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Abstract

Chemical losses of ambient reactive volatile organic compounds (VOCs) is a long-term issue yet to
be resolved in VOC source apportionments. These losses substantially reduce the concentrations of
highly reactive species in the apportioned factor profiles and result in the underestimation of source
contributions. This review assesses the common methods and existing issues in ways to reduce losses
and loss impacts in source analyses and suggest research directions for improved VOC source
apportionments. Positive Matrix Factorization (PMF) is now the main VOC source analysis method
compared to other mathematical models. The issue in using any apportionment tool is the processing
of the data to be analyzed to reduce the impacts of reactive losses. Estimating the initial
concentrations of ambient VOCs based on photochemical age has become the primary approach to
reduce reactive loss effects in PMF except for selecting low reactivity species or nighttime data into
the analysis. Currently, the initial concentration method only considers daytime reactions with
hydroxyl (+OH) radicals. However, the «OH rate constants vary with temperature and that has not
been considered. Losses from reactions with Oz and NOs radicals especially for alkene species
remain to be included. Thus, the accuracy of the photochemical-age estimation is uncertain. Beyond
developing accurate quantitative approaches for reactive losses, source analyses methods for the
consumed VOCs and the accurate quantification of different source contributions to Oz and

secondary organic aerosols are important additional directions for future research.

Keywords: Reactive loss; Consumed VOCs; Source analyses; PMF; Initial concentrations
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1 Introduction

Ambient VOCs are key precursors of ozone (Os) and secondary organic aerosols (SOAS)
formation (Li et al., 2016; Li et al., 2018a; Wu and Xie, 2018). Accurate apportionment of their
sources can be important in developing effective prevention and control measures for atmospheric O3
and secondary organic particulate matter pollution (Carrillo-Torres et al., 2017; Meng et al., 1997,
Wang et al., 2022a). Current research on source analyses of atmospheric VOCs has been primarily
conducted utilizing the species ratio method (Che et al., 2019; Zhang et al., 2021), the photochemical
age-based parameterization method (Huang et al., 2020; Zhu et al., 2021), and receptor models (e.qg.,
positive matrix factorization (PMF) (Gu et al., 2020; Liu et al., 2016), chemical mass balance (CMB)
(Song et al., 2019), and principal component analysis/multiple linear regression (PCA/MLR) (Jia et
al., 2016; Sanchez et al., 2008), etc.) based on the measured concentration data. Receptor models,
especially PMF, are the most widely used source apportionment methods (Song et al., 2008; Vega et
al., 2022; Yang et al., 2022b). However, compared to particulate matter, ambient VOC species can
undergo rapid, complex chemical reactions with *OH radicals, NO3z radicals, Oz, etc. (Atkinson and
Arey, 2003), resulting in substantial chemical losses during their transport from their sources to the
receptor site (Yang et al., 2022b; Yuan et al., 2012a). Therefore, the source apportioned results based
on the measured VOC data have difficulty to fully reflect the actual impacts of emission sources on
air quality (Wu et al., 2023b; Yang et al., 2022a).

To reduce the impact of reactive losses, many studies have selected low-reactivity VOC species
to conduct source analyses when using PMF source analyses (Guan et al., 2020; Yang et al., 2022a).
However, this method cannot fully solve the issues related to reactive losses and provide complete
source apportionments since some highly active marker species such as isoprene (Tan et al., 2020)
cannot be excluded from the PMF input species without a substantial loss of information (Liu et al.,
2023a). Therefore, recent studies estimated the initial concentrations of ambient VOC:s (i.e., the VOC
concentrations in the fresh emissions before they can undergo chemical reactions) utilizing the
photochemical age-based parameterization method and then performed source analyses with PMF
(He et al., 2019; Zou et al., 2023). However, there could still be high uncertainties in the estimated
photochemical age of VOC species (Parrish et al., 2007; Yuan et al., 2012b).

There were studies that only used nighttime data for source analyses to reduce the loss impacts



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

(Kim et al., 2005), but the representativeness of the apportioned results was likely limited since there
could be daytime only sources that would not be observed at night (Buzcu and Fraser, 2006). Some
studies applied decay factors to correct the impact of reactive losses in using CMB for VOC source
analyses (Friedlander, 1981; Lin and Milford, 1994; Na and Pyo Kim, 2007). However, there were
relatively few studies and the effectiveness of this method still needs to be assessed. In 2023, Liu et
al. (2023a) systematically investigated the impact of VOCs photochemical losses on the PMF source
apportioned results, and found that photochemical losses reduced the concentrations of highly
reactive species in factor profiles resulting in the contributions of biogenic emissions and polymer
production-related industrial sources being substantially underestimated. However, there has been
little related research to assess the limitations of VOC apportionments.

With the substantial increase of Os concentrations in many locations worldwide in recent years
(Lietal., 2020a; Zhang et al., 2018; Zhao et al., 2021), accurate source apportionment approaches of
the key precursor VOCs have been acquired increasing attention (Gu et al., 2022). Thus, a related
issue is the determination of the VOCs consumed in the formation of the observed Oz and SOAs (Gu
et al., 2023). Although some studies have investigated the underestimated contributions of emission
sources by comparing the apportioned results based on the initial and measured data (He et al., 2019;
Wau et al., 2023a), there are few publications that conducted source analyses for the consumed VOCs
and apportioned the contributions of different sources to the formation of Oz and SOA. In 2023 and

2024, Gu et al. (2023) and Cui et al. (2024) attempted to develop a method for apportioning the

emissten-primary and oxidative sources of the consumed VOCs, and Wang et al. (2022b) conducted

a similar study. Currently, although some studies have been conducted on these issues of VOC
reactive losses and achieved some important results (Gu et al., 2023; Watson et al., 2001; Wu et al.,
2023b), there remain unresolved issues. To better promote progress on the development of better
VOCs source apportioned methods, the present work systematically investigated the main methods
and shortcomings of those methods that are currently applied to resolve these issues by reviewing
relevant papers, with the aim of identifying directions for the future developments and improvement

of VOCs source apportionment methods.



100 2 Materials and methods
101 Relevant papers were_—collected by exhaustively searching Science Direct (Elsevier), the Web

102  of Science, Scopus, Springer, Wiley, and_—the-China National Knowledge Infrastructure (CNKI), etc.

103 with the keywords: —volatile organic compounds (VOCs), oxygenated VOCs (OVOCs), initial
104  concentrations/mixing ratios, chemical/photochemical losses, source apportionment/analysis,
105  positive matrix factorization (PMF), chemical mass balance (CMB), receptor model, and
106 photochemical age-based parameterization method. The information extracted from each publication
107  included methods for reducing the impacts of photochemical losses, the impacts of VOC
108  photochemical losses on source analyses, the source apportioned methods and the results for the
109  consumed VOCs in the atmosphere. This study identified —a-tetal-0f-169 51-papers, of which 682
110  papers werewere published—_since 2020in-the-past-five-years{e;2019-2023}, accounting for ~401%
111 of the total publications; a total of -

112 36 papers were published from 2015 to 2019, accounting for ~21%. There were 102 research

113 papers reporting results in China, accounting for ~60% of the total papers. There were 23 papers

114  located in the United States, accounting for ~14%. The numbers of papers located in India, South

115 Korea, Canada, and Japan were only 4, 3, 3, and 3, respectively, and there were a few papers from

116  other countries. Additionally, there were 19 research papers conducted in Beijing, 9 papers in

117  Guangzhou, and 8 papers in Tianjin, accounting for ~11%, ~5%, and ~5% of the total papers,

118  respectively. There were fewer reports from other cities.

119

120 3 Results and discussion

121 3.1 Methods of reducing the impacts of reactive losses

122 Ambient VOCs can be substantially oxidized by Os, hydroxyl (*OH), and nitrate (NO3) radicals
123 (Atkinson and Arey, 2003; Bey et al., 2001; Finlayson-Pitts and Pitts, 1997), especially oxidation by
124  OH radicals primarily during the daytime (Wang et al., 2013). Therefore, reducing the impacts of
125  VOC reactive losses on source apportionment has long been an important but not easy issue to
126 resolve in VOC source apportionments (Liu et al., 2023a). Ambient VOCs primarily include alkanes,
127  alkenes, aromatic hydrocarbons, alkynes, OVOCs, and halogenated hydrocarbons, etc. Studies

128  suggested that the concentration of Photochemical Assessment Monitoring Stations (PAMS) VOCs
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(i.e., alkanes, alkenes, aromatic hydrocarbons, and alkynes) accounted for ~6358% of the total VOCs

(TVOCs) concentration (i.e., average value of proportions from different literature), while OVOCs

and halogenated hydrocarbons contributed ~228.5%-63% and_—~=0-1%-14% to the TVOCs,
respectively (as shown in Table S1)-(Li-et-al 2016 Wu-et-al2023a;-Zhu-etal-2021). The reported
number of measured species ranged from 13 to 12416, including 0-32 alkanes, 2-16 alkenes, 1
alkyne (only acetylene), 3-198 aromatic hydrocarbons, 4-28% OVOCs, and 28-385 halogenated
hydrocarbons. There were substantial differences in the identified emission sources for the different
types of VOCs (Mo et al., 2016). For example, PAMS VOCs mainly originate from primary
anthropogenic sources (Chen et al., 2010), while OVOCs can also be formed by oxidation of PAMS
VOCs in addition to primary source emissions (Chen et al., 2014; Seinfeld and Pandis, 1986). The
contributions of secondary formation to some OVOC species (e.g., acetaldehyde and
propionaldehyde) can exceed 50% (de Gouw et al., 2005). In addition to local emissions, the ambient
concentrations of halogenated hydrocarbons can also be affected by the long-distance transport
(Mintz and McWhinney, 2008). Therefore, utilizing only the same source analyses approach for
multiple VOC species from different sources might produce results with high uncertainties in the
apportionments.

Source analyses methods for ambient VOCs considering reactive losses mainly included PMF,

CMB, and photochemical age-based parameterization method (Table S2). PMF was the most
commonly method used for source analyses (Yang et al., 2022b). Approximately 5621% of the
reviewed publications focused on source analyses of PAMS species using PMF, while OVOCs
primarily used photochemical age-based parameterization method for source apportionment but with
only relatively few studies (erhy—7—papers)-(Tables S2-S3). Additionally, the studies on data from
simultaneous measurement of both PAMS and OVOC species utilized two methods to conduct
source analyses: one method was to simultaneously input PAMS and some OVOC species into the
receptor model (e.g., PMF) for source analyses and only separated primary and secondary source

contributions of ambient VOCs (Han et al., 2023; Li et al., 2023; Liu et al., 2023b; Tan et al., 2021)

(Table S32). Another approach was to use the PMF and photochemical age-based parameterization to
obtain the source apportioned results for ambient PAMS and OVOCs, respectively, and then

combined the two apportioned results to obtain finally source resolution results for the ambient
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VOCs (Zhu et al., 2021). However, the utilization of this method has been limited.

3.1.1 Methods for reducing reactive loss in PMF source analyses
3.1.1.1 Selecting low activity species or incorporating night only data into PMF

The methods of reducing effects of reactive losses for source apportionments utilizing different
models are shown in Fig. 1. At present, selecting the VOC species with lower reactivity to be input in
PMF for apportionment is the most commonly used approach (Chen et al., 2019; Tan et al., 2020;
Yang et al., 2022b). Many highly active alkene and aromatic hydrocarbon species were not included
in the PMF calculations (Gu et al., 2023; Liu et al., 2023a). For example, Liu et al. (2023a) excluded
highly active species such as 1-hexene, trans-2-butene, trans-2-pentene, cis-2-pentene, and cis-2-

butene. In addition, current approach of incorporating daytime and nighttime VOC data into PMF for

source analyses (e.q., Gu et al., 2020: Li et al., 2020b; Jain et al., 2022) assumes that the daytime and

nighttime factor profiles are consistent. However, the daytime factor profiles can be substantially

influenced by photochemistry (Liu et al., 2025). Therefore, the source contributions obtained by this

method had relatively higher uncertainty. To reduce the impacts of reactive losses on the PMF

apportioned factor profiles and the corresponding contributions, some studies have-utilized_only

nighttime enhy-data when reactive losses would be lower for source analyses to obtain more accurate

nighttime contributions of emission sources (Buzcu-Guven and Fraser, 2008; Buzcu and Fraser, 2006;

Kim et al., 2005; Xie and Berkowitz, 2006).

However, the volatile emission sources commonly contribute substantially to VOCs during the
daytime (Gu et al., 2023). For example, Buzcu and Fraser (2006) used nighttime and all-day data to
conduct VOC source apportionment in Houston, respectively. They found that the night only data did
not identify biogenic or evaporative gasoline sources due to minimal emissions at night. Thus, the
contributions of the nighttime emission sources substantially increased compared to the all-day
results because of the missing source types. Meanwhile, the all-day VOC source analysis conducted
by Zhao et al. (2004) in Houston during the same period also showed substantial differences from the
results reported by Buzcu and Fraser (2006) utilizing night-only data. An additional consideration is

that VOCs can react with NOz3 radicals and Os (especially for highly reactive alkenes) at night

causing reactive losses (de Gouw et al., 2017). Thus, this approach does not eliminate the effects of




187  all possible loss mechanisms. Although Wang et al. (2024a) also considered reactions with Oz at
188  night when estimating VOC chemical reactive losses, the number of related studies remains limited.
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Figure 1. Methods for reducing the impacts of reactive losses for different source analyses models.
PMF represents positive matrix factorization, CMB represents chemical mass balance, and PAPM
represents photochemical age-based parameterization method.

3.1.1.2 Incorporating VOC initial concentration estimated by photochemical age-based
parameterization method into PMF

The photochemical age-based parameterization method is an approach to estimate the initial
concentrations of ambient VOCs (Shao et al., 2011; Wang et al., 2013; Yuan et al., 2012b). This
method assumes that the chemical loss of ambient VOCs mainly originates only from reactions of
the VOCs with «OH radicals (Parrish et al., 1992; Sun et al., 2016; Wang et al., 2013). The
photochemical ages (At) of VOC species are estimated, and then combined with the rate constants

for reaction for «OH radicals with the VOC species (k.on) to calculate their initial concentrations and
9
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quantified the VOC photochemical losses (Shao et al., 2011; Wang et al., 2013; Zhan et al., 2021).
The equation for the initial concentration calculation is shown in Eq. (1), where k.on and At are the
key parameters in this approach.

[VOC], = [VOC], X exp (—k.og X [» OH]AL) (1)
where [VOC]o and [VOC]; are the initial and measured concentrations of VOC at time t, [*OH]
represents the concentration of *OH radical. However, many studies estimated [*OH] At because of
the lack of «OH radical concentration data and defined the product as the «OH exposure (Shao et al.,
2011; Wei et al., 2022; Yuan et al., 2012b).

The k.on of VOC species are substantially affected by atmospheric temperature (Atkinson and
Arey, 2003), which could be commonly measured in laboratory (or chamber) experiments or through
the use of detailed chemical computer models (Atkinson and Arey, 2003). According to the reviewed
papers regarding the estimation of photochemical age, it was found that approximately 476% of the
publications used the Atkinson and Arey's 2003 summary of k.on values at 298K (Atkinson and
Arey, 2003), and approximately 89% used Carter's 2010 summary of k.on values at 300K (Carter,
2010). The detailed k.ou values for different VOC species summarized in these two publications are
provided in Table S4. However, other relevant studies cited k.on values from other papers by
Atkinson and/or Carter (Atkinson, 1991, 2007; Atkinson et al., 2006; Talukdar et al., 1994). The rate
constant for a bimolecular reaction between a hydroxyl radical and a VOC molecule has a roughly
exponential dependence on temperature in the Arrhenius equation (Liu et al., 2023a). Therefore,
these published papers only used k.on values at specific temperatures, which made it difficult to
characterize the actual reaction rates at the actual temperatures in the atmosphere. To address this
issue, Wang et al. (2022b) and Wang et al. (2023) utilized the Arrhenius expression to locally
optimize the k.on values of VOC species based on the actual temperature conditions to further
improve the accuracy of estimating the VOC initial data. In addition, some studies used the k.on of
m,p-xylene instead of values of more reactive species to reduce high-outliers when estimating the
initial concentration (Wang et al., 2013). However, the validity of this method was difficult to assess.

There are two main methods (as shown in Table S5) for estimating At, namely, the species ratio
method (Roberts et al., 1984; Shao et al., 2011; Wan et al., 2022) and the sequential reaction model
(Gong et al., 2018; Shao et al., 2011; Xie et al., 2008). The specific details are as follows:

10
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(1) Estimation of At based on the species ratio method

- ! o) _ p, (1l
At = (ka—kp)X[OH] X [ln ([B]o) in ([B]t)] (2)
where ka and kg are the reaction rate constants with «OH radicals for species A and B of highly

0

homologous species with substantial differences in reaction activity, respectively, % is the initial
0

concentration ratio of A to B in fresh emissions, % is the measured concentration ratio of Ato B at
t

time t. The determination of initial concentration ratio of A to B was extremely critical for estimating
the At. The At is used to then calculate the initial concentrations of the VOCs of interest using Eq. (1).
The initial concentrations can then be the input variables to PMF (Liu et al., 2023a).

This ratio method was first proposed by Roberts et al. (1984). The method has been
commonly applied to PAMS species emitted by anthropogenic sources. There have been differences
in the species used to calculate the initial ratio in different papers (Table S6). Generally aromatic
hydrocarbons (e.g., benzene, toluene, ethylbenzene, or m,p-xylene) were used as the selected species.
The substantial differences in activity and high homology are generally the main basis for selecting
species-ratio types (Lin et al., 2011; Shao et al., 2009; Zou et al., 2021; Zou et al., 2023). Most
publications used the initial ratios of ethylbenzene/m,p-xylene (E/X) or m,p-xylene/ethylbenzene
(X/E) to calculate At (Table S6). These two species ratios (E/X and X/E) accounted for ~36-83% of
the —the-total reviewed publications of estimating initial ratiosin-this-study{TFable-S6), respectively.

Approximately 15.87% of the papers used toluene/benzene (T/B), while m,p-xylene/benzene (X/B),
and-ethylbenzene/o-xylene (E/O), or O/E had limited use, accounting for ~5:32% and ~16-52% of

the total reviewed publications of initial ratio estimation.

The methods for obtaining the initial species ratio in the reviewed papers mainly included
referreding —to_prior-ether —similar studies (Wang et al., 2016), source emission inventory values
(Wang et al., 2013), and estimations_—based on the observed concentration data at the receptor sites
at times when low reactivity was expected (Fang et al., 2021; Han et al., 2019; Wu et al., 2023b).
There were several papers using the first two methods to obtain the initial species ratios (Table S6).
The initial species ratios obtained by these methods had difficulty to accurately characterize the
comprehensive impacts of multiple sources in the study area. Most studies were based on the

observed data of low photochemical reaction periods at night (~ 19:00 to 087:00 LT) to calculate the

11
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initial species ratios (Table S6). This method assumes that VOC species emitted by different sources
during the certain periods of night would not undergo oxidative reaction, and the concentration ratios
of two homologous VVOC species remained unhad-ne-the-changeed during the transport process from
source emissions to the receptor measured sites (Liu et al., 2023a; Sun et al., 2016; Yuan et al.,
2012b). Since there could be residual reactions with nitrate radical and multiple sources of the
indicator species, there remains uncertainty in the results. For example, McKeen and Liu (1993) and
McKeen et al. (1996) found that the species ratios can be substantially influenced by the oxidative
chemistry and atmospheric mixing. Comparing one species versus another, both the model results
and the observations were consistent with an average rate of dilution roughly equivalent to n-butane
oxidation (McKeen et al., 1996). This result has negative implications for the use of hydrocarbon
ratios as chemical reaction clocks (McKeen et al., 1996). Parrish et al. (2007) also suggested that
there were uncertainties in the determination of At by the initial species ratios because of influence of
fresh emissions along the transport path that perturb the results. However, this approach can still
provide a useful measure of chemical processing in the atmosphere (Parrish et al., 2007).

There were differences in the estimation details of the initial species ratio in different reports
(Liu et al., 2023a; Shao et al., 2011; Yuan et al., 2012b). For example, Yuan et al. (2012b) utilized the
m,p-xylene and benzene data measured between 0:00 and 5:00 LT to conduct a linear fit. The
regression line was then extrapolated to the highest benzene concentration during this period so that
the initial ratio could be estimated from the m,p-xylene to benzene concentration ratios at this point.
Wu et al. (2023b) and Yang et al. (2022a) used time periods (00:00-04:00 LT and 20:00-05:00 LT,
respectively) with the lowest and the highest E/X and T/B ratios at night to calculate the average
values of corresponding E/X ratios less that various percentiles or the corresponding T/B values
above various percentiles, and then determined the initial ratio by the minimum average ratio (i.e.,
E/X) or the maximum average ratio (i.e., T/B) of the two species with the highest homology (i.e.,
highest correlation) below different percentiles. Wu et al. (2023a) reported that the maximum value
of X/E at 01:00-06:00 LT was considered as the initial species ratio. In addition, Liu et al. (2023a)
utilized the slope of the linear fit of the scatterplots of corresponding ethylbenzene and m,p-xylene
below the 10" percentile of E/X ratios during 00:00-05:00 LT to determine the initial ratio. Overall,

the E/X_—range-in the reviewed papers rangedwas between 0.22 and 0.75, T/B was between 3.14 and

12
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4.4825, X/E was between 0.39 and 4.422-47, E/O was between 1.30 and 1.32, O/E was between 1.19

and 3.14, and X/B was 2.2 (as shown in Table S6).

Zhang et al. (2020) attempted to confirm the feasibility and rationality of estimating At based on
T/B utilizing the regressions of benzene and toluene versus CO and At. Zou et al. (2023)
demonstrated the rationality of selecting the ratio of E and X to estimate the At through high
correlation of these two species having substantial activity differences. However, there were few
studies to systematically assess how to choose the most suitable species ratios and the calculated
method.

Multiple types of initial species ratios were used for estimating At of VOCs (Table S6), and the
results estimated by the different ratios could vary substantially. Shao et al. (2011) suggested that the
differences between the initial concentrations calculated using the ratios of three pairs of compound
ratios (i.e., T/B, X/E, and i-butene/propene (iB/P)) were generally within 50%, and the X/E and iB/P
results were in good agreement. Zou et al. (2021) examined the sensitivity of estimating initial
concentration based on E/X and E/O initial ratios. They found that the relative variation range of the
initial concentrations of PAMS species was between 0.41% and 68.06% for an initial E/O of 1.3
when compared with an initial E/X of 0.5.

Additionally, in the ratio method, the same At was calculated for different VOCs for each
sample, and the paired species for estimating the ratio were aromatic hydrocarbons (Table S6), which
are mainly emitted from anthropogenic emission sources such as solvent use and petrochemical
enterprises (Mo et al., 2015; Na et al., 2004; Yuan et al., 2010; Zhang et al., 2016). Therefore, the At
obtained based on these ratios may only reflect the chemical aging of VOC species emitted from
these specific sources. It is difficult to accurately characterize the At for these species from other
sources. In the future, different types of species ratios (not just aromatic hydrocarbons) need to be
selected based on VOC species from different sources. The At derived from different types of VOC
species should be calculated to improve traditional ratio methods.

An additional issue is that this method only considers the reactions between VOCs and +OH

radicals_during the day, while chemical reactions with-Oz-during-the-gay—er NOs radicals at night

and/or Oz —were generaly—commonly excluded. —Liu et al. (2023a) attempted to estimate the

reactive losses between 19:00 and 23:00 LT, but they considered the gradual loss of «OH radicals

13



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

after sunset and did not consider the losses caused by NOs radicals reactions that may be present at
night since they are not photolyzed as occurs in the daylight. Additionally, alkenes can directly react

with O3 in the atmosphere causing losses. de Gouw et al. (2017) suggested that nighttime removal of

highly reactive alkenes by Oz and NOs radicals was also substantial. —~However, there are currently

no reports on estimation methods for these reactive losses. In future studies, the ratio of two alkene
species with substantial differences in reaction rates with Oz could be used as the base ratio as in Eq.
(2), and combined with measured Os reaction rate constants (Atkinson and Arey, 2003) to estimate
the chemical reaction time (At) of alkene species with Os. Then, chemical losses of alkene species in
the reaction with Oz could be estimated using Egs. (1) and (9) and the combined effects of O3z and

*OH could be estimated. de Gouw et al. (2017) proposed the calculated method of O3 exposure (i.e.,

[O3]At) at nighttime, which can be calculated from the measured ratio of benzene over cis-2-butene.

(2) Estimation of At based on the sequential reaction model
It has been found that using the ratio method to calculate the At of isoprene could result in
overestimation (Wu et al., 2023a; Yang et al., 2022b). An alternative is the sequential reaction

method. It is based on measurements of the reaction products of these reactions.

Isoprene + ¢ OH — 0.23MACR + 0.32MVK k1=1.0%10"2° cm?®/(molecule s) (3)
MACR + « OH - products k2=3.3x<10"* cm?/(molecule s) (4)
MVK + ¢ OH - products kz=1.9x<10" cm?/(molecule s) (5)

[MACR]e _ 0:23k; (1 — elki—ko)[=0H]ay (6)

[Isoprene]t¢ ky_k,

[MVK]e _ 032Ky o (ky—k3)[+OH]At
[Isoprene]¢ - kz_k4 (1 et ) (7)

where MVK is methyl vinyl ketone, MACR is methacrolein; ki, k2, and ks are the rate constants
reacting with «OH of isoprene, MACR, and MVK, respectively; [MVK];, [MACRY]s, and [isoprene]:
are the measured ambient concentrations at time t.

This sequential reaction method was first proposed by Bertman et al. (1995) and was commonly
used to estimate the At of isoprene emitted primarily from biogenic emissions (Gong et al., 2018;
Roberts et al., 2006; Wu et al., 2023a). Assuming the «OH-driven isoprene oxidation mechanism
(Egs. (3)-(5)) from the laboratory chamber studies of Carter and Atkinson (1996), Stroud et al. (2001)

quantified the At of isoprene by the reaction relationship between isoprene and its oxidation products
14
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(Egs. (6)-(7)) (de Gouw et al.,, 2005; Wu et al., 2023a; Xie et al., 2008). The synchronous
measurement of MVK and MACR is critical to obtain At utilizing this method. Numerous studies
failed in estimating the isoprene At due to the lack of MVK and MACR (Gu et al., 2023; Liu et al.,
2023a; Wang et al., 2023). Although some studies have used the average of At obtained from both
MVK and MACR as the final At (Xie et al., 2008), there has been little assessment of which method
was more suitable.

Additionally, there were studies using the isotopic hydrocarbon clock method (Kornilova et al.,
2016; Rudolph and Czuba, 2000; Saito et al., 2009) to estimate the species At, that was calculated by
the decay of isotopes in the emissions to the ambient receptor site (Table S5). However, the studies
only calculated the At without estimating the species initial concentrations. Our study found that
approximately 746% of the publications that calculated the At used the species ratio method,
approximately 116% used both the ratio method and the sequential reaction model, while a few used

other methods (Table S5).

3.1.2 Reducing the losses impacts in OVOC source analyses based on photochemical age
Ambient OVOCs are an important fraction of VOCs, which primarily included aldehydes,
ketones, ethers, and alcohols (Mellouki et al., 2015) since OVOC photolysis is one of the main
sources of *OH radicals (Li et al., 2018b). The OVOCs can be directly emitted from biogenic and
anthropogenic sources (Huang et al., 2019; Huang et al., 2020; Tanimoto et al., 2014) and can also be

formed by oxidation of precursors (e.qg., PAMS species) with «OH radicals, Oz, and NOgz radicals

(Legreid et al., 2008; Sahu et al., 2016; Tanimoto et al., 2014). OVOCs were commonly apportioned
by the photochemical age-based parameterization method as shown in Eq. (8).

[OVOC] = EROVOC X [tracer] X exp(_(kOVOC - ktracer) [’ OH]At) + ERpercursor X

kprecursor % eXp(_kprecursor [+OH]A t)_eXp(_kOVOC['OH]At)
kovoc—kprecursor exp(—K¢racer[*0OH]AL)

[tracer] X + ERpiogenic X

(isoprenegyyrce) + [background] (8)
where [OVOC], [tracer], and [background] are the concentrations of measured ambient OVOCs, the
tracer (e.g., benzene, acetylene: CzH», or carbon monoxide: CO, Table S7) from primary
anthropogenic sources, and background OVOC concentration, respectively; Kovoc, Kiracer, and Kprecursor

are the «OH rate constants of the OVOC:s, tracer, and precursor, respectively, and kovoc and Kiracer are
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commonly obtained from the related publications (Atkinson and Arey, 2003); ERovoc and ERprecursor
are the emission ratios of OVOCs and precursors relative to the tracer, respectively, ERpiogenic 1S the
emission ratio of OVOCs to the isoprene concentration emitted from biogenic sources (i.e.,
isoprenesource), and ERovoc, ERprecursor, ERbiogenic, Kprecusor, @and [background] can be determined from a
linear least-squares fit that minimizes the difference between the measured [OVOC] and those
calculated from Eq. (8), ER values in the reviewed papers are listed in Table S8; [«OH]At represents
the exposure of «OH radicals, which can be estimated by Eq. (2); and isoprenesource Can be estimated
by Egs. (6)-(7) and (1) based on the measured concentrations of ambient isoprene and its
photochemical products (i.e., MVK and MACR). The chemical removal of isoprene in the
atmosphere is so rapid that it is impossible to differentiate between primary and secondary OVOC
sources based on the measured data. Therefore, isoprenesource represents both primary and secondary
biogenic sources (de Gouw et al., 2005).

However, this method remains highly uncertain because of the source complexities of OVOCs
(Mo et al., 2016; Schlundt et al., 2017). This method assumes that (1) anthropogenic emissions of
OVOCs and their precursors are proportional to the selected primary tracer, (2) the removal process
of OVOCs is dominated by reactions with «OH radicals, (3) biogenic sources of OVOCs are
proportional to the emission of isoprene, and (4) the photochemical age for a sampled air mass can
be determined (de Gouw et al., 2005).

This method estimates the source contributions of primary and secondary anthropogenic sources,
biogenic emissions, and background to different OVOC species, and then further obtained the
contributions of the four types of sources to the ambient OVOCs (de Gouw et al., 2005; Yuan et al.,
2012b; Zhu et al., 2021). This approach was difficult to finely apportion the contributions of primary
anthropogenic sources and to obtain the contributions of primary and secondary biogenic emissions.
Therefore, to obtain refined source apportioned results for OVOCs, many studies incorporated both
OVOC and PAMS species into the receptor model for source analyses (Guan et al., 2020; Yang et al.,
2019; Zhou et al., 2022).

This method defines the measured concentrations of OVOCs as the sum of the concentrations
after photochemical losses (i.e., losses caused by the formation of Oz and SOAs via photochemical

reactions) of OVOCs directly emitted by anthropogenic sources (i.e., the first term in Eq. (8)), the
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concentrations after photochemical losses of OVOCs formed by the conversion of precursors emitted
from anthropogenic sources (i.e., the second term in Eq. (8)), the concentration from biogenic
emissions (without considering losses because of small contributions of biogenic emissions) (i.e., the
third term in Eq. (8)), and the background concentration (i.e., the fourth term in Eq. (8)). Therefore,
although this approach considered the influences of photochemical losses in the calculation process,
the final results only reflected the contributions of four types of sources to the measured OVOCs and
could not characterize the impacts of photochemical losses. In addition, to compensate for the
photolytic losses in OVOCs in Eqg. (8), which was not considered by de Gouw et al. (2005), Wang et
al. (2017)Huang-et-ak(2020)-and-Zhu-etal{2021) introduced a modification coefficient (m) before
the kovoc to modify it, assuming that the photolysis rate is proportional to the «OH reaction rate (de

Gouw et al., 20052018; Wang et al., 2017). Meanwhile, Huang et al. (2020) and Zhu et al. (2021)

also conducted relevant studies using this coefficient. The m value depends on the relative rate of

photolysis versus the *OH reaction for an OVOC species_(Huang et al., 2020). However, related

studies remain limited at present.

Additionally, some studies have attempted to estimate the initial concentrations of OVOCs

using traditional photochemical age-based parameterization method (i.e., Eas. (1)-(2)) to correct their

reactive losses, and then incorporate initial data into PMF for source analyses (Cui et al., 2024: Li et

al., 2023: Ren et al., 2024; Zhang et al., 2024b). However, due to the complexity of the OVOC

sources and the substantial differences in emission sources from PAMS species (de Gouw et al., 2018;

Huang et al., 2020; Zhu et al., 2021), this method for correcting OVOC losses had high uncertainty.

The rational estimation approaches remain to be studied.

3.1.3 Methods for reducing loss effects in CMB source apportionments

The chemical mass balance method uses known profiles measured at the source. Thus, any
reactions in transit will result in a change in that source’s profile and difficulty in fitting the data at
the receptor site. Thus, corrections to the receptor site data are needed to make them comparable to
the measured source profiles. As early as the 1980s and 1990s, studies had been conducted to reduce
the impacts of different VOC species reactions on CMB estimation results, including minimization

of reaction effects by limiting source profiles to VOCs with similar reaction rates (Harley et al., 1992;
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Lewis et al., 1993; Nelson and Quigley, 1983; Wadden et al., 1986) and VOC samples obtained
during winter (Aronian et al., 1989) or early in the morning (Scheff and Klevs, 1987). In 1983,
Nelson and Quigley (1983) estimated the reactions extent by the changes in the ratios of xylene to
ethylbenzene at the receptor and the release site and then obtained decay factors of other VOC
species. However, it was found that the concentrations adjusted by decay factors at the receptor site
had little impact on their estimated source contributions (Nelson and Quigley, 1983). Since the
emissions varied with time, especially during periods of intense photochemical reactions (Lin and
Milford, 1994), some studies tried to use decay factors to adjust the fractions of VOC species in the
source profiles at different times, making them more compatible with the data measured at the
receptor site (Lin and Milford, 1994; Na and Pyo Kim, 2007). However, this approach has not been
used other than in these two instances.

There are two methods to obtain the decay factors: one method was to considering an urban
airshed as a continuous stirred tank reactor and relating the decay factor for a given species to its
first-order reaction rate constant (Friedlander, 1981). The other method was to conduct estimation
based on the reaction rate constants of specific VOC species and “aging coefficients” (Junninen et al.,
2006; Lin and Milford, 1994). The details and limitations of the two methods are provided in Text S1.
However, this method of adjusting source profiles cannot truly address the issue of reactive losses
affecting the CMB apportioned results. Since the receptor measured data and adjusted source profiles
input to CMB were both data after reactive losses. With the progress of VOC source analyses studies
in recent years, this method has not been widely applied and further developed in CMB source
analyses. This change might be because CMB itself required input from VOC source profiles, but
there were relatively few locally measured VOC source profiles due to high costs and difficult to
obtain access to the source facilities (Yang et al., 2022b).

Alternatively, with the monitoring of highly time resolved VOCs data in recent years, it became
infeasible to use CMB to conduct source analyses, because CMB requires analysis of one sample
(one hour) at a time resulting in needing thousands of separate analyses (Yang et al., 2022b).
Additionally, the weights in the analyses are generally based only on the measurement uncertainties
of the measurement samples from specific sources at a few specific times. Thus, CMB does not

account for variability in the source profiles that is included in the uncertainty values used to weight
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the data in PMF (Yang et al., 2022b). To reduce the impact of reactive losses, the initial concentration
data estimated by photochemical age-based parameterization method has been used as input into
CMB for source analyses (Shao et al., 2011). Additionally, the methods for reducing the impacts of
reactive losses in PMF and CMB primarily focused on the PAMS species, and few considerations for

OVOCs.

3.2 Effects of reactive losses on source analyses

According to the review of relevant publications, it has-beenwas found that most of the current
studies analyzed the impacts of VOC photochemical losses on the source analysescontributions by
comparing the PMF apportioned results based on_—the-measured and initial concentrations estimated

by a photochemical age-based parameterization method (Gao et al., 2018; Gu et al., 2023; Kong et

al., 2023; Li et al., 2023; Liu et al., 2023c; Zou et al., 2023) or comparing the apportioned results

based on the daytime and nighttime VOCs data (Liu et al., 2025). Reactive losses substantially

reduced the concentrations (ppbv/ppbv) of highly reactive VOC species in PMF resolved factor

profiles based on the measured data. For examplelr—2023, Liu et al. (2023a) systematically

investigated the impacts of photochemical —losses of ambient VOCs on the PMF

apportionedresolved factorprofiles—and—contributions by comparing the estimatedresultsbased-on

the-initial and measured data resultseeneentrations.; Theyand found that the concentrations of VOC

species with relatively low reactivities (e.q., ethane, propane, n-butane, and i-butane) were higher in

the factor profiles apportioned from the measured data, while those of VOC species with relatively

high reactivities (e.g., m,p-xylene, isoprene, and propene) were lower in the measured data resolved

profiles. Gu et al. (2023) also reported the similar results. Meanwhile, the—photochemical-losses

on—the—measured—data-Liu et al. (2025) also reported that reactive losses clearly reduced the

concentrations of dominant VOC species with high reactivities in the profiles of solvent use,

petrochemical industry emissions, and combustion sources by comparing the daytime and nighttime

resolved profiles.

Additionally, VOC reactive losses can result in the substantial underestimation of the PMF

apportioned contributions of sources that emitted highly reactive species, and emission sources with
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substantially underestimated contributions varied in different cities. For example, Wang et al. (2013)

found that the contributions of biogenic and industrial emissions in Shanghai were underestimated by

30% and 10%, respectively, due to photochemical reactive —losses. He et al. (2024) found that the

underestimations of industrial source contributions in Guangzhou were markedly higher than those

of other sources. Liu et al. (2023a) suggested that biogenic emissions and polymer production-related

industrial sources in Tianjin were underestimated by 73% and 50%, respectively. In addition, —Wu et

al. (2023a), Zhang et al. (2024a), and Gu et al. (2023) also also—+repertedsuggested that_the —the

underestimations of —the-contributions of biogenic emissions in Beijing, Langfang, and Qingdao

was-were substantially higher than those of any other sources. However, —\Wang et al. (2024a) found

that the contributions of solvent usage and biomass burning in Zhengzhou were underestimated by

31.5% and 15.4%, higher than other sources. Cui et al. (2024) suggested that the contributions of

petrochemical industries, diesel vehicle emissions, biogenic emissions, and oxidation formation in

Shijiazhuang were underestimated by 72.0 %, 71.0 %, 64.5 %, and 44.0 %, respectively. 42023 Liu

MeanwhileGu-et-al(2023)-also-obtained-similarresults—However, due to the uncertainty of initial

concentration estimation, the reliability of these results needs further validation and evaluation. Thus,

further research is required.

3.3 Estimation methods of VOC reactive losses

There were two main methods for estimating the reactive losses of VOCs in the atmosphere.
The first method was based on the differences between the initial and measured VOC concentrations
(Table S9) (as shown in Eqg. (9)) (Wang et al., 2023; Wu et al., 2023b). The initial concentration was
generally estimated using the photochemical age-based parameterization method mentioned in

Section 3.1.1.2 (as shown in Eq. (1)) (Liu et al., 2023a; Wu et al., 2023b). was-te-estimate-the-initial
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2023 \MWy—etal—2023b3-—Due to the uncertainty in the initial concentration estimation-{as-shown-in
seetion-3-1.1-2}, there were also uncertainties in the estimated photochemical losses.

[VOC]c: = [VOC]; X (exp(kyoc[e OH]AL) — 1) 9)
where [VOC]c . represents the photochemical loss of VOC at time t, Kvoc represents the reaction rate
constants with «OH radicals of VOC, and [*OH]At represents the exposure of «OH radicals.

The second method applies to other VOC species without isoprene in which the losses could be
estimated utilizing isoprene conversion (Wiedinmyer et al., 2001). In this study, it was defined as the
isoprene loss reference method (Table S9). Its principle is to first use the photochemical-age
parameter method based on the sequential reaction model as shown in Egs. (1) and (6)-(7), to

estimate the photochemical loss of isoprene (i.e., 4 isoprene), and then the photochemical losses of

other VOC species can be estimated by proportion relationship (k fvoc ., LVOCl ) between A

isoperene [isoprene];

isoprene and other species losses (Wiedinmyer et al., 2001; Xie et al., 2008) (as shown in Eq. (10)).
This method assumes that the relative source strengths of VOCs are constant in an immediate area
surrounding the site, that atmospheric transport and dispersion are non-limiting factors compared
with chemistry (Xie et al., 2008), and the photochemical losses of other VOC species can be

calculated by Eq. (10).
kvoc x [Vocle (10)

isoperene [isoprene]:

[VOC]c+ = Aisoprene X

where Kisoprene represents the reaction rate constants with «OH radicals of isoprene, and [isoprene]:
represents the measured concentration of isoprene at time t.

Because isoprene mainly originates from natural sources (Fu et al., 2008; Kuhn et al., 2004; Lu
et al., 2019), while many other VOC species are primarily emitted from anthropogenic sources (Li et
al., 2021; Seinfeld and Pandis, 1986; Wei et al., 2011). Therefore, the assumption of this method
itself has an obvious issue, which resulted in high uncertainties in the estimations. This defect
substantially limits its application, only 2 publications have utilized this method to quantify chemical
losses of VOC:s in this study (Wiedinmyer et al., 2001; Xie et al., 2008), and most studies still used
the first method (Table S9).

3.4 Spatiotemporal variation of VOC reactive losses

According to the papers reviewed in this study, we found that studies on_—the-estimation of
21
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VOC photochemical losses were mainly conducted in Chinese cities. The VOC reactive losses in
different cities are provided in Figs. 2-3 and S1 and Tables S10-S11. Due to relatively limited
number of studies, the representativeness of the analyses of the spatiotemporal distributions of
photochemical losses of VOCs might also be limited. In addition, this study converted the unit of

ppbC in some papers (Chen et al., 2023) to ppbv for better comparative analyses.
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Figure 2. The measured, initial, and reactive loss concentrations of ambient VOCs in Beijing (Gao et
al., 2018; Ma et al., 2022; Zhan et al., 2021), Tianjin (Liu et al., 2023a; Wang et al., 2023), Shanghai
(Ren et al., 2024; Wang et al., 2013), Chengdu (Kong et al., 2023), Guangzhou (He et al., 2024;
Wang et al., 2023), Qingdao (Gu et al., 2023), Shijiazhuang (Cui et al., 2024), Jinan (Liu et al.,
2023c), Zhengzhou (Wang et al., 2024a), Wuhan (Xu et al., 2023), Handan (Wei et al., 2022), Zibo
(Wang et al., 2024b), and Taipei (Chen et al., 2023). The data in Beijing, Tianjin, Shanghai, and

Guangzhou was the average from three-all published papers data. —Fhe-herizental-axisrepresents
longiude(E)and-the-vertical-axisrepresentslatitude {5 The base map is from Natural Earth.

The photochemical reactive loss of ambient VOCs in Qingdao was the highest (45.1 ppbv),
followed by Shijiazhuang (33.2 ppbv), Wuhan (23.7 ppbv), Shanghai (10.9 ppbv), Tianjin (10.4

ppbv), Zhengzhou (10.2 ppbv), and Handan (8.90 ppbv) (Fiqg. 2). VOC reactive losses were relatively

lower in Zibo (6.8 ppbv), Beijing (6.00 ppbv), Guangzhou (4.65 ppbv), Chengdu (4.48 ppbv), Jinan
(4.00 ppbv), and Taipei (3.69 ppbv). Fanjin{2-9-17-8ppbv)—Shanghat(9-00-9-60-ppbv),—Taipet

The chemical loss rates (i.e., the ;—proportion of chemical loss in the initial concentrationchemical

lesstinitial-conecentration, %) in Qingdao (69.1%) and Shijiazhuang (58.9%) was-were the highest,
23
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followed by Wuhan (49.8%) and Tianjin (33.8%). In contrast, chemical loss rates in Zhengzhou

(29.9%), Shanghai (25.1%), Jinan (25.0%), Handan (21.1%), Beijing (16.1%), Zibo (15.9%),

Chengdu (15.8%), Guangzhou (15.1%), and Taipei (13.4%) were relatively lower. However, due to

differences in observation periods and measured VOC species, the comparability of chemical

reactive losses and loss rates between different cities is limited and differences uncertain.

and-the-lowest-was-n-Tatpei{2.97%-27-3%)-Compared to other VOC groups, alkenes had the
highest reactive loss (Figs. 3 and S1), accounting for 36.755.4%-93.3% of the total losses, followed

by aromatic hydrocarbons (3.811%-24.338-7%), and alkanes (2.333%-13.622.-7%) (Fig. 3 and Table
S11). There were substantial differences in VOC species with high losses in different cities (Fig. 3).
The losses of ethene, propene, and isoprene in most cities were relatively higher than those of other

species (Fig. 3), likely closely related to their high reactivities (Table S4). Hewever—tThe isoprene

losses-of iseprene-in Beijing, Chengdu, Jinan, and and-Taipei were all the highest compared to other
species (Fig. 3).

However, the reactive losses of trans-2-butene and cis-2-butene in Qingdao and Zhengzhou

substantially higher than other VOC species..— while-tThe reactive loss of 1-hexene—{9-56-ppbv} in

Tianjin was remarkedly higher compared to other species. Meanwhile, the trans-2-butene loss in

Tianjin was also relatively higher (Fig. 3).

In addition, the VOC reactive losses in spring and summer were substantially higher than those
in_autumn and winter. Atmospheric oxidation and meteorological factors can have impacts on the
VOC losses. The trend of the reactive losses of VOCs was often consistent with the changes in the

concentrations of Oy (O3+NO3) in the atmosphere (Wang et al., 2013). In addition, studies also found

that both solar radiation and temperature can have a substantial impact on the chemical reactions of

VOCs (Yadav et al., 2016). However, compared to the solar radiation, temperature directly affects
the reaction rates of VOC species (Atkinson and Arey, 2003). Liu et al. (2023a) suggested that the
reactive losses of ambient VOCs were highly correlated with temperature; when the temperature was
above 25 °C, the losses of VOCs increased most substantially.
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Figure 3. The photochemical losses and percentages of the main VOCs in Beijing (a: cited from
publication (Gao et al., 2018) and b: cited from publication (Zhan et al., 2021)), Qingdao (Gu et al.,
2023), Taipei (Chen et al., 2023), Tianjin (Liu et al., 2023a), and-Chengdu (Kong et al., 2023),
Shijiazhuang (Cui et al., 2024), Jinan (Liu et al., 2023c), and Zhengzhou (Wang et al., 2024a).
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3.5 Source analyses of VOC reactive losses in the atmosphere
At present, source apportionments utilizing the measured and initial VOC concentrations do not

consider the complementary issues of Oz and SOA formation (Cui et al., 2024; Gu et al., 2023; Wang

et al., 2022b). The chemical losses of VOCs by reaction (i.e., reactive VOCs forming SOA and O3)
were real contributors to these pollutants (Ma et al., 2022; Wang et al., 2013). Thus, it is important to
apportion the reactive losses of VOCs to provide the input needed to identify the responsible source
types and thereby allow effective control of Oz and secondary aerosol pollution. In 2023, Gu et al.
(2023) developed a source analyses method for consumed VOCs (i.e., the reactive losses of VOCs)
in the atmosphere and conducted an applied study. This method was that the measured and initial
data were first used to conduct source analyses by PMF, and then the difference in the contributions
of the same factors from the paired analyses were considered to be the source contribution of
consumed VOCs in the atmosphere. The ozone formation potential (OFP) and SOA formation
potential (SOAFP) of the consumed VOCs from the different sources were estimated. To reduce the
impacts of atmospheric dispersion on the apportioned results, dispersion-normalized PMF (DN-PMF)
was applied for source analyses in this method, and its principle is provided by Dai et al. (2020) and
Gu et al. (2022). The method flowchart is shown in Fig. 4. Similar studies were reported by Wang et
al. (2022b) and Wang et al. (2023). In 2024, based on the studies of Gu et al. (2023), Cui et al. (2024)

developed a primary and oxidative source analyses method of consumed VOCs in the atmosphere.

However, the current methods for apportioning the primary or oxidative sources of consumed VOCs

in the atmosphere is-are still imperfect. The shortcomings included: the uncertainty in estimating the
initial concentrations of VOCs (as shown insee Ssection 3.1.1.2); the issue of factor identification,
even if identified as the same type of factor, there were substantial differences in their factor profiles
(Liu et al., 2023a).;and Tthe current studies primarily focused on the PAMS species, and _reported
apportionments of OVOC losses—_are still limitedhave—net—yet—been—conducted. There were

numerous technical issues, for example, there is still a lack of rational methods for estimating the

OVOC initial concentrations.
The source analyses of the consumed VOCs conducted by Gu et al. (2023) in Qingdao found
that biogenic emissions (56.3%), vehicle emissions (17.2%), and gasoline evaporation (9.37%) were

the main sources of the consumed VOCs. However, the apportioned results from Wang et al. (2023)
27
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in Tianjin and Guangzhou suggested that biogenic emissions (43% and 35%, respectively), solvent
usage (14% and 18%, respectively), and industrial sources (14% and 22%, respectively) were the
major contributors of the consumed VOCs. Therefore, biogenic emissions mightay be an important

source of reactive losses of VOCs. However, Cui et al. (2024) suggested that the petrochemical

industries (36.9% and 51.7%) and oxidation formation (20.6% and 35.6%) were the largest

contributions to the consumed VOCs and OVOCs in Shijiazhuang during the study period. The

natural gas (5.0% and 7.6%) and the mixed source of liquefied petroleum gas and solvent use (3.1%

and 4.2%) had the relatively low contributions (Cui et al., 2024). However, due to the limited

research currently available, the representativeness of the results is still insufficient at present.

Photochemical age-based
parameterization method

Measured VOCs data Initial VOCs data

A\ 4

+————————Normalization coefficient ("“if,; )—
mean
A 4 h

R Normalized initial data

data
+ PMF Identify utilizing marker PMF !
- species ~
@ Factor profiles < @ Factor profiles
@ Factor contributions @ Factor contributions
Contribution subtract of same type of factor
4 A 4
OFP and SOAFP of . . OFP’ and SOAFP’ of
different factors Source contributions of consumed VOCs different factors

Difference of same type of factor

Contributions of consumed VOCs from different factors to the OFP and SOAFP

Figure 4. The method flowchart of source analyses for consumed VOCs in the atmosphere.

4 Conclusions
This study systematically reviewed the major methods of reducing the impacts of reactive loss

and the existing critical issues in the current VOC source analyses research. The purpose was to
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clarify the future research directions needed to improve the accuracy of VOC source apportionments,
and provided a potential supporting role in completely solving the issue of VOC chemical conversion.
PMF is currently the most useful tool in treating highly time-resolved data compared to other
receptor models. Estimating the initial concentrations of ambient VOCs based on photochemical age
is the primary approach to reduce reactive loss effects in PMF. However, due to the shortcomings
existing in the photochemical-age estimation method, such as only considering the photochemical
reactions with «OH radicals during the day and not considering the reactions with Oz (especially for
alkene species) and NOs radicals, difficulty in dynamically adjusting the required *OH-radical
reaction rate constants with temperature changes, high uncertainty in the estimation of
photochemical age, and difficulty in quantifying the initial concentrations of OVOCs, etc., resulting
in substantial uncertainty in the PMF apportioned results based on the initial concentration data.
Furthermore, both the measured and initial VOCs data do not match the ambient O3z or SOAS
measured synchronously, the VOCs consumed by reactions are real contributors to these pollutants.
Source analyses of the consumed VOCs can effectively guide the prevention and control of Oz and
SOAs pollution in the atmosphere. Therefore, in addition to the research into more accurate
quantitative approaches for ambient VOC reactive losses, the source analyses of consumed VOCs
and the accurate quantification of their separate contributions to Oz and SOAs should also be

important directions for future research.
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