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Abstract: Total OH reactivity, an index utilized to evaluate the overall effect of atmospheric reactive
species on hydroxyl radicals, has been assessed over the past half century, particularly in ambient air.
The direct measurement of OH reactivity for vehicular sources has also been conducted, further en-
hancing our understanding of chemical compounds and processes in source emissions. However, the
current summary on OH reactivity dominantly focuses on ambient, and the review of OH reactivity
measurements and characteristics for vehicular sources was lacking. Herein, we comprehensively
reviewed and compared the measurement techniques, values of total OH reactivity, reactive chemical
species, and missing OH reactivity for ambient air and vehicular sources involving exhaust and evap-
oration. The OH reactivity values for ambient air are comparable to those for evaporative emission
(around 0-10% s~1), whereas they are all lower by 2-3 orders of magnitude than exhaust emission.
In areas dominated by anthropogenic emissions, inorganic reactivity dominates the OH reactivity,
while in biogenic-dominated areas, organic reactivity is the main contributor. For vehicular sources,
inorganic reactivity dominates the calculated OH reactivity for exhaust emissions, while volatile
organic compound reactivity (especially alkene reactivity) can almost explain all the calculated OH
reactivity for evaporative emissions. The missing reactivity for ambient air and vehicular emission
might derive from unmeasured, even unknown, organic species. We finally discussed possible new
directions for future studies of total OH reactivity.

Keywords: OH reactivity; reactive chemical species; missing source; ambient air; vehicular source

1. Introduction

Severe atmospheric complex pollution, characterized by the coexistence of primary and
secondary pollution, appeared in China, especially in urban cities. Despite the reduction
in the concentrations of primary pollutants, secondary pollution such as ozone (O3) and
secondary organic aerosol is getting worse. The O3 average trends for the focus megacity
clusters are 3.1 ppb a~!, 2.3 ppb a~!, 0.56 ppb a!, and 1.6 ppb a~! for North China
Plain, Yangtze River Delta, Pearl River Delta, and Szechwan Basin, respectively [1]. The
tropospheric ozone is generated by the photolysis of nitrogen dioxide (NO;) in radical
cycling. Within the radical cycling, the hydroxyl radicals (OH), the dominant daytime
oxidant in the troposphere, initiate the degradation of trace gases and pollutants [2,3]. The
OH radicals can react with primary pollutants (carbon monoxide (CO), nitrogen oxides
(NOx = NO + NO»), O3, volatile organic compounds (VOCs), etc.) and are converted into
peroxy radicals involving hydroperoxyl radicals (HO,) and organic peroxy radicals (RO,).
The HO, and RO, radicals are transformed into OH radicals via the reactions with NO.
Among the interconversion of OH, HO;, and RO, radicals, the primary pollutants are
converted into secondary pollutants.

In the classical radical mechanism, the sources of OH radicals include the primary
sources (mainly photolysis of nitrous acid [HONO], photolysis O3, ozonolysis of alkenes)
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and secondary sources (mainly HO, + NO and HO; + O3). In terms of the sinks of OH
radicals, it is considered that OH radicals mainly react with CO, NOx, O3, and VOCs.
However, only a small fraction of the VOCs number has been measured [4], which causes
difficulty in the accurate calculation of OH sinks. The total OH reactivity (kop) with a
unit of s~!, which was first proposed in 2001 [5], can help with the evaluation of the total
OH destruction rates. koy is a vital parameter to quantify atmospheric oxidation capacity.
It represents the pseudo first-order rate coefficient of OH radicals and is equivalent to
the reciprocal atmospheric OH lifetime. kop is the sum of the reactivity of all reactive
species in the troposphere, as shown in Equation (1) [6,7]. Based on the direct and indirect
methods developed in the past decade, koyy values have been directly measured in the
different environmental conditions involving the forest, suburban, and urban areas. The
kon values, diurnal variation, chemical composition, and missing reactivity sources have
been presented differently in different environmental conditions. The direct measurement
of kop, which is a bottom-up molecular approach, can help to test the completeness of VOC
measurements. Additionally, the kop values can be applied to calculate the missing OH
sources, which is the difference between the total OH destruction rate (the product of the
observed OH concentration and kopy) and the known OH production rate. Therefore, the
direct measurement of kop values is significant to the exploration of radical chemistry.

)

where [X;] represents the concentration of a reactive component (CO, NOx, VOCs, etc.) and
konyx; denotes the corresponding bimolecular reaction rate constant.

Besides the observation in the ambient air, ko values have been measured in vehicular
sources since 2010 [8]. To effectively control the VOCs originating from vehicular emission,
prior studies have explored the emission characteristics (mainly emission factors) of VOCs
in-depth, involving alkanes, alkenes, aromatics, oxygenated VOCs, intermediate-volatility
organic compounds (IVOCs), and semi-volatile organic compounds (SVOCs). As the
emission standards upgrade, a significant tendency for pollutants to decrease has been
observed, which might be attributed to the improved combustion efficiency and after-
treatment technology [9-11]. For instance, dramatic progress in the reduction of tailpipe
emissions for the U.S. on-road fleet over the past 60 years has been observed [12]. In
addition, VOC emissions reduced obviously from “Limits and measurement methods
for emissions from light-duty vehicles” (China I-VI), as well as the reactive species, vary
significantly, along with the more rigorous emission standards [9]. The mass fraction
of alkanes, alkenes, and aromatics reduced with the upgrading of emission standards,
whereas the percentage of oxygenated VOCs (OVOCs) in VOCs increased [9,10]. As
for the IVOCs, Qi et al. (2021) [10] reported that the emission factors decreased from
377 mg/kg-fuel for China II-III vehicles to 67 mg/kg fuel for China V vehicles [10]. The
impacts of startup temperature, fuels, engines, and after-treatment technology on vehicular
emissions have been reported [13-18]. The variations in VOC emission factors and reactive
species illustrate that the comprehensive exploration of the reactive species for vehicular
sources is needed and will have an essential impact on vehicle emission control policy.
Nevertheless, the complexity of the number and species of VOCs and the limitations of
VOC measurement instruments both lead to the unachievable measurement of many VOC
species [6]. Still, the undetected or unidentified reactive species might add uncertainty to
understanding the roles of VOCs in atmospheric chemistry and, thus, significantly impact
the generation of secondary pollutants. To fully characterize the reactive VOC species of
vehicular sources, Nakashima et al. (2010) evaluated the kop of the exhaust emissions for
the first time [8]. Thereafter, more kog measurements for vehicular sources occurred over
the past decade [19-21]. The direct measurement of kpopj for vehicular sources can help
us to identify whether the measurement of reactive species originating from vehicles is
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complete and, thus, it could further improve the accuracy of the evaluation for secondary
pollutant formation from vehicular sources.

Two reviews have been published to comprehensively introduce the measurement and
observations of OH reactivity [6,22]. Yang et al. (2016) [22] summarized the measurement
methods, the results of observed OH reactivity, and the comparison of observed and
calculated OH reactivities for ambient air. Yang et al. (2019) [6] also focused on reviewing
the OH reactivity for ambient air, involving the measurement techniques, OH reactivity
observations, and the implications in radical closure experiments. To the best of our
knowledge, few studies reviewed the kopy measurements for vehicular sources, especially
the comparison between ambient air and emission sources. It is crucial to incorporate a
comprehensive review to provide a holistic understanding of the progression in the field of
vehicular VOC emissions and their control technologies. This review firstly integrates the
insights from a total of 366 articles sourced from the Web of Science spanning from 1976
to 2023 (https:/ /webofscience.clarivate.cn/, last accessed 11 November 2023). The search
keywords were “OH reactivity”, “measurement”, and “atmosphere”. The publications per
year in this field are gradually increasing to a peak in 2018. After that, there was a slight but
not significant decrease in the publications per year. The high citations per year occurred in
2021 and 2022, demonstrating that the research of this field has become more popular in
recent years.

This review will focus on the recent updates in kopy measurement technology, the direct
kon measurement results for ambient air and vehicular emissions, and the comparison of
kon values between ambient air and vehicular emissions. We also provided our insight
into the direct ko measurement and the more detailed VOC measurement to understand
tropospheric photochemistry more comprehensively in the future. This review not only
offered a valuable historical perspective on the changes in VOCs emissions over the past
decades, but it also provided significant guidance for future research directions and the
formulation of environmental policies.

2. Measurement Techniques of Total OH Reactivity
2.1. Total OH Reactivity Measurement System for Ambient Air

In the past several decades, two methods have been utilized for the direct measurement
of koy in the ambient air: the direct method and the indirect method. The direct method
is based on the decay of OH concentrations with a reaction time to obtain the koy values
directly. The OH decay is obtained from the reaction of anthropogenically produced OH
radicals with reactive species in ambient air. The direct method mainly contains three types:
Total OH Loss-rate Measurement (TOHLM) [5], Laser flash Photolysis—Laser Induced
Fluorescence (LP-LIF) [23], and Chemical Ionisation Mass Spectrometry (CIMS) [24]. The
indirect method refers to the comparative reactivity method (CRM) [25]. The principle of
CRM is that a known concentration of the reference substance (usually pyrrole), which is not
present in the air, is passed into a reaction tube and reacts with an artificially generated high
OH concentration. The concentration decay of the reference species is measured in zero
air and ambient air, respectively. By comparing the concentration of the reference species
in zero air and ambient air, the competition of the two reactions, one is the reaction of the
reference species and the reactive species in ambient air and another is the reaction of the
reference species and OH radicals were determined and then kop was indirectly measured.

The above methods have been introduced in detail by Yang et al. (2016) [22] and Yang
et al. (2019) [6]. Herein, we present only the latest developments in kop measurement
methods since 2019. In 2021, an improved comparative reactivity method (ICRM) was
newly proposed [26]. As introduced by Yang et al. (2019) [6], the already developed
methods are severely disturbed in high NO levels, especially TOHLM and CRM. The
interference originates from the anthropogenic production of OH radicals, which is gener-
ated by H,O photolysis, as shown in (R1). Along with the generation of OH radicals, H
atoms are also produced, which will continue to react with O, to form HO, radicals. The
generated HO, radicals subsequently react with NO to generate OH radicals again, so that
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Sampling System

(R2) and (R3) would interfere with the kopy measurement due to radical cycling in high
NO concentrations.

H,0 + hv (1849 nm) — H + OH (R1)
H+ O, — HO, (R2)
HO, + NO — OH + NO, (R3)

Recently, scientists improved the ko measurement instruments based on the original
methods, mainly the CRM instrument. To solve the OH regeneration in high NO con-
centrations, Wang et al. (2021) [26] designed a new-and-improved CRM reactor (ICRM).
The advantages of the ICRM system include: (1) HO, concentrations were designed to
be suppressed by adding NO into the system continuously; (2) The deviation derived
from the reactions of VOCs and OH radicals in the reactor under different ambient NO
concentrations has to be realized to be correlated; (3) In terms of the interference from
pyrrole photolysis, the authors improved the structure of the glass reactor, which would
reduce the amount of ultraviolet light generated by the mercury lamp reaching the main
body of the glass reactor. Overall, the new ICRM system has already realized successful
application in field campaigns, even under high-NO-environmental conditions [26].

2.2. Total OH Reactivity Measurement System for Vehicles

Despite the widely adopted approaches for ko measurement in ambient air, it is not
reasonable to directly apply the ko measurement instrument for ambient air to vehicular
sources. Prior studies measured the ko values for exhaust emission based on the chassis
dynamometer [8,20,21,27]. As shown in Figure 1, the schematic diagram of the measure-
ment system is presented, including the detection and sampling systems. In the detection
system, CO, NO, NO, and VOC species are measured along with the total OH reactivity
generally, and the LP-LIF system is usually used for the kopy measurement of vehicles in
previous studies [8,20,21]. In terms of the principle for the LP-LIF approach, high OH
concentrations are generated artificially in the flow tube. The OH radicals will decay with
the reactions via reactive species in the sampling gas, and then the koy can be quantified
by fitting the decay of OH concentrations. Additionally, the artificial OH radicals in the
flow tube are produced by 266-nm laser photolysis of ozone and the successive reaction
with water vapor, as shown in (R4) and (R5) [6,8]. The OH concentration is detected by
the laser-induced fluorescence (LIF) based on the fluorescence assay by a gas-expansion
technique. In principle, OH resonance fluorescence is released in the OH excitation by a
308-nm pulsed laser, and then OH radicals are detected directly [28,29].

Os+hv (266 nm) — O, + O(' D) (R4)
O('D)+H,0 — 20H (R5)

Detection System

——{ NO,NO,CO,CO, etc |

Dilution -
— »—[ Total OH reactivity ]

Chassis Dynamometer »—{ vOCs, 0VOCs, 1/SVOCs, etc |

Figure 1. Schematic diagram of the measurement system for total OH reactivity.
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For the sampling system, the exhaust gas from the vehicular sources, which has a
high temperature, high relative humidity, and high pollutant concentrations, needs to be
first diluted in the dilution system. Nevertheless, the NO concentration is still sufficiently
high to generate the interference, leading to no OH radicals being produced in high NO
conditions [20,21]. Thus, the diluted gas is mixed with excessive O3 before being pumped
into the flow tube to circumvent NO interference [20,21]. The appropriate O3 concentration
should be calculated to ensure the complete oxidation of NO with no oxidation of VOCs.

The inter-comparison of different instruments for the total OH reactivity in the ambient
air has been conducted [30-32]. Still, few studies once reported the inter-comparison of
measurement instruments for vehicular sources. In the future, for vehicular sources, it
is necessary to compares the instruments of different methods to determine the most
suitable methods.

3. Total OH Reactivity Observations

Over the past decades, kopy values have been measured in ambient air and emission
sources. The ambient environmental conditions include forest, suburban, urban, marine,
and aircraft areas. The emission sources mainly involve vehicular emissions, including
exhaust and evaporation sources. In this section, we present the ko values, temporal
variation of kop, and the reactive species for koy in ambient air and vehicular sources.

3.1. The Measured OH Reactivity for Ambient Air

For ambient air, the ko values were measured mainly in three types of environ-
mental conditions. Those are the areas dominated by anthropogenic emissions, the areas
dominated by biogenic emissions, and remote areas with clean environmental conditions.

3.1.1. Areas Dominated by Anthropogenic Emissions

The areas dominated by anthropogenic emissions are generally located in or near
urban areas and are susceptible to emissions from traffic and industrial sources, or they are
located in suburban sites when influenced by continental air. The kop in areas dominated
by anthropogenic emissions varies from a few to over a hundred. The mean or median koy
values observed in Nashville (USA) [33], Helsinki (Finland) [34], New York City (USA) [35],
Mexico City (Mexico) [36], Houston (USA) [37], and Mainz (Germany) [25] were below
20 s~!, while the koy varied within 10~130 s~! in the MEGAPOLI campaign in Paris
(France) [38].

We summarized the diurnal profiles of kop observed in areas dominated by anthro-
pogenic emissions in Figure 2 [34-37,39-41]. The distinctive characteristic of the diurnal
variation for koy is that it shows a morning and evening peak, which might be associated
with rush hours of traffic flows. Figure 3 shows the relative proportion of inorganic reactiv-
ity and organic reactivity in the calculated OH reactivity in different areas [7,31,35,39,42-52].
The distributions of proportions of inorganic reactivity and organic reactivity seem like
a linear correlation with a slope of 1. It is because the calculated OH reactivity consists
of two components, which are inorganic reactivity and organic reactivity. Thus, the sum
of the proportion of inorganic reactivity and the proportion of organic reactivity is equal
to 100%. NOx is the dominant inorganic species. The distribution of active species in
areas dominated by anthropogenic emissions is concentrated in intervals of high inorganic
activity and low organic activity, which differs markedly from the other two regions in the
distribution of active substances.
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Figure 2. The diurnal profile of OH reactivity in areas dominated by anthropogenic emissions [34-37,39-41].
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Figure 3. The relative proportion of inorganic reactivity and organic reactivity in the calculated OH
reactivity in areas dominated by anthropogenic emissions, areas dominated by biogenic emissions,
and remote areas [7,31,35,39,42-52].

3.1.2. Areas Dominated by Biogenic Emissions

Forest regions are mainly affected by biogenic emissions involving the known reactive
species (e.g., isoprene and terpenes) and some other unmeasured or unknown BVOCs.
Since the first kopp measurement in a northern Michigan forest area in 2004 by Di Carlo et al.
(2004) [44], scientists have conducted numerous campaigns to measure koy values in dif-
ferent environmental conditions, covering tropical, temperate, and boreal forests. Figure 4
shows the diurnal profiles of koy in previous field campaigns [31,45,47,48,50,51,53-57].
The koy values are spread over a wide range, and a previous study reported that koy
values could reach over 70 s~ ! around noontime during dry seasons in the Amazon rain-
forest [53]. Nevertheless, koy values in temperate and boreal forests are lower than those
observed in tropical forests. The diurnal values of ko observations were below 15 s 1
even at noontime, in temperate coniferous forests in Japan, boreal forests in Finland, and
pine forests in America [45,47,48]. Additionally, significant seasonal variations of kop have
been observed. Noelscher et al. (2016) [53] observed low koy values in the wet season and
high values in the dry season. They also reported koy values as a function of season in
Amazon rainforest air reactivity. It is indicated that the kop vertical gradients to the canopy
in the wet season were significantly less than in the dry season [53]. Moreover, the koy
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emission rate referring to the emitted kop-per-unit needle, dry-weight-per-unit enclosure,
and volume per unit time has been reported to be related to season [58]. Noelscher et al.
(2013) [58] observed higher ko emission rates in early summer and late summer than in
spring and autumn. Nevertheless, seasonal variations in kop remain understudied and
underreported, suggesting that continuous ko measurements and the analysis of seasonal
variations in koy should be strengthened thereafter.

80

Amazon rainforest (wet-season in 2012—2013)
~— Amazon rainforest (dry-season in 2012—-2013)
~ Amazon rainforest (ENSO-neutral in 2012)
~ Amazon rainforest (strong El Nifio in 2015)
" Amazon rainforest (dry-season in 2018)

Borneo, Malaysia (spring in 2008)

Wakayama prefecture, Japan (summer in 2014)
~ Seoul, Korea (summer in 2016)
~ Hyytiala, Finland (summer in 2008)
~ Hyytiala, Finland (summer in 2010)

" Haute Provence, France (spring in 2014)
— Colorado, USA (summer in 2008)

Alabama, USA (summer in 2013)

~ Indiana, USA (summer in 2015)

P [o2]
o o
1 1

OH reactivity (s™1)

[
o
1

0 6 12 18 24
Hour of Day

Figure 4. The diurnal profile of OH reactivity in areas dominated by biogenic emiss-
ions [31,45,47,48,50,51,53-57].

The kop values show similar diurnal behavior, with a maximum value displayed
around noontime. It might be related to the composition of kop, with a high contribution of
isoprene and terpene, which are greatly affected by light and temperature. In the PROPHET
2000 campaign conducted in a northern Michigan forest, isoprene could account for about
half of the calculated koy [44]. The contribution of isoprene to the calculated kop could
reach 83% inside the canopy in the CANOPEE campaign conducted in Haute Provence
in France [31]. For boreal forests with low isoprene and high terpenes, monoterpenes
might be the most important active species [31,45,56]. Compared to the urban areas, the
percentages of organics in calculated koy for areas dominated by anthropogenic emissions
are significantly higher (Figure 3), and BVOCs dominate the organic reactivity.

3.1.3. Remote Areas

Remote areas are characterized by environmental features that are less affected by
emission sources. As shown in Figure 5, the diurnal profiles of ko values for most cam-
paigns in remote areas differ from those of areas dominated by anthropogenic and biogenic
emissions, with an insignificant diurnal trend [7,39,41-43,59], since remote areas are not
exposed to either heavy biogenic, transportation, or industrial sources. However, similar
diurnal trends to those in areas dominated by anthropogenic emissions were observed
at the Backgarden site in Guangzhou (China), showing a minimum mean value of 20 s~!
at local noon and a maximum mean value of 50 s~ 1 at daybreak [7]. Lou et al. (2010) [7]
reported that the temporal pattern is highly correlated with variations of anthropogenically
emitted pollutants.

The relative proportions of inorganic and organic reactivity for areas characterized by
different environmental conditions are different. The areas dominated by anthropogenic
emissions have higher proportions of inorganic reactivity, whereas the areas dominated
by biogenic emissions have higher proportions of organic reactivity. For the remote areas,
the distribution of active species is not particularly well-characterized (Figure 3), which
depends on the emission sources exposed.
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Figure 5. The diurnal profile of OH reactivity in remote areas [7,39,41-43,59].

3.2. The Measured Total OH Reactivity for Vehicular Sources

Besides the ko measurement for ambient air, scientists began to conduct kop mea-
surements for vehicular sources since the first kopy measurement on vehicles was reported
by Nakashima et al. (2010) [8]. Only five direct koy measurements for vehicular emission
have been conducted so far, including four measurements for exhaust emission and only
one measurement for evaporative emission [8,19-21,27].

3.2.1. The Total OH Reactivity Values

Prior studies have indicated that the measured ko values varied within different
orders of magnitude depending on many parameters (fuel types, emission standards,
driving cycles, mileage, etc.) [8,19-21,27]. The reported koy values from exhaust emission
were mainly based on the chassis dynamometer, and those from evaporative emission were
from gasoline headspace. We summarize the measured kopy values from vehicle sources in
Figure 6. The koy values from exhaust emission varied from 500 s~ to 17 x 10* s~!, and
the koy from evaporative emission varied within 30-50 s~ 1. Ttis indicated that there is a
significant discrepancy in kop values between exhaust emission and evaporative emission.

For the exhaust emission of gasoline vehicles, the kop values depend on the different
driving conditions, emission standards, and the temperature of the engine or catalyst.
Nakashima et al. (2010) [8] measured the koy values of gasoline vehicles under various
driving conditions with a chassis dynamometer [8]. The results showed that the kopy values
for the cold start were about 10 times higher than those for the hot start, indicating that the
vehicular reactivity depends on whether the catalyst or engine is hot or cold [8]. Never-
theless, the kop values from light-duty gasoline vehicles in China, which were measured
in the Economic Commission of Europe (ECE) driving cycle by Liu et al. (2023) [27], were
comparable between cold and warm starts. The results are different from those reported
by Nakashima et al. (2010) [8] mainly due to the different driving conditions between the
two studies. Additionally, the upgrades of emission standards would influence the koy
values, with a notable drop as emission standards were upgraded. The kop values for
China VI-a vehicles were only about one-tenth of those for China I, and the koy values for
China V/China VI-a vehicles and the kop values for the cold start of gasoline vehicles in
Japan were comparable [8,27]. Besides the startup temperature and the emission standards,
driving conditions might have an essential impact on koy values, and it is reported that
the ko values were higher during the startup stage than those during the stable driving
stage [27].
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Figure 6. The measured total OH reactivity for vehicular sources in different studies [8,19-21,27]. Red
columns denote the gasoline vehicles that had passed the latest Japanese emission control standard
(2005). Blue and green columns denote the in-use light-duty gasoline vehicles covering all the issued
emission standards in China with cold and warm starts, respectively. Grey columns denote the
light-duty diesel trucks with different emission standards in China (China III-V) with a hot start. The
orange columns denote the heavy-duty diesel vehicles with different emission standards in China
(China III and China V).

For the exhaust emission of diesel vehicles, a notable increasing trend of kop from light-
duty diesel truck exhaust in China was observed with the upgrade of emission standards,
while an opposite trend of kop from heavy-duty diesel truck exhaust in China [20,21]. The
kon values from heavy-duty diesel truck vehicles were comparable between cold start
and warm start in Acceleration Simulation Mode (ASM), which are about 0.47 x 10* and
2.0 x 10* s~! for China II and China V vehicles, respectively [20]. The koy from light-duty
diesel truck vehicles at the warm start of the ECE driving cycle varied from 5 x 10* to
17 x 10* s71, with an increasing trend with the emission standard upgrades [21]. Moreover,
cumulative mileage has been reported to be an important influencing factor of ko values,
with a strong positive relationship between mileage and kop [21]. The positive relationship
can be attributed to the engine combustion efficiency because the lower efficiency due to
the increasing mileage can promote the generation of incomplete combustion products [21].
Overall, the kog values of China III and China V heavy-duty diesel vehicles were also
comparable to the values of China IV, China V, and China VI-a light-duty gasoline vehicles,
while they were lower than the values of China III, China IV, and China V light-duty diesel
vehicles [8,20,21,27]. Compared to the ko measured from exhaust emissions, the koy
values from the gasoline headspace were much lower, with a range of 30-50 s ! [19]. The
kon from gasoline evaporation was comparable to the values from the ambient air [6].

Overall, the direct koy measurements for vehicular sources have been conducted
since 2010 and have covered light-duty gasoline vehicles, light-duty diesel trucks, heavy-
duty diesel trucks, and gasoline evaporation. The koy values from exhaust emissions are
2-3 orders of magnitude higher than those from gasoline evaporation. With the upgrades
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of emission standards, an increasing trend of koy values from light-duty diesel trucks
has been found, while a decreasing trend of ko from light-duty gasoline vehicles and
heavy-duty diesel trucks has been observed. It is indicated that further exploring the
impacts of the engine and after-treatment upgrades on vehicular koy values is necessary.

3.2.2. The Relative Species

The reactive species consist of inorganics and VOCs (alkanes, alkenes, aromatics,
OVOCs, etc.), and the percentage of reactive species in the calculated OH reactivity in
different studies is presented in Figure 7 [8,19-21,27]. A significant discrepancy in the
contribution percentage of reactive species between gasoline and diesel vehicles was found,
although the inorganics play an essential role in both gasoline and diesel vehicles. In
the contribution percentages of reactive species for gasoline vehicular exhaust emission,
the contributions of CO and NOx are comparable, while the contribution of CO can be
negligible for diesel vehicular exhaust emission. CO accounts for 8-35% of the gasoline
vehicles in Japan (except for the high-speed No.2 driving cycle) and 3—40% of the gasoline
vehicles in China. For light-duty gasoline vehicles, the mean contribution of CO to the
calculated OH reactivity for the cold start is about 20%, which is almost the same as that
for the warm start. For the light-duty and high-duty diesel vehicles, the contributions
of CO to the calculated OH reactivity are below 10%. The difference in CO percentages
between gasoline vehicles and diesel vehicles might be related to the chemical composition
of gasoline and diesel.
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Figure 7. The contribution percentages of reactive species in the calculated OH reactivity for vehicular
sources in different studies involving gasoline vehicles, light-duty gasoline vehicles, light-duty diesel
vehicles, heavy-duty diesel vehicles, and gasoline evaporation [8,19-21,27].

Compared to the low percentage of CO for diesel vehicles, the vast majority of the
calculated OH reactivity is attributed to NOx, with a contribution of 70-98% and 60-70%
to light-duty diesel vehicles and heavy-duty diesel vehicles, respectively. For gasoline
vehicles, the contribution of NOx to the calculated OH reactivity for Japanese vehicles
varies between 10%-70% in different driving cycles, with an average of approximately 35%.
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NOx reactivity accounts for 30% in both cold and warm start for Chinese vehicles, and no
significant variation as the emission standards upgrade is observed.

The contributions of VOCs (mainly alkanes, alkenes, alkynes, aromatics, and OVOCs)
to the calculated OH reactivity for gasoline vehicles are significantly higher than those for
diesel vehicles. VOC species account for about 20-75% of the different driving cycles for
Japanese vehicles (except for the high-speed No.2 driving cycle), with a higher contribution
in the cold start (JCO8C and JC08C /semi-cold driving cycles) than those in the hot start
(other driving cycles except for JCO8C, JCO8C/semi-cold, and const. run. 80 km h™1). As
for the Chinese vehicles, no notable variation in VOC contributions for the cold start and
warm start was observed, with a range for VOC contributions of 35-70% and 25-80% in
the cold and warm starts, and with average VOC contributions of approximately 50% in
the cold and warm starts. For China I, China II, China III, and China IV vehicles, the most
significant VOC species are alkenes and alkynes, followed by alkanes and aromatics. As
the emission standards upgraded, a decreasing trend in the contributions of alkenes and
aromatics for gasoline vehicles in China was observed, which can be attributed to the
decrease in the alkenes and aromatics contents in gasoline fuels [27]. Nevertheless, OVOC
species play a more critical role in the calculated OH reactivity for gasoline vehicles in
China with the upgrades of emission standards, with a contribution of around 40% in the
cold start and approximately 70% in the warm start for China VI-a vehicles. The higher
contribution of OVOCs might be related to the adoption of gasoline direct-injection (GDI)
engines for China V and China VI-a vehicles [27]. As for the gasoline evaporation, the
most significant contributor to the calculated OH reactivity for the four kinds of gasoline
headspace (Grades 92 and 95 gasoline samples following China V, and Grades 93 and
97 ethanol gasoline following China IV) is n-alkenes, followed by alkanes. No significant
discrepancy between the different gasoline samples was found, and the mean contributions
of n-alkenes, alkanes, and aromatics to the calculated OH reactivity are 76%, 20%, and 4%,
respectively [19].

3.3. Comparison of Total OH Reactivity between Ambient Air and Vehicular Emissions

Compared to the ko measurement for vehicular sources since 2010, the direct mea-
surements of koy values for ambient air have been conducted over the past decades,
covering the different environmental conditions involving urban, rural, and forest areas.
The observed koy values in rural environments at the Backgarden (China), Yufa (China),
Weybourne (England), and Pennsylvania (USA) sites were 10-120 s71 10-30s1,49571,
and 6.1 57! [7,60-62]. The koy in urban environments at the Wangdu (China), Lille (France),
and Tokyo (Japan) sites were 10-20 s~1, 70 s—1, and 33.4 s~! [62-64]. The koy values
in forest environments at Michigan (USA), Hyytiala (Finland), Brownsburg (Suriname),
and New York (USA) sites were 3-33 s71,3-76 s71, 53 s71, and 5.6 s~! [25,56,65,66]. A
significant discrepancy in the observed kopy values between vehicular exhaust emission
and ambient air has been found, whereas the kop values for gasoline evaporation and those
for ambient air are comparable.

As for the chemical composition, inorganics reactivities, especially the NOx reactivity,
are the most significant contributions to the calculated OH reactivity for vehicular exhaust
emission compared to ambient air. The proportion of VOC species is usually higher than
that of inorganics for the ambient air, especially in biogenic-dominated areas, and alkenes
dominate the calculated OH reactivity of gasoline evaporation.

4. Missing OH Reactivity

Most of the reactive gas concentrations were simultaneously measured along with the
direct kopy measurement, and, thus, the reactivity of each species can be calculated. The
sum of the reactivity of the measured species is usually called the calculated OH reactivity.
It is difficult to obtain the reactivities of all kinds of reactive gases due to the richness of the
VOC species, leading to an underestimation of kop;. The discrepancy between measured
OH reactivity and calculated OH reactivity is referred to as the missing OH reactivity
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(MOR), which represents the reactivities of the unknown or unmeasured reactive species
and, thus, the completeness of understanding for the measurement for reactive species.
Generally, the more reactive a species, the lower the MOR values. Additionally, the ratio
of missing OH reactivity to total OH reactivity can be represented by the missing ratio, as
shown in Equation (2).

Missing ratio = MOR /koy 2)

The existence of missing reactivity for both vehicular sources and ambient air is univer-
sal. The missing ratios for the forest areas, which are almost within 30-70% [25,44,45,47,55,56],
are generally higher than those in urban and rural environments. For the urban and ru-
ral sites, an OH reactivity closure can be achieved in some environments [32,34,35,37,38],
whereas a significant missing reactivity can be found in some environments characterized
by high OVOCs [23,33,36,38,64,67,68]. The missing ko may come from the primary VOC
species and its secondary oxidant products. In the forest areas, missing ko might derive
from the unmeasured BVOCs. For example, terpenes showing a positive correlation with
temperature might be a significant source for missing kop in a northern Michigan forest [44].
Moreover, secondary oxidation products from the photo-oxidation of isoprene by OH radi-
cals could contribute greatly to missing reactivity in the forest [47]. For the areas dominated
by anthropogenic areas, missing koy may be from the unmeasured, even unknown, pri-
mary VOCs, mainly from chemical production, solvent usage, and vehicle emissions. On
the other hand, prior studies reported that the observed kop could be reproduced by the
model coupling the generation of OVOCs [7]. Moreover, highly oxidized products from
continental air masses could contribute to the missing koy [38]. For vehicular exhaust
emission, the missing ratios depend on the startup temperature, emission standards, and so
on. In terms of the possible source of missing reactivity, previous studies reported that the
missing reactivity in ambient samples was attributed to either unknown/unmeasured pri-
mary or secondary VOC species [6]. In addition, vehicular exhaust emissions might mainly
come from the unspeciated species (I/SVOCs, oxygen- or sulfur-containing species, highly
oxygenated VOCs, inorganic acids, etc.) [21,27]. Undetected or unidentified branched
alkenes might be the missing species for gasoline evaporation. The universal existence
of missing reactivity illustrates that more reactive species should be further measured in
the future.

For vehicular emissions, we summarized the missing ratio of gasoline vehicular
exhaust emission, diesel vehicular exhaust emission, and gasoline evaporation, as shown
in Figure 8 [8,19-21,27]. The impact of some influencing factors (startup temperature,
emission standards, driving conditions, etc.) on missing OH reactivity has been illustrated.
For the gasoline vehicular exhaust emission, the influences of the startup temperature on
the missing ratio are different between the Japanese and Chinese vehicles. For the gasoline
vehicles in Japan, the missing ratios for cold starts and hot starts are comparable, and
they are 17.5% and 17% for cold starts and hot starts, respectively. Nevertheless, there is a
significant difference in the missing ratios for the gasoline vehicles in China between cold
starts and warm starts. For China I, China II, China III, and China IV gasoline vehicles,
a near-cessation of OH reactivity is found for the cold starts, whereas the missing ratios
are about 40% for the warm starts. For the China V and China VI-a gasoline vehicles,
the missing ratios for the cold and warm starts are comparable, and the average missing
ratios are around 40%. The unimportant impact of startup temperatures on missing ratios
for China V and China VI-a vehicles is mainly related to the application of an electrically
heated catalyst (EHC), which can shorten the preheating periods of vehicles and reduce the
difference between the two start conditions [27,69].

For diesel vehicular exhaust emission, the missing ratios increase with the upgrades
of emission standards for both light-duty and heavy-duty diesel vehicles [20,21]. A near-
closure of OH reactivity for the China III light-duty and heavy-duty diesel trucks has been
reported, indicating that almost reactive species from the exhaust emission have been
measured. However, as the emission standards upgrade, an approximately 40% missing
ratio was found in China V light-duty and heavy-duty diesel trucks, indicating some
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undetected or unidentified reactive species that must be explored. The startup temperature
has no significant influence on missing ratios for the heavy-duty diesel trucks, with 43.5%
and 39% for the cold starts and warm starts, respectively [20].
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Figure 8. The missing ratio (the ratio of missing OH reactivity to total OH reactivity) for vehicular

sources in different studies involving gasoline vehicles, light-duty gasoline vehicles, light-duty diesel

vehicles, heavy-duty diesel vehicles, and gasoline evaporation [8,19-21,27].

The possible compositions of missing OH reactivity have been reported in previous
studies. Liu et al. (2023) [27] proposed that OVOCs and missing reactivity might have a
similar production process, indicating the missing OH reactivity might derive from the
undetected or unidentified OVOC species. The generation of OVOC species mainly comes
from the stable driving stage when the higher efficiency of the catalyst can promote the
oxidation of VOCs, and, thus, the duration of the stable driving stage tightly influences the
missing OH reactivity [27]. Possible missing species for exhaust emission are speculated to
be the I/SVOCs [27], oxygen- or sulfur-containing species with a molecular weight of more
than 400 [27], as well as highly oxygenated VOCs (carboxylic acids, etc.) [21] and inorganic
acids (isocyanic acid, nitric acid, nitrous acid, etc.) [21]. The missing species for gasoline

evaporation might come from undetected or unidentified branched alkenes [19].



Sustainability 2023, 15, 16246

14 of 19

5. Discussion
5.1. Significance of Total OH Reactivity

As an indicator for evaluating the completeness of chemical species measurements in
the troposphere, the exploration of total OH reactivity is significant for radical chemistry,
as well as global sustainable development.

From the implications for radical chemistry, ko is a significant parameter in conduct-
ing the OH experimental budget. The OH experimental budget is an effective tool to test
our understanding of radical chemistry in the troposphere due to the extremely short pho-
tochemical lifetimes of OH radicals. The OH experiment budget refers to the comparison
of the OH production rate (Popy) and destruction rate (Doyy). For the OH destruction rate,
kom is the crucial parameter because Do is the product of the observed OH concentrations
and koy. Thus, Doy denotes the total OH sinks. Under the photochemical steady-state
hypothesis, the total OH production rate is equal to the total OH destruction rate. Therefore,
the direct measurement of ko would help the investigation of missing OH sources, which
is the difference in the OH destruction rate and production rate. Thanks to the direct
measurements of kop, OH regeneration mechanisms have been proposed [70-75], but the
deviation between the observed and modeled OH concentrations is still not fully explained.
It further highlights the importance of searching for missing reactivity sources that may be
closely related to OH regeneration in the troposphere. For vehicular emissions, the direct
measurement of ko could determine chemical reactive species with a high-formation
potential of secondary pollutants. Additionally, the kop observations could identify the
completeness of chemical species measurements in vehicular emissions. Exploring the
source of missing reactivity would help us identify more unmeasured or unknown ac-
tive chemical species, which would further enlighten the development of radical-related
mechanisms and, thus, facilitate radical closures in the troposphere.

From the implications for sustainable development, the review of total OH reactivity
for ambient air and source emission could provide a comprehensive understanding for
reactive chemical species in the troposphere. It will help to further assess the generation
potential of secondary pollutants, as well as the health potential of reactive chemical
species, which would contribute to the accurate identification of chemical species requiring
special attention. Additionally, this study would further enrich the understanding of global
environmental issues such as human health. Chronic or acute adverse health effects could
be caused by an exposure to VOC species, especially severe emissions from vehicles [76].
Identifying the pollutants with adverse effects on human health will help to promote the
development of emission reduction policies, which will facilitate the achievement of the
Sustainable Development Goals (SDGs) adopted by the United Nations.

5.2. Existing Problems and Prospects

Previous studies have explored the kop for ambient air in detail, while further explo-
rations on OH reactivity are needed, as shown below.

1.  Exploring the possible interactions between OH radicals and particles, further im-
proving the aerosol simulations.

2. Developing more measurement techniques about the total reactivity of other radicals
(NO3, HO», etc.).

For the kop of vehicular emissions, prior studies mainly focused on the effect of
different emission standards and startup temperatures on the kopy of exhaust emissions and
evaporative emissions of gasoline. Considering the current process of kop for vehicular
sources, several critical issues to help improve the exploration of the total OH reactivity in
the field of mobile sources are outlined below.

3. Exploring the impact of fuels, engines, after-treatment systems, and driving speed on
the total OH reactivity for exhaust emission under strict quality control.

4. Evaluating the total OH reactivity in different evaporation emission processes (diurnal,
hot soak, permeation, refueling, etc.) besides the headspace.
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5. Adding the observation of OVOCs, I/SVOCs, and other organic reactive gases and,
thus, evaluating the concentrations of mobile sources to the atmospheric chemistry.

6.  Strengthening the measurement of total OH reactivity for more mobile sources (non-
road machinery, ship, aviation, etc.).

6. Conclusions

Total OH reactivity is an indicator for evaluating the amounts of reactive species
in terms of the loss of OH radicals. The OH reactivity for ambient air has been widely
characterized, while OH reactivity for vehicular sources, a significant source of abundant
atmospheric pollutants, is poorly understood. Herein, we reviewed and compared the OH
reactivity for ambient air and vehicular sources to illustrate the OH reactivity measurement
instruments, reactivity values, chemical active species, and missing reactivity in depth.
Firstly, for ambient air, the direct OH reactivity measurements were mainly conducted in
areas dominated by anthropogenic emissions, areas dominated by biogenic emissions, and
remote areas. The diurnal OH reactivity values for areas dominated by anthropogenic emis-
sions exhibit morning and evening peaks, which are similar to NOx emissions by traffic.
The OH reactivity values for areas dominated by biogenic emissions present peaks around
noontime, and those for remote areas show a weaker diurnal variation. The OH reactivity
for anthropogenic-dominated areas is generally dominated by inorganic species, while
organic species might be the major contributor to OH reactivity in biogenic-dominated
areas. Secondly, for vehicular sources, a significant discrepancy in OH reactivity between
exhaust emissions and evaporation emissions has been found. The OH reactivity values for
exhaust emission are 2-3 orders of magnitude higher than those from gasoline evaporation.
Inorganic and organic reactivities are comparable for gasoline exhaust emission, whereas
the highest fraction of the calculated OH reactivity was NOx reactivity for diesel exhaust
emission. For the gasoline evaporation emission, the contribution of alkenes to the calcu-
lated OH reactivity is the largest. The missing reactivity has been determined in previous
studies, and the missing reactivity for vehicular sources might derive from the unspeciated
species. Thirdly, compared to ambient air, the OH reactivity for exhaust emissions is much
higher due to the high concentrations of reactive species, and the fraction of inorganics
reactivity in the calculated OH reactivity for exhaust emission is much higher. Nevertheless,
the OH reactivity for gasoline evaporation is comparable to that for ambient air, and all
calculated OH reactivity for gasoline evaporation derives from VOC species.
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