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Recently, deteriorating ozone (O;) pollution in
China brought the precise diagnosis of O; sensitive chemistry to
the forefront. As a dominant precursor of OH radicals, atmospheric Observation Diagnosis
nitrous acid (HONO) plays an important role in O5 production.

Diagnosis for urban Oj sensitivity

However, its measurement unavailability in many regions especially 150 T
for second- and third-tier cities may lead to the misjudgment of the o §)\2 ca
O; sensitivity regime derived from observation-based models. H%§0L>0H gNOZM)OjM%;
Here, we systematically assess the potential impact of HONO on = = §Q = ||| RIRZEKMA /
diagnosing the sensitivity of O; production using a 0-dimension =
box model based on a comprehensive summer urban field . ¢ : = /

campaign. The results indicated that the default mode (only the
NO + OH reaction is included) in the model could underestimate
~87% of observed HONO levels, leading to an obvious decrease
(~19%) of net O production in the morning, which was in line with the previous studies. The unconstrained HONO in the model
was found to significantly push O; production toward the VOC-sensitive regime. Additionally, it is unrealistic to change NO, but
constrain HONO in the model due to the dependence of HONO formation on NO,. Assuming that HONO varied proportionally
with NO,, a stronger NO,-sensitive condition could be achieved. Therefore, effective reduction of NO, should be given more
attention together with VOC emission control for O; mitigation.

O; pollution, one city for one policy, HONO, sensitivity regime, RIR, EKMA

commonly developed to determine the O;-NO,-VOC
sensitivity.” ' To restore the real atmospheric photochemical
condition, most key meteorological parameters, photolysis rate
constants (e.g, J(NO,)), and gaseous pollutants (e.g, nitrous
acid (HONO) and formaldehyde) should be strictly con-
strained in the 0-dimension box model.''! However, the field
measurements related to these key species are lacking at
present in many regions of China, especially for second- and
third-tier cities that are experiencing heavy O; pollution.
Many studies have proposed that atmospheric HONO
acting as a dominant precursor of OH radicals'’~"> makes a
great contribution to O; formation,lé_18 whereas its sources
are not fully understood.'”*" As a result, HONO formation in
the default box model was only regarded to be from the
homogeneous reaction of NO with OH radicals,*"** leading to
a visible underestimation of HONO levels. Although the gap

China is currently suffering from worsening ground-level O;
pollution, which has attracted great attention from the public
due to its adverse impact on the ecosystem and human
health.'™ To reverse the increase in ground-level Os, the
Ministry of Ecology and Environment of China recently
announced the “one city for one policy” initiative for 54 key
polluted cities in the North China Plain (NCP), the Fenwei
Plain, and their surrounding areas, which drove professional
scientific research teams to enter the appointed cities for
alleviating O; pollution and improving air quality. In order to
achieve the goal, it is of pivotal importance to diagnose
precisely the sensitivity of O3 production.

It is well-known that ground-level O; is generated from
photochemical reactions involving NO, and volatile organic
compounds (VOCs).” Unlike other air pollutants that are
from secondary formation, the O; responses to its precursors

(NO, and VOCs) are nonlinear,’™" which heightens the August 22, 2022 iveonmy
difficulty of formulating policies to control O; pollution. October 10, 2022 e,
According to the comprehensive field measurement data and October 11, 2022 o
0-dimension box model, several observation-based methods October 13, 2022 g

(OBMs) such as relative incremental reactivity (RIR) and
empirical kinetic modeling approach (EKMA) have been
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between simulated and observed HONO concentrations could
be significantly narrowed through incorporating other known
sources including direct emission, heterogeneous conversion of
NO,, and so on into the model,">*"** some key HONO-
related kinetic parameters in the model are often changed
optionally in order to be closer to the observation. For
example, the uptake coeflicient of NO, on surfaces could vary
from 2 X 107 to 1 X 1075>*7>° Therefore, the high
uncertainties of the HONO simulation in the box model
highlighted the significance of the HONO observation-based
constraint. However, to our knowledge, continuous HONO
measurements in China were mostly 1)performed in megacities
such as Bei}'ing,Z()’26_28 Shanghai,zg_‘2 Guangzhou,‘%_35 and
Hong Kong’*™** at present, and only a few focused on the
second- and third-tier cities (e.g, Chengdu, Tai’an, Ji'nan,
Baoding) during the summer O; pollution period."****” The
absence of HONO observation not only influences the
evaluation of atmospheric oxidation capacity,19 but also is
likely to provide a misleading diagnosis for O; sensitivity
regimes. Although the effect of initial HONO on the sensitivity
of O; production in Los Angeles was preliminarily assessed in
1982 based on a simplified trajectory model,* the accuracy of
HONO measurement and the understanding of chemical
mechanisms at that time are outdated. In addition, the
localization of model parameters (e.g, OBM) is also a key
factor that determines computational results to some extent.
Consequently, systematically assessing the role of HONO in
diagnosing the sensitivity of O; production at present has great
significance for O; efficient control in many Chinese cities
suffering from serious O3 pollution.

In this study, a comprehensive field campaign was performed
in a typical urban site (Tai’an) of the NCP during the summer
of 2018, and the impacts of atmospheric HONO on the O,
budget and O;-NO,-VOC sensitivity regime were explicitly
explored to provide some insights for O; control strategies
based on the sensitivity tests in a photochemical box model.

A comprehensive field campaign was conducted from June 16 to July
6, 2018 in Tai’an (36.18° N, 117.11° E), Shandong Province.”>***
Measurements including O;, NO, NO,, CO, SO,, HONO, H,0,,
non-methane hydrocarbon (NMHCs), oxygenated volatile organic
compounds (OVOCs), peroxyacetyl nitrate (PAN), meteorological
parameters (ambient temperature (T), relative humidity (RH), and
atmospheric pressure (P)), and J(NO,) have been described in detail
in Section S1 of the Supporting Information (SI).

The Framework for 0-dimension Atmospheric Modeling (FoAM)*
coupled with Master Chemical Mechanisms (MCM v3.3.1) was used
to explore the influence of HONO on Oj sensitive chemistry. The
model was constrained by the observed meteorological parameters
(T, RH, and P), J(NO,), and trace gases (NO, family, CO, SO,,
H,0,, NMHCs, OVOCs, and PAN). Detailed information about
model configuration is presented in Section S2 of the SI.

Based on the FOAM simulations, a set of sensitivity tests for NO, and
VOCs with 49 different combinations (i.e., 1, 5, 10, 20, 50, 100, and
150% for NO, and VOCs, respectively) were conducted to generate
the EKMA contour plot. The role of HONO in the Oj; sensitivity
regime was assessed by several different scenarios of EKMA that
involved constrained or unconstrained HONO. Note that uncon-
strained HONO meant the measured HONO concentrations were
not input in the model. For more details, see Section S3 of the SL

The temporal variations of O; and relevant key parameters
(J(NO,), T, NO,, HONO, NMHCs, and OVOCs) for the

entire observation period are illustrated in Figure 1, and their
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Figure 1. Time series of J(NO,), T, and typical gaseous pollutants
(O3 NO,, HONO, NMHCs, and OVOCs) during the sampling
period.

daytime (6:00—18:00, UTC+8) average values at different O,
pollution levels are listed in Table S1. Maximum daily average
8 h O; (MDA8 O,;) concentrations during the entire
observation period all exceeded the Chinese ambient air
quality first-grade standard (100 ug m™>) and over half of them
exceeded the second-grade standard (160 ug m™), revealing
severe O; pollution during the summertime in Tai’an. The
similar variation trend between O; and J(NO,) (Figure 1) as
well as the obvious higher average value of J(NO,) at the levels
of MDAS8 O; exceeding 160 ug m™ (Level-II) than at the
levels of MDAS O in the range of 100—160 ug m™> (Level-I)
(Table S1) highlighted the importance of solar radiation for
the photochemical formation of O;. Besides solar radiation,
NO, and VOCs as the key precursor species for O; also
contributed greatly to O; production.”” However, high MDAS
O; concentration did not exactly correspond to the high
daytime average values of the precursors (Table S1), which is
likely due to the complex nonlinear interaction between Oy
and its precursors.””® Additionally, the average concentrations
of HONO in the morning (6:00—9:00) were found to be
greater at Level-II than those at Level-I (Figure S1), implying
that atmospheric HONO might have a significant effect on O;
production.

The O; production was thereafter analyzed using the
observation-based model, and the simulated O; concentrations
by the model with all the measured parameters as constraints
were compared with the observation (Figure 1). As expected,
the simulation results could well reproduce temporal variations
in observed O; with a normalized mean bias (NMB) of 6.2%,
confirming the credibility of the model simulation. The
production and loss rates of O; were calculated based on the
simulated concentrations of relevant species and the given
reaction rate constants in the model. The O; production rate
(P(0O3)) can be represented by the oxidation rates of NO to
NO, by peroxyl radicals,"”"" as expressed in eq 1. The O, loss
rate (L(O;)) can be quantified by summing O; photolysis
(equivalent to the chemical removal of O'D via its reaction
with H,0), the reactions of O; with OH, HO, and alkenes,
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and the reaction of NO, with OH,'”"" as described in eq 2.
Then, the net production rates of O; (NP(O;)) can be
calculated via subtracting P(O;) by L(O;) (eq 3).

P(03) = kyo,+nolHO,IINO] + Y kyo, +n0lRO, 1INO]
(1)
L(03) = koipy11,0l0'DIH,0] + oy 4 0 [OH][O;]
+ kHOz+03[H02][03] + kalkenes+03[alkenes][o3]

+ Kopt4no,[OHI[NO, )

©)

As shown in Figure S2, P(O;) was significantly greater than
L(0O;), resulting in daytime local accumulation of O;. The
mean daytime reaction rates of NO with HO, and RO, were
about 6.1 ppbvh™' and 7.5 ppbv h™’, accounting for ~45% and
55% of the total P(O;), respectively. The contribution
proportions of the two dominant ways (NO+HO, and NO
+RO,) to P(O;) in Tai’an were different from those reported
in other regions such as Xiamen (68% and 32%),'> Baoding
(57% and 43%),"" and Guangzhou (78% and 22%),** which
was probably attributed to the emission differences in the
precursors (e.g, OVOCs) of peroxyl radicals (HO, and RO,)
in different areas. The fast elevation of P(O;) was found during
8:00—11:00, with diurnal average values increasing from 10 to
22 ppbv h7!, implying the strong atmospheric oxidization
capacity in the morning. Moreover, L(O;) was dominated by
the reaction of NO, with OH (~41%), followed by the
ozonolysis of alkenes (~32%) and O photolysis (~12%)
during the whole day.

NP(O3) = P(Os) - L(Os)

It has been acknowledged that the photolysis of HONO can
trigger daytime atmospheric chemistry in the early morning
and serve as the important or even dominant source for OH
radicals, with a contribution of 20%—90%.">"'° The OH
radicals can initiate the degradation of VOCs to produce RO,
and HO, radicals which subsequently promote the efficient
conversion of NO to NO,, leading to the accumulation of O,
via NO, photolysis.” However, the default mode (only the
homogeneous reaction of NO and OH for HONO formation)
in the box model tended to largely underestimate HONO
levels (Figure 2a), with an average of 87% underprediction
during the whole day, implying the existence of unknown
strong sources of HONO. It should be noted that the
simulated HONO was very close to the observed HONO
during the entire observation period after the incorporation of
the NO, heterogeneous mechanism in our recent study,””
which highlighted the importance of NO, uptake to HONO
formation. Since this study mainly focused on the role of
HONO in O; sensitive chemistry, the unknown HONO
sources could be not further discussed in detail.

When the measured HONO concentrations were not input
as constraints in the box model, the NP(O;) showed an
obvious decrease (~19%) in the morning whereas it changed
negligibly in the afternoon compared with HONO constraint
(Figure 2b). Similar results were also found based on
sensitivity tests with different degrees of HONO reduction in
a previous study,"® which has been explained by the high
HONO levels supplying the initiation of OH radicals in the
early morning. In addition, the minimal influence of the
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Figure 2. Diurnal trends of observed HONO and simulated HONO
in the default box model (a), the variations of average diurnal net
P(O;) with and without HONO constraint for the model (b), and the
hourly RIR values of HONO, NO,, and VOCs in the daytime (c).

unconstrained HONO on NP(O,) after 12:00 was mainly
attributed to the low NO levels which were insufficient to meet
RO, and NO, chemical cycles for O; production.

To further investigate the impact of HONO on O;
production, the RIR,** which is defined as the ratio of the
decrease in NP(Oj;) to the decrease (20% in this study) in the
concentrations of the specific species (X; i.e., NO,, VOCs or
HONO), was calculated by eq 4 according to modeling results.

ANP(0,), /NP(O,)x

RIR, =
ACy/Cy

(4)

As shown in Figure 2c, the decrease in VOCs led to the
positive RIR values during the daytime, with relatively high
RIR values of 0.24—2.36 in the morning, indicating that the
reduction of VOCs was an efficient way for O; pollution
control, especially during the morning hours. Among all the
VOCs, the RIR values of anthropogenic NMHCs (ANMHCs)
were the highest, followed by biogenic VOCs (BVOCs) and
OVOCs (Figure S3). However, the RIR values of NO, were
negative in the morning and then became positive in the
afternoon, which was caused by the titration of NO, to O,
during VOC-sensitivity morning hours. Although HONO was
not directly involved in the formation of Oj, the decrease in
HONO still resulted in the positive RIR values of 0.08—0.60 in
the morning due to the dominant role of HONO in OH
production. The RIR values of HONO were found to be about
a factor of 3 less than those of VOCs, which was ascribed to
the possibility that just approximately one-third of the OH
radicals could react with VOCs to form RO, radicals.*
Overall, not only NO, and VOCs but also HONO have
impacts on the local O; production.

The average daily RIR values for VOCs and NO, were also
calculated with and without HONO constraint to examine the
significance of atmospheric HONO to Oj; sensitive chemistry.
As shown in Figure S4, the reductions of VOCs and NO,
tended to mitigate O; levels during the majority of the
observed days, indicating that O3 formation during the entire
observation period was mainly in a mixed-sensitive regime.
The unconstrained HONO in the default mode obviously
increased the RIR values of VOCs but decreased the RIR
values of NO,, pushing O; production toward the VOC-
sensitive regime. In particular, the RIR values of NO, without
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HONO constraint shifted from positive to negative over a few
days (e.g, June 20 and 25). The change in the O, production
sensitive regime without HONO constraint was determined by
the reduction degree of HONO, and hence this shifting trend
could be more significant in areas with the high HONO levels.

The impact of HONO on O;-NO,-VOC sensitivity was
further analyzed using the visual isopleth diagrams which were
generated from the EKMA mode, and the results are shown in
Figure 3. It is clear that the ridge lines split the diagrams into

Unconstrained HONO

Constrained HONO HONO x2 HONO scaled by NO,  Max O, Rate (pb )

H 10
vocs (s%)

s 10
vocs (7).

Figure 3. EKMA plots derived from multiple sensitivity tests in the
box model. Unconstrained HONO: observed HONO not as a
constraint for model input; Constrained HONO: observed HONO as
a constraint for model input; HONO X 2: observed HONO scaled by
a factor of 2 as a constraint for model input; HONO scaled by NO,:
HONO input increased or decreased with NO,, (assuming the ratio of
HONO to NO, is fixed). Note that the x-axis and y-axis represent the
VOC and NO; reactivities (s™'), respectively. The red dashed lines
were drawn to compare the gradient of the ridge lines among the
different sensitivity tests.

two regimes, i.e, VOC-sensitive regime (upper) and NO,-
sensitive regime (lower). The yellowish shadowed area around
the ridge line can be regarded as the mixed-sensitive regime of
VOC and NO,. As expected, the unconstrained HONO in the
EKMA gave rise to slight decrease of the ridge line slope in
comparison of HONO as constraints. For example, the NO,,
reactivity reduced from 24 s~ to 22.5 s™! at VOCs reactivity of
17 s7', which was equivalent to lessening the NO,-sensitive
regime by nearly 7% at high VOCs level. Furthermore, with
respect to the HONO scaled up by a factor of 2 as input, the
unconstrained HONO could make the shrink percentage of
the NO,-sensitive regime become larger (~12%) in the
EKMA, further underlining the significance of HONO to the
O; sensitivity regime.

Along with the frequent occurrence of Oj; pollution in recent
years for many Chinese cities, more and more diagnoses of O;-
NO,-VOC sensitivity were performed using the box model
(EKMA and RIR methods) based on the data obtained from
local observation stations, in order to implement more precise
control measures for alleviating O; pollution. However, the
observed HONO data was not available in most local
observation stations due to the difficulty and complexity of
HONO measurement.”” The unconstrained HONO in the
default box model could cause a quite high level of
underestimation in OH radicals and even incline the O
sensitive regime to VOCs, which could inevitably mislead
policymakers into formulating efficient policies to control O;
and improve air quality. Moreover, since HONO formation
largely relies on concentrations of NO,, it is unrealistic to only
change NO, but constrain HONO in the EKMA. If HONO is
assumed to vary proportionally with NO, in the EKMA, we
will find a higher ridge line slope and a stronger NO,-sensitive
condition (Figure 3). The results suggest that emission control
of NO, should be also given much attention together with
reducing VOC emissions for O3 mitigation. Considering the
significant role of HONO in diagnosing the sensitivity of O;

21

production, HONO measurement should be added to
conventional monitoring networks. Additionally, accurate
concentrations of radicals such as OH, HO,, and RO, can
also cover the shortage of HONO measurement and help to
provide more pivotal information about Oj sensitive chemistry,
and thus developing direct observation techniques for radicals
is urgently needed.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenvironau.2c00048.
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