal variation of NO, and HCHO vertical distribution, leading
to the elevated pollution layer in the residual layer before 10:00 B] and the HCHO oxidation
layer in the upper part of the boundary layer from 11:00-17:00 BJ [2,14]. Different from the
studies at another NCP suburban site [24], the NOy-limited regime of O3 production stayed
stable in the boundary layer as a whole. Meteorological conditions also affect the levels
and spatiotemporal variation of NO, and HCHO, and the sensitivities of O3 production
vary accordingly because meteorological conditions such as temperature can influence the
natural source emission and the photochemical efficiency of O3 precursors [13,23,41].

5. Conclusions

In this article, we present vertical profiles of NO,, HCHO and HCHO/NO; ratios
retrieved from ground-based MAX-DOAS measurements in summer 2014 at the Raoyang
rural site of the NCP. Temporal variations of NO, and HCHO vertical profiles as well as
the relationship of HCHO/NO; to O3 production were investigated. The main findings are
summarized as follows.

The average levels of VCDs and near-surface VMRs were 1.02 + 0.51 x 10'® molec-cm ™
and 3.23 & 2.70 ppb for NO, and 2.32 = 0.56 x 10'® molec-cm~2 and 5.62 =+ 2.11 ppb for
HCHO during the field experiment. The NO, vertical distribution averaged by all effective
profiles had a declining shape with increasing altitude, while there was an elevated layer for
HCHO at the altitude of ~1km, indicating an enhancement of photochemistry in the upper
planetary boundary layer. Thus, the correlation coefficient between VCDs and near-surface
VMRs for NO; (R = 0.69) is larger than that for HCHO (R = 0.55), implying more limitations
of in situ surface measurement in representation of the vertical variations of HCHO than
NO, due to HCHO secondary production at higher altitudes. NO, and HCHO levels are
closely connected with meteorological conditions. For example, higher NO, VCDs are
usually associated with lower temperature, higher RH and lower PBLH.

The diurnal variations of VCD and near-surface VMR were in the range of
0.74-1.78 x 10'® molec-cm 2 and 1.74-7.63 ppb for NO, and 2.11-2.95 x 10'® molec-cm 2
and 4.67-7.47 ppb for HCHO during the effective observation period, respectively. The
severe NO; pollution cases, i.e., peaks for VCDs and near-surface VMRs, appeared in
the early morning and evening. The higher HCHO VCDs occurred in the morning and
evening, while the near-surface HCHO VMRs gradually increased and peaked around
10:00 BJ. There were elevated pollution layers for both NO, and HCHO in the residual layer
before 10:00 BJ. However, the NO; pollution without an elevated layer mainly concentrated
at heights less than 0.2 km from 11:00-17:00 BJ, while the elevated HCHO layers always
existed, and the associated HCHO concentration levels were lower due to the higher PBLH.
Complex effects of boundary layer processes and photochemistry reactions on the diurnal
variations of NO, and HCHO vertical distribution need to be further studied in the future.

The averaged diurnal variations of daytime HCHO/NO, ratio (Rycno-no2) profile
indicated that Rycxo-No2 was generally larger than 2 in the boundary layer from 11:00
BJ until 19:00 BJ, when ozone photochemistry was most active. The most frequent O3
production was in the NOx-limited regime during the observation campaign, inferred
from both RHCHO—NOZ,VCD and RHCHO—NOZ,VMR- The ozone-NOx-HCHO production sen-
sitivities were closely related to the meteorological conditions, such as temperatures, RH
and wind. Temperature and RH probably affected photochemistry activity and natural

2
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source emissions, and the air masses from different source regions transported different
atmospheric compositions to Raoyang. Therefore, more investigations of NO, and HCHO
vertical profiles are still needed to reveal the formation mechanism and long-term evolution
of O3 pollution and to develop strategies for controlling the O3 photochemical pollution
over the NCP in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13060860/s1, Figure S1: time series of the qualified hourly
NO; and HCHO as well as coincident meteorological conditions; Figure S2: time series for vertical
profiles of VMR ratios of HCHO to NO, as well as HCHO/NO; ratios of VCD and near-surface VMR;
Table S1: fit settings for the NO, and HCHO spectral analyses.
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