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summer in Shijiazhuang, a city with the most serious ozone pollution on the North China Plain. The forced and
free convection boundary layers were classified using ground remote observations. After eliminating the forced
Editor: Pingging Fu convection condition, strong free convection conditions, exhibiting a high boundary layer height, high wind
speed, strong turbulence and large-scale free convection velocity, were found to be beneficial for the aggravation
of ozone pollution. Combined with the ozone profile detected by a tethered balloon, the ozone chemical budget
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was calculated using the differences in the column ozone concentrations between the morning and afternoon,
and the results confirmed the impact of free convection intensity on ozone pollution. The change in ozone sen-
sitivity from VOCs sensitivity to NOx sensitivity driven by strong free convection was the main reason for the de-
terioration of ozone pollution. This study clarified the impact of boundary layer meteorology on ozone and its
sensitivity and has important practical significance for ozone pollution prevention and early warning.
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G. Tang, Y. Liu, X. Huang et al.
1. Introduction

The main source of tropospheric ozone is not primary emissions but
secondary reactions of nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) under sunlight (Seinfeld and Pandis, 1998). Therefore,
the production of tropospheric ozone is controlled by both precursor
emissions and meteorological factors. The relationship between ozone
and precursors is usually nonlinear and exhibits different evolution char-
acteristics in different regions (Chameides et al., 1992). In North China, as
an example, ozone production is usually controlled by VOCs in urban
areas but controlled by NOx in remote rural areas (Tang et al,, 2012).

Although the emission of ozone precursors is very important, it is
very difficult to form ozone without favorable meteorological condi-
tions (Solomon et al., 2000). First, the main pathway of ozone produc-
tion is the photolysis of nitrogen dioxide (NO,), and the cycle of free
radicals depends on the photolysis of ozone. Both reactions are con-
trolled by solar radiation. Second, hydrogen radicals participate in the
reaction during the cycle between nitrogen oxide (NO) and NO,,
which is strictly temperature (T)-dependent (Vukovich, 1994; Jenkin
and Clemitshaw, 2000). In addition, water vapor is one of the indispens-
able conditions for the chemical cycle of free radicals, but a daily average
relative humidity (RH) of 40-60% is sufficient (Ellis et al., 2000; Zhao
et al,, 2019). Strong winds will cause ozone and its precursors to be
transported to downwind areas, thus limiting the formation of ozone
(Banta et al., 2011; Hidy, 2000). Therefore, strong radiation, high T,
moderate RH and calm winds are favorable meteorological conditions
for ozone production (Tong et al., 2011).

In addition to the meteorological factors mentioned above, the
boundary layer height (BLH) is also a key meteorological parameter
for ozone pollution. It is generally believed that a decrease in the BLH
will lead to the accumulation of pollutants in the boundary layer, induc-
ing the development of ozone pollution (Banta et al., 1998; Haman et al.,
2014). Large-scale studies in Europe also show that stable meteorolog-
ical conditions are conducive to the occurrence and development of
ozone pollution (Garrido-perez et al., 2019). However, previous studies
in Philadelphia and Houston, USA, show that a high BLH is a favorable
meteorological condition for a high incidence of ozone pollution
(Athanassiadis et al.,, 2002; Rappengliick et al., 2008). Nevertheless, re-
cent studies have shown that the relationship between BLH and ozone
concentrations is nonlinear (Banta et al.,, 2011; Berkowitz et al., 2000).
When the BLH is in the range of 1000-1200 m during the daytime, the
ozone concentration is usually the highest and then decreases gradually
when the BLH exceeds 1200 m (Zhao et al., 2019). Therefore, the impact
of boundary layer meteorology on ozone pollution is still uncertain.

The formation and development of the boundary layer mainly depend
on turbulence. As is well known, there are two forms of turbulence. One is
that the ground is heated by solar shortwave radiation, and then the
ground releases longwave radiation to heat the atmosphere. The forma-
tion of buoyancy promotes the development of the atmospheric bound-
ary layer. Another is the wind shear caused by a difference in wind
speeds (WS) at different heights. A boundary layer dominated by buoy-
ancy is called a free convection boundary layer, while a boundary layer
dominated by wind shear is called a forced convection boundary layer
(Stull, 1988). Previous studies did not distinguish between the two
types of boundary layers, so it is impossible to obtain a clear relationship
between boundary layer meteorology and ozone.

Additionally, we usually judge the relationship between ozone
concentration and meteorological factors based on the daily maximum
ozone concentration in the afternoon (Olszyna et al., 1997). Some
studies use the difference between the maximum and minimum
ozone concentrations to quantify the amount of ozone production
(Tang et al., 2012). However, neither of the two methods can accurately
represent the ozone chemical budget. For example, ozone stored in the
residual layer during the nighttime can be mixed downward into the
ground level with the rise of the BLH during the following day (Zhao
et al., 2019; Zhu et al., 2020). The ozone stored in the residual layer is
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not from chemical production on the same day but remains after forma-
tion during the previous day. If we only judge the relationship between
ozone concentration and meteorological factors using traditional
methods, we cannot eliminate the contribution of vertical downward
ozone transport from the residual layer, which will lead to overestima-
tion of ozone production.

From the abovementioned analysis, only by distinguishing the types
of atmospheric boundary layers and quantifying the ozone chemical
budget during a course of a day is it possible to accurately obtain the
response of ozone pollution to boundary layer meteorology. Here, we
carried out two field campaigns in Shijiazhuang, which is the area
with the most serious photochemical pollution on the North China
Plain, and obtained ozone, meteorological and micrometeorological
factors simultaneously under different boundary layer conditions.
Based on these data and tethered balloon observations, the ozone
chemical budget in the boundary layer was calculated, and the relation-
ship between the ozone chemical budget and meteorological factors
was analyzed. Finally, the response of ozone to boundary layer meteo-
rology was clarified, and the reasons were discussed.

2. Methodology

The most serious period of ozone pollution on the North China Plain is
summer, so two observation campaigns were conducted from August 25
to September 19, 2018 (late summer) and from June 8 to July 2, 2019
(early summer). The observation site is in Shijiazhuang (Fig. S1), which
is the city with the most serious photochemical pollution on the North
China Plain.

The observation station for meteorological and micrometeorological
factors is located in Luancheng district (114° 41’E, 37° 53'N) in southern
Shijiazhuang city (Fig. S1). Ultraviolet radiation (UV) was measured by
an ultraviolet radiometer (CUV5, Kipp &Zonen, USA), and the detailed
measurement principle and data quality control scheme are shown in
Hu et al. (2010). T and RH were measured by temperature and humidity
sensors (HMP45D, Vaisala, Finland), and WS was measured by a wind
speed sensor (WAA15, Vaisala, Finland). A three-dimensional ultrasonic
anemometer was used to measure the micrometeorological factors
(CSAT3, Campbell Scientific, Inc., USA), and the height for the observa-
tion was 3.5 m. Please refer to Zhang et al. (2018) for details of the
measurement.

The turbulent kinetic energy (TKE), free convection velocity scale
(w*) and forced convection velocity scale (u*) were calculated by
using the micrometeorological parameters measured by a three-
dimensional ultrasonic anemometer to characterize the state of the at-
mospheric boundary layer (Stull, 1988). The specific calculation method
is as follows.

T (w7 +v?  w?) )
W= F:ZV’ <w’0(,>} "’ )

u = (W2 +W2)1/4 3)
where m is the mass, u'is the fluctuating WS in the U direction, v is the
fluctuating WS in the V direction, w' is the fluctuating WS in the W di-
rection, z; is the BLH, 6, is the virtual potential temperature and g is
the acceleration of gravity.

The observation stations of ground-level ozone, tethered balloon,
and BLH measurements are located in Yuanshi County (114° 30’E, 37°
48'N) in southern Shijiazhuang city, only 15 km from the meteorologi-
cal observation station (Fig. S1). An ozone analyzer (49C, Thermo Fisher
Scientific, USA) was used as the ozone monitoring instrument, and a de-
tailed description can be found in Tang et al. (2009) and Text S1 in the
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supplementary materials. A tethered balloon was used for the vertical
detection of meteorological factors (T, RH, air pressure, WS, and wind
direction) from 0 to 1000 m, and the detection results have been well
verified in previous studies (Zhao et al., 2019; Wu et al., 2021). The
ozone detector was launched with the tethered balloon to measure
the ozone concentration with a temporal resolution of 10 s. The selected
ozone concentration detection instrument (POM, 2B technology, USA)
is based on the ultraviolet absorption principle (Wu et al., 2020), and
the observation results are compared well to the traditional electro-
chemical method (Fig. S2). During the observation period, two groups
of samples were collected every day, namely, before sunrise
(4:00-6:00 LT) and in the afternoon (13:00-16:00 LT). A total of 46
ozone profiles were obtained, including 22 and 24 profiles in 2018
and 2019, respectively. The real-time atmospheric backscattering coef-
ficient within 0-7.7 km was measured by a ceilometer (CL51, Vaisala,
Finland) (Tang et al., 2015). Afterwards, the gradient method was
used to calculate the position of the sudden change in the backscattering
coefficient to determine the BLH. The specific methods have been re-
ported in detail in previous studies (Tang et al., 2016) and Text S2 in
the supplementary materials.

To analyze the response of 0zone to boundary layer meteorology, the
daily column concentrations of NO, and formaldehyde (HCHO) ob-
served by the TROPOspheric Monitoring Instrument (TROPOMI)
(37.6-38.1°N, 114.3-114.8°E for Shijiazhuang) were obtained during
the observation periods (Zhang et al., 2019). HCHO/NO, was used as
an indicator to illustrate ozone sensitivity under different boundary
layer conditions (Tang et al.,, 2012).

3. Results
3.1. Classification of boundary layer

A total of 51 days of observation data were obtained, including
24 days in 2018 and 27 days in 2019. The detailed time series of ozone
and its meteorological factors in the observation periods are shown in
the supplementary materials (Figs. S3 and S4). As mentioned above,
there are two ways to form turbulence in the boundary layer, namely,
buoyancy and wind shear. The formation mechanisms of the two
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kinds of turbulence are very different. The turbulence formed by buoy-
ancy is from the ground to the upper boundary layer, while the turbu-
lence formed by wind shear may be formed at different atmospheric
heights. Therefore, the turbulence formed by buoyancy is terminated
when it rises to the top of the boundary layer, which leads to a large dif-
ference in the amount of backscattering coefficients inside and outside
the boundary layer (Fig. S5a). However, the turbulence formed by
wind shear can bring clean air from the free atmosphere into the bound-
ary layer, which makes the difference between the free atmosphere and
the boundary layer less obvious (Fig. S5b). Based on this, free and forced
convection cannot be classified using near-ground observations. There-
fore, the variance in the daytime atmospheric backscattering coefficient
within 0-4.5 km is calculated by using the detection results from the
ceilometer. The smaller the variance is, the stronger the influence of
wind shear is. Weather conditions with a variance in the atmospheric
backscattering coefficient less than 0.1 Mm?/Sr? are selected as the
forced convection conditions (6 days), and the remaining weather con-
ditions are the free convection conditions (45 days).

Afterwards, the free convection conditions are divided into three
levels according to the maximum 8-h moving average ozone (O3_gym):
< 40 ppbv (7 days), 40-80 ppbv (13 days) and > 80 ppbv (25 days).
The three levels correspond to low ozone pollution (LO3), moderate
ozone pollution (MO3) and high ozone pollution (HO3).

3.2. The response of ozone to boundary layer meteorology

The diurnal cycles of ozone and meteorological factors were obtained
under the above four types of environmental conditions (Fig. 1). Under
free convection conditions, with the rapid increases in UV and T, the
ozone concentration increased significantly. Under HO5 conditions, UV
is 2.5 times that of LOs, T increases by 42%, and the RH decreases by
37%. However, it is also found that strong convection leads to a significant
increase in WS and BLH. The WS of HOs3 is 2.2 times that of LO3, and the
BLH is 2.1 times that of LOs. Under forced convection conditions, UV is
the highest, and the maximum value can reach 44.2 W/m?. T is also
very high, with the highest T exceeding 31.4 °C. However, the RH is the
lowest, with a minimum of 26.0%. The WS and BLH are also the highest,
with a maximum WS greater than 5 m/s and a maximum BLH greater
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Fig. 1. Diurnal cycles of O3 (a), UV (b), T (c), RH (d), WS (e) and BLH (f) under different environmental conditions. LO3, MO3, and HO3 denote free convection days with O3_gy
concentrations lower than 40 ppbv, 40-80 ppbv and greater than 80 ppbv, respectively, and FOC denotes forced convection days.
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than 2600 m, respectively. Therefore, although UV and T are suitable for
ozone production under forced convection conditions, the ozone concen-
tration is not high due to the extremely high WS and BLH, which quickly
dilute ozone and its precursors to the downwind areas. Under this condi-
tion, O3_gy is only approximately 50-60 ppbv, which is close to the back-
ground ozone concentration.

Through the above analysis, it can be found that the BLH cannot be
directly used as a diagnostic indicator of ozone pollution. However,
after eliminating the forced convection condition, the BLH can be a
good indicator of ozone pollution. In other words, under the conditions
of free convection, the stronger the UV, the higher the T, the lower the
RH, the higher the WS and the higher the BLH, the more serious the
ozone pollution is. This result is significantly different from the previous
conclusion that ozone pollution is caused by stable conditions and calm
winds (Haman et al., 2014), indicating that the intensity of free convec-
tion in the atmospheric boundary layer is positively correlated with the
occurrence and development of ozone pollution.

3.3. Evidence of micrometeorology

The above conclusions are obtained from the perspective of meteo-
rological parameters and lack verification of micrometeorological pa-
rameters. To verify the importance of free convection intensity to
ozone pollution, the same analysis was carried out using the measured
micrometeorological parameters (Fig. 2). The results show that the
TKE is the highest in the forced convection condition, and the maximum
is close to 1.7 m?/s2. Except under forced convection, the ozone concen-
tration is positively correlated with TKE. The maximum TKE is 1.1 m?/s?
on HO; days, while this value is only 0.4 m?/s® on LO; days. As TKE is af-
fected by buoyancy and wind shear, it is difficult to distinguish whether
the ozone concentration is driven by buoyancy or wind shear based only
on the analysis of TKE. To separate these two factors, the velocity scales
of free convection and forced convection were calculated (Stull, 1988).
Interestingly, except for the highest scale of forced convection velocity
(daily mean~0.3 m/s), the scales of forced convection velocity under
LO3, MOs and HOs conditions are similar (<0.2 m/s). This provides an
excellent situation for analyzing the response of ozone pollution to the
free convection intensity. Under the HO5 conditions, the daily maxi-
mum scale of the free convection velocity can even reach 2.0 m/s.
Under LO3 conditions, the scale of the free convection velocity is only
1.2 m/s. In other words, the scale of the free convection velocity is pos-
itively correlated with the ozone concentration. Therefore, the evolution
of micrometeorological parameters also confirmed that the stronger the
free convection was, the higher the ozone concentration was.

3.4. Dominant role of free convection in the ozone chemical budget

Although the above conclusions are rather clear, there is still a loop-
hole. All of the above results are based on ozone concentration and

Science of the Total Environment 788 (2021) 147740

Mprning (n=27) (a) LO; & MO, (n=10) (b)
1000 |Midday (n = 19) IHO, (n=9)
% SRS
ST EE =
€ oo} aumul I -
= | f—o—f 1
'-5.’ | a | 4 ::‘ }
fa0fF e je | F Eik -
}—H—O—i}—{—'—‘;z‘ e
200 —eo+ o - e = j
}—0—0—0:‘ —e
N el e — e
0 40 80 120 0 40 80 120
O; (ppbv) O; (ppbv)

Fig. 3. Averaged vertical ozone profiles in the morning and afternoon during two
observation campaigns (a) and under the LO3, MO5 and HO5 conditions at noon (b). LOs,
MOs3, and HO3 denote free convection days with O5_gy concentrations lower than 40
ppbv, 40-80 ppbv and greater than 80 ppbv, respectively.

meteorological factors, but the ozone concentration and ozone chemical
budget are not the same.

Fig. 1f shows that the BLH presents obvious diurnal variation. During
the nighttime, the stable boundary layer is shallow and is close to the
ground, and the residual layer is above the stable boundary layer. In the
early morning, the ozone concentration in the near-surface layer was af-
fected by the titration of newly emitted NO, and the concentration was
very low (< 20 ppbv). However, NOx emissions near the ground have dif-
ficulty penetrating the stable boundary layer into the residual layer,
resulting in ozone remaining in the residual layer with an average con-
centration of approximately 60 ppbv (Fig. 3a). Therefore, this typical
boundary layer evolution leads to ozone concentrations that are lower
in the lower boundary layer and higher in the upper boundary layer in
the morning (Tang et al,, 2021a). Although the ozone concentrations in
the stable boundary layer and the residual layer are quite different in
the morning, the ozone concentrations in the boundary layer are rela-
tively uniform in the afternoon (Fig. 3a). The enhancement of radiation
in the daytime leads to strong convection and the rise of the boundary
layer, which induces the ozone stored in the residual layer to mix down-
ward to the boundary layer, affecting the near-surface ozone concentra-
tion (Athanassiadis et al., 2002; Zhao et al., 2019). Therefore, this
phenomenon will lead to overestimation of ozone production ability.

To eliminate the impact of residual layer downward mixing, the ozone
profiles (n = 13, Table S1) observed in the morning and afternoon on the
same days were used to calculate the ozone chemical budget (including
chemical production and loss) using the difference between the average
ozone column concentrations in the boundary layer in the morning and
afternoon (Zhao et al.,, 2019). The results showed that the average column
concentration of ozone was 23.1-100.7 ppbv in the morning and
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Fig. 2. Diurnal cycles of TKE (a), w* (b) and u* (c) under different environmental conditions. LO3, MO3, and HO5 denote free convection days with O gy concentrations lower than 40 ppbv,
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31.5-128.3 ppbv in the afternoon, and the ozone chemical budget was
—18.3-89.9 ppbv/d. Afterwards, the relationship between the ozone
chemical budget and free convection is analyzed. A significant positive
correlation between ozone chemical budget and daily averaged w* was
found, with R? values as high as 0.80 (Fig. 4a). Compared with the results
using O5_gy and midday averaged ozone column concentrations (Fig. S6;
R? =~ 0.5), this result features a significantly higher correlation coefficient.
On the other hand, the 6, gradient in the vertical direction in the after-
noon can also characterize the intensity of free convection (Ellis et al.,
2000). By calculating the 6, gradient from 0 m to 100 m, it is found that
the 6, gradient is closely related to the ozone chemical budget, with an
R? value as high as 0.94 (Fig. 4b). Therefore, by eliminating the contribu-
tion of ozone stored in the residual layer to ozone, the positive relation-
ship between the ozone chemical budget and free convection intensity
is fully confirmed.

4. Discussion

Generally, the lifetime of VOCs is longer than that of NOx. Due to the
difference in the lifetimes of VOCs and NOx, the ratio of VOCs to NOx
will change under different boundary layer conditions, which will affect
ozone sensitivity. NO, and HCHO column concentrations observed by
TROPOMI were used to analyze ozone sensitivity under different bound-
ary layer conditions. With the deterioration of ozone pollution, the NO,
concentration decreased significantly from 1.6 x 10'® to 8.3 x 10'°
molc/cm? (Fig. 5a), but the HCHO concentration was approximately 9 x
10" molc/cm? (Fig. 5b). This phenomenon led to an increase in the
HCHO/NO, ratio with an increasing ozone concentration, indicating that
ozone sensitivity evolved from VOC sensitivity to NOX sensitivity
(Fig. 5¢). Therefore, the free convection intensity drove the change in
ozone sensitivity, which affects the occurrence and development of
ozone pollution.

From the above analysis, under forced convection conditions, high
BLH and high WS are beneficial for the dilution and diffusion of ozone

and its precursors in the boundary layer. Compared with free convec-
tion conditions, a greater reduction in NO, and a constant HCHO induce
an increase in the ratio of HCHO and NO, (Fig. 5), and ozone production
is controlled by NOx (Fig. 6a). Under these conditions, low ozone pro-
duction leads to ozone close to the background concentration, which
is similar to previous research results (Minoura, 1999). However, stable
atmospheric stratification does not lead to serious ozone pollution. In
contrast, ozone pollution is aggravated under strong free convection
conditions, which is contrary to most previous studies (Haman et al.,
2014; Garrido-perez et al., 2019).

The main reason is that ozone is not a primary air pollutant but a
product of secondary reactions. For primary air pollutants, the main
sinks are dilution, diffusion, deposition and degradation by chemical re-
action. With the increase in BLH, strong convection is conducive to the
diffusion and deposition of air pollutants, so the primary pollutants
are usually negatively correlated with the BLH (Tang et al., 2016). For
the secondary air pollutant ozone, ozone mainly comes from the chem-
ical reaction of NOx and VOCs. The near-surface layer emits a large
amount of NOx, but these NOx mainly exist in the form of NO. Therefore,
the near-surface ozone will react with NO to form NO,, resulting in the
chemical loss of ozone (Berkowitz et al., 2000). NO, generated by chem-
ical reactions is transported to the upper boundary layer under the in-
fluence of turbulence, and then photolysis forms ozone in the upper
boundary layer (Tang et al., 2017, 2021b). Strong turbulence also
mixes the ozone generated in the upper boundary layer to the near-
surface layer (Rappengliick et al., 2008), which makes up for the
ozone lost due to the reaction with NO, thus characterizing the uniform
ozone concentration at midday (Fig. 3b).

Therefore, strong free convection will lead to the transport of NO,
generated near the ground to the upper boundary layer and will mix
ozone from the upper boundary layer to the near ground, thus strength-
ening this photochemical process (Fig. 6b). In contrast, if the BLH is very
low and the free convection is weak, a large amount of emitted NO will
accumulate near the ground (Cazorla, 2016), which weakens the
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Fig. 5. Space-based NO; (a), HCHO (b) column concentrations and HCHO/NO, (c) observed by TROPOMI under different environmental conditions. LO3, MO3, and HO; denote free
convection days with Os_gy concentrations lower than 40 ppbv, 40-80 ppbv and greater than 80 ppbv, respectively, and FOC denotes forced convection days.
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Fig. 6. Schematic diagram of the impact of forced convection (a), strong (b) and weak (c) free convection conditions on ozone pollution.

vertical physicochemical cycle and exhibits lower ozone in the lower
boundary layer and high ozone in the high boundary layer (Fig. 3b).
Therefore, weak free convection conditions induce weak ozone produc-
tion (Fig. 6¢).

5. Conclusions

To understand the impact of boundary layer meteorology on ozone
pollution, two field observation experiments were carried out in
summer in Shijiazhuang, the area with the most serious photochemical
pollution on the North China Plain. Near-surface ozone and its corre-
sponding meteorological and micrometeorological parameters were
observed, and tethered balloon experiments were carried out simulta-
neously to obtain the vertical profiles of ozone in the morning and after-
noon. After distinguishing the free and forced convection boundary
layers using the vertical profiles of the atmospheric backscattering coef-
ficient, three main conclusions were obtained.

(1). Under strong free convection conditions, intense radiation leads
to increases in T, WS and BLH. Strong turbulence makes the phys-
ical and chemical cycle of ozone and its precursors vigorous be-
tween the lower and upper boundary layers, resulting in the
deterioration of ozone pollution.

(2). Under weak free convection conditions, weak radiation leads to a
decrease in T and BLH and an increase in RH. Weak turbulence
weakens the physical and chemical cycle of ozone and its precur-
sors between the lower and upper boundary layers, causing
more ozone titrates with freshly emitted NO.

(3). Under forced convection conditions, intense radiation makes T
rise, RH decrease, and WS and BLH extremely high. The strong
diffusion ability leads to a sharp decrease in the concentration
of ozone and its precursors, and the concentration of ozone is
close to the background concentration.

In summary, although the BLH cannot be used as an index to judge
ozone pollution directly, it can be used as a reliable index to judge
ozone pollution after excluding days with forced convection. This
study clarified the impact of free convection on ozone concentration
and its sensitivity and provided scientific support for ozone pollution
prevention and early warning.
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