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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 suggests 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 ( qOH)
radicals. However, the qOH rate constants vary with temperature, and that has not been considered. Losses from
reactions with O3 and NO3 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 O3 and secondary organic aerosols are important additional directions for future research.

1 Introduction

Ambient volatile organic compounds (VOCs) are key pre-
cursors of ozone (O3) and secondary organic aerosol (SOA)
formation (Li et al., 2016; J. Li et al., 2018; Wu and Xie,
2018). Accurate apportionment of their sources can be im-
portant in developing effective prevention and control mea-
sures for atmospheric O3 and SOA pollution (Carrillo-Torres
et al., 2017; Meng et al., 1997; G. Wang et al., 2022). Cur-

rent 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.g., positive matrix fac-
torization (PMF) (Gu et al., 2020; Liu et al., 2016), chemical
mass balance (CMB) (Song et al., 2019), and principal com-
ponent analysis/multiple linear regression (PCA/MLR) (Jia
et al., 2016; Sanchez et al., 2008)) based on the measured
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concentration data. Receptor models, especially PMF, are the
most widely used source apportionment methods (Song et
al., 2008; Vega et al., 2022; Y. Yang et al., 2022). However,
compared to particulate matter, ambient VOC species can
undergo rapid, complex chemical reactions with qOH radi-
cals, NO3 radicals, O3, etc. (Atkinson and Arey, 2003), re-
sulting in substantial chemical losses during their transport
from their sources to the receptor site (Y. Yang et al., 2022;
Yuan et al., 2012a). Therefore, the source-apportioned results
based on the measured VOC data have difficulty in fully re-
flecting the actual impacts of emission sources on air quality
(Y. T. Wu et al., 2023; T. Yang et al., 2022).

To reduce the impact of reactive losses, many studies have
selected low-reactivity VOC species to conduct source anal-
yses when using PMF analyses (Guan et al., 2020; T. Yang et
al., 2022). However, this method cannot fully solve the issues
related to reactive losses and provide complete source ap-
portionments 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
(B. S. Liu et al., 2023). Therefore, recent studies estimated
the initial concentrations of ambient VOCs (i.e., the VOC
concentrations in the fresh emissions before they can un-
dergo chemical reactions) utilizing the photochemical-age-
based parameterization method and then performed source
analyses with PMF (He et al., 2019; Zou et al., 2023). How-
ever, 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 (Kim et al., 2005), but the
representativeness of the apportioned results was likely lim-
ited 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). How-
ever, there were relatively few studies, and the effectiveness
of this method still needs to be assessed. In 2023, B. S. Liu
et al. (2023) systematically investigated the impact of VOC
photochemical losses on the PMF source-apportioned results
and found that photochemical losses reduced the concen-
trations of highly reactive species in factor profiles, result-
ing in the contributions of biogenic emissions and polymer-
production-related industrial sources being substantially un-
derestimated. However, there has been little related research
to assess the limitations of VOC apportionments.

With the substantial increase in O3 concentrations in many
locations worldwide in recent years (K. Li et al., 2020; Zhang
et al., 2018; Zhao et al., 2021), accurate source apportion-
ment approaches of the key precursor VOCs have been ac-
quired increasing attention (Gu et al., 2022). Thus, a related
issue is the determination of the VOCs consumed in the for-
mation of the observed O3 and SOA (Gu et al., 2023). Al-
though some studies have investigated the underestimated

contributions of emission sources by comparing the appor-
tioned results based on the initial and measured data (He
et al., 2019; Y. J. Wu et al., 2023), there are few publi-
cations that conducted source analyses for the consumed
VOCs and apportioned the contributions of different sources
to the formation of O3 and SOA. In 2023 and 2024, Gu
et al. (2023) and Cui et al. (2024) attempted to develop a
method for apportioning the primary and oxidative sources
of the consumed VOCs, and Z. Y. Wang et al. (2022) con-
ducted 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; Y. T. Wu et al., 2023), there remain unresolved is-
sues. To better promote progress on the development of bet-
ter VOCs source-apportioned methods, the present work sys-
tematically 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 identify-
ing directions for the future developments and improvement
of VOCs source apportionment methods.

2 Materials and methods

Relevant papers were collected by exhaustively search-
ing Science Direct (Elsevier), the Web of Science, Sco-
pus, Springer, Wiley, and China National Knowledge In-
frastructure (CNKI) with the following keywords: volatile
organic compounds (VOCs), oxygenated VOCs (OVOCs),
initial concentrations/mixing ratios, chemical/photochemi-
cal losses, source apportionment/analysis, positive matrix
factorization (PMF), chemical mass balance (CMB), recep-
tor model, and photochemical-age-based parameterization
method. The information extracted from each publication in-
cluded methods for reducing the impacts of photochemical
losses, the impacts of VOC photochemical losses on source
analyses, the source-apportioned methods, and the results for
the consumed VOCs in the atmosphere. This study identified
170 papers, of which 69 papers have been published since
2020, accounting for ∼ 41 % of the total publications; a total
of 36 papers were published from 2015 to 2019, accounting
for∼ 21 %. There were 109 research papers reporting results
in China, accounting for ∼ 64 % of the total papers. There
were 40 papers located in the United States, accounting for
∼ 24 %. The number of papers located in India, South Korea,
Canada, and Japan was only 4, 3, 3, and 3, respectively, and
there were a few papers from other countries. Additionally,
there were 19 research papers conducted in Beijing, 9 pa-
pers in Guangzhou, and 8 papers in Tianjin, accounting for
∼ 11 %, ∼ 5 %, and ∼ 5 % of the total papers, respectively.
There were fewer reports from other cities.
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3 Results and discussion

3.1 Methods of reducing the impacts of reactive losses

Ambient VOCs can be substantially oxidized by O3, hy-
droxyl ( qOH), and nitrate (NO3) radicals (Atkinson and Arey,
2003; Bey et al., 2001; Finlayson-Pitts and Pitts, 1997), es-
pecially oxidation by qOH radicals primarily during the day-
time (Wang et al., 2013). Therefore, reducing the impacts
of VOC reactive losses on source apportionment has long
been an important but is not easy issue to resolve in VOC
source apportionments (B. S. Liu et al., 2023). Ambient
VOCs primarily include alkanes, alkenes, aromatic hydro-
carbons, alkynes, OVOCs, and halogenated hydrocarbons.
Studies suggested that the concentration of photochemical
assessment monitoring station (PAMS) VOCs (i.e., alkanes,
alkenes, aromatic hydrocarbons, and alkynes) accounted for
∼ 63 % of the total VOC (TVOC) concentration (i.e., av-
erage value of proportions from different literature), while
OVOCs and halogenated hydrocarbons contributed ∼ 22 %
and ∼ 14 % to the TVOCs, respectively (as shown in Ta-
ble S1 in the Supplement). The reported number of measured
species ranged from 13 to 124, including 0–32 alkanes, 2–16
alkenes, 1 alkyne (only acetylene), 3–19 aromatic hydrocar-
bons, 4–28 OVOCs, and 28–38 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 an-
thropogenic sources (Chen et al., 2010), while OVOCs can
also be formed by the oxidation of PAMS VOCs, in addi-
tion to primary source emissions (Chen et al., 2014; Seinfeld
and Pandis, 2006). The contributions of secondary formation
to some OVOC species (e.g., acetaldehyde and propionalde-
hyde) 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 trans-
port (Mintz and McWhinney, 2008). Therefore, utilizing only
the same source analyses approach for multiple VOC species
from different sources might produce results with high un-
certainties in the apportionments.

Source analyses methods for ambient VOCs con-
sidering reactive losses mainly included PMF, CMB,
and photochemical-age-based parameterization method (Ta-
ble S2). PMF was the most common method used for source
analyses (Y. Yang et al., 2022). Approximately 53 % of
the reviewed publications focused on source analyses of
PAMS species using PMF, while OVOCs primarily used
the photochemical-age-based parameterization method for
source apportionment but with only relatively few studies
(Tables S2–S3). Additionally, the studies on data from simul-
taneous measurement of both PAMS and OVOC species uti-
lized 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; C. T. Liu
et al., 2023; Tan et al., 2021) (Table S3). Another approach
was to use the PMF and photochemical-age-based parameter-
ization to obtain the source-apportioned results for ambient
PAMS and OVOCs, respectively, and then combine the two
apportioned results to obtain the final source-resolution re-
sults for the ambient 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

Selecting low-activity species or incorporating night-only
data into PMF

The methods of reducing the 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;
Y. Yang et al., 2022). Many highly active alkene and aromatic
hydrocarbon species were not included in the PMF calcula-
tions (Gu et al., 2023; B. S. Liu et al., 2023). For example,
B. S. Liu et al. (2023) excluded highly active species such
as 1-hexene, trans-2-butene, trans-2-pentene, cis-2-pentene,
and cis-2-butene. In addition, the current approach of in-
corporating daytime and nighttime VOC data into PMF for
source analyses (e.g., Gu et al., 2020; Z. Y. Li et al., 2020;
Jain et al., 2022) assumes that the daytime and nighttime fac-
tor profiles are consistent. However, the daytime factor pro-
files 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 fac-
tor profiles and the corresponding contributions, some stud-
ies utilized only nighttime data when reactive losses would
be lower for source analyses to obtain more accurate night-
time 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 con-
tribute 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), who utilized night-only data. An
additional consideration is that VOCs can react with NO3
radicals and O3 (especially for highly reactive alkenes) at
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Figure 1. Methods for reducing the impacts of reactive losses for different source analyses models. PMF represents the positive matrix
factorization, CMB represents the chemical mass balance, and PAPM represents the photochemical-age-based parameterization method.

night, causing reactive losses (de Gouw et al., 2017). Thus,
this approach does not eliminate the effects of all possible
loss mechanisms. Although T. T. Wang et al. (2024) also
considered reactions with O3 at night when estimating VOC
chemical reactive losses, the number of related studies re-
mains limited.

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 ambi-
ent VOCs mainly originates only from reactions of the VOCs
with qOH radicals (Parrish et al., 1992; Sun et al., 2016;
Wang et al., 2013). The photochemical ages (1t) of VOC
species are estimated and then combined with the rate con-
stants for reactions of qOH radicals with the VOC species
(k qOH) to calculate their initial concentrations and quantified
the VOC photochemical losses (Shao et al., 2011; Wang et
al., 2013; Zhan et al., 2021). The equation for the initial con-
centration calculation is shown in Eq. (1), where k qOH and

1t are the key parameters in this approach.

[VOC]t = [VOC]0× exp(−k qOH× [ qOH]1t), (1)

where [VOC]0 and [VOC]t are the initial and measured con-
centrations of VOC at time t , and [ qOH] represents the con-
centration of the qOH radical. However, many studies esti-
mated [ qOH] 1t because of the lack of qOH radical con-
centration data and defined the product as the qOH exposure
(Shao et al., 2011; Wei et al., 2022; Yuan et al., 2012b).

The k qOH of VOC species are substantially affected by at-
mospheric temperature (Atkinson and Arey, 2003), which
could be commonly measured in laboratory (or chamber)
experiments or through the use of detailed chemical com-
puter models (Atkinson and Arey, 2003). According to the
reviewed papers regarding the estimation of photochemical
age, it was found that approximately 48 % of the publications
used the Atkinson and Arey (2003) summary of k qOH val-
ues at 298° K, and approximately 8 % used the Carter (2010)
summary of k qOH values at 300° K. The detailed k qOH values
for different VOC species summarized in these two publica-
tions are provided in Table S4. However, other relevant stud-
ies cited k qOH values from other papers by Atkinson and/or
Carter (Atkinson, 1991, 2007; Atkinson et al., 2006; Taluk-
dar et al., 1994). The rate constant for a bimolecular reac-
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tion between a hydroxyl radical and a VOC molecule has a
roughly exponential dependence on temperature in the Ar-
rhenius equation (B. S. Liu et al., 2023). Therefore, these
published papers only used k qOH values at specific tempera-
tures, which made it difficult to characterize the actual reac-
tion rates at the actual temperatures in the atmosphere. To
address this issue, Z. Y. Wang et al. (2022) and Wang et
al. (2023) utilized the Arrhenius expression to locally opti-
mize the k qOH values of VOC species based on the actual
temperature conditions to further improve the accuracy of es-
timating the VOC initial data. In addition, some studies used
the k qOH 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 es-
timating 1t , 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.

(1) Estimation of ∆t based on the species ratio method

1t =
1

(kA− kB )×[ qOH]
×

[
ln

(
[A]0

[B]0

)
− ln

(
[A]t

[B]t

)]
, (2)

where kA and kB are the reaction rate constants with qOH
radicals for species A and B of a highly homologous species
with substantial differences in reaction activity, respectively.
[A]0
[B]0

is the initial concentration ratio of A to B in fresh emis-

sions, and [A]t
[B]t

is the measured concentration ratio of A to B

at time t . The determination of the initial concentration ratio
of A to B was extremely critical for estimating the 1t . The
1t 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 (B. S. Liu et al., 2023).

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 hydrocar-
bons (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 1t (Table S6).
These two species ratios (E/X and X/E) accounted for
∼ 34 % of the total reviewed publications of estimating initial
ratios, respectively. Approximately 7 % of the papers used
toluene/benzene (T/B), while m,p-xylene/benzene (X/B),
ethylbenzene/o-xylene (E/O) or O/E had limited use, ac-
counting for ∼ 2 % and ∼ 11 % of the total reviewed publi-
cations of initial ratio estimation.

The methods for obtaining the initial species ratio in the re-
viewed papers mainly referred to prior 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 (Borlaza-Lacoste et al., 2024; Fang et al., 2021;
Han et al., 2019; Y. T. Wu et al., 2023). There were sev-
eral papers using the first two methods to obtain the initial
species ratios (Table S6). The initial species ratios obtained
by these methods had difficulty in accurately characterizing
the comprehensive impacts of multiple sources in the study
area. Most studies were based on the observed data of low-
photochemical-reaction periods (∼ 19:00 to 08:00 LT) to cal-
culate the initial species ratios (Table S6). This method as-
sumes that VOC species emitted by different sources dur-
ing the certain periods of night would not undergo oxida-
tive reaction, and the concentration ratios of two homolo-
gous VOC species remained unchanged during the trans-
port process from source emissions to the receptor-measured
sites (B. S. Liu et al., 2023; 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 chem-
istry and atmospheric mixing. Comparing one species to an-
other, both the model results and the observations were con-
sistent 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 1t 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 ini-
tial species ratio in different reports (B. S. Liu et al., 2023;
Shao et al., 2011; Yuan et al., 2012b). For example, Yuan et
al. (2012b) utilized the m,p-xylene and benzene data mea-
sured between 00:00 and 05:00 LT to conduct a linear fit.
The regression line was then extrapolated to the highest ben-
zene concentration during this period so that the initial ratio
could be estimated from the m,p-xylene to benzene con-
centration ratios at this point. Y. T. Wu et al. (2023) and
T. Yang et al. (2022) used time periods (00:00–04:00 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 the various percentiles or
the corresponding T/B values above various percentiles and
then determined the initial ratio by the minimum average ra-
tio (i.e., E/X) or the maximum average ratio (i.e., T/B) of
the two species with the highest homology (i.e., highest cor-
relation) below different percentiles. Y. J. Wu et al. (2023)
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reported that the maximum value of X/E at 01:00–06:00 LT
was considered the initial species ratio. In addition, B. S. Liu
et al. (2023) and Borlaza-Lacoste et al. (2024) utilized the
slope of the linear fit of the scatterplots of corresponding
ethylbenzene and m,p-xylene below the 10th percentile of
E/X ratios during 00:00–05:00 LT to determine the initial ra-
tio. Overall, the E/X in the reviewed papers ranged between
0.22 and 0.75, T/B was between 3.14 and 4.48, X/E was be-
tween 1.04 and 4.42, 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 1t , based on T/B utilizing the re-
gressions of benzene and toluene versus CO and 1t . Zou et
al. (2023) demonstrated the rationality of selecting the ratio
of E and X to estimate the 1t through the 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 es-
timating the 1t of VOCs (Table S6), and the results esti-
mated by the different ratios could vary substantially. Shao
et al. (2011) suggested that the differences between the ini-
tial concentrations calculated using the three pairs of com-
pound 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 sen-
sitivity of estimating the 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 be-
tween 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 1t was cal-
culated 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 en-
terprises (Mo et al., 2015; Na et al., 2004; Yuan et al., 2010;
Zhang et al., 2016). Therefore, the 1t 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 1t 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 1t derived from
different types of VOC species should be calculated to im-
prove traditional ratio methods.

An additional issue is that this method only considers the
reactions between VOCs and qOH radicals during the day,
while chemical reactions with NO3 radicals at night and/or
O3 were commonly excluded. B. S. Liu et al. (2023) at-
tempted to estimate the reactive losses between 19:00 and
23:00 LT, but they considered the gradual loss of qOH rad-
icals after sunset and did not consider the losses caused by

NO3 radical reactions that may be present at night since they
are not photolyzed, as this occurs in the daylight. Addition-
ally, alkenes can directly react with O3 in the atmosphere,
causing losses. De Gouw et al. (2017) suggested that the
nighttime removal of highly reactive alkenes by O3 and NO3
radicals was also substantial. However, there are currently no
reports on the estimation methods for these reactive losses. In
future studies, the ratio of two alkene species with substan-
tial differences in reaction rates with O3 could be used as the
base ratio as in Eq. (2) and combined with measured O3 re-
action rate constants (Atkinson and Arey, 2003) to estimate
the chemical reaction time (1t) of alkene species with O3.
Then, chemical losses of alkene species in the reaction with
O3 could be estimated using Eqs. (1) and (9), and the com-
bined effects of O3 and qOH could be estimated. De Gouw
et al. (2017) proposed the calculated method of O3 exposure
(i.e., [O3]1t) at nighttime, which can be calculated from the
measured ratio of benzene over cis-2-butene.

(2) Estimation of ∆t based on the sequential reaction
model

It has been found that using the ratio method to calculate the
1t of isoprene could result in overestimation (Y. J. Wu et al.,
2023; Y. Yang et al., 2022). An alternative is the sequential
reaction method. It is based on measurements of the reaction
products of these reactions.

Isoprene+ qOH→ 0.23MACR+ 0.32MVK

k1 = 1.0× 10−10 cm3 (molec. s)−1, (3)

MACR+ qOH→ products

k2 = 3.3× 10−11 cm3 (molec. s)−1, (4)

MVK+ qOH→ products

k3 = 1.9× 10−11 cm3 (molec. s)−1, (5)
[MACR]t
[Isoprene]t

=
0.23k1

k2−k1
(1− e(k1−k2)[ qOH]1t ), (6)

[MVK]t
[Isoprene]t

=
0.32k1

k3−k1
(1− e(k1−k3)[ qOH]1t ), (7)

where MVK is methyl vinyl ketone, MACR is methacrolein;
k1, k2, and k3 are the rate constants reacting with qOH
of isoprene, MACR, and MVK, respectively; and [MVK]t ,
[MACR]t , and [isoprene]t are the measured ambient concen-
trations at time t .

This sequential reaction method was first proposed by
Bertman et al. (1995) and was commonly used to estimate
the 1t of isoprene emitted primarily from biogenic emis-
sions (Gong et al., 2018; Roberts et al., 2006; Y. J. Wu
et al., 2023). Assuming the qOH-driven isoprene oxidation
mechanism (Eqs. 3–5) from the laboratory chamber studies
of Carter and Atkinson (1996), Stroud et al. (2001) quanti-
fied the 1t of isoprene by the reaction relationship between
isoprene and its oxidation products (Eqs. 6–7) (de Gouw et
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al., 2005; Y. J. Wu et al., 2023; Xie et al., 2008). The syn-
chronous measurement of MVK and MACR is critical to ob-
tain 1t when utilizing this method. Numerous studies failed
to estimate the isoprene 1t due to the lack of MVK and
MACR (Gu et al., 2023; B. S. Liu et al., 2023; Wang et al.,
2023). Although some studies have used the average of 1t

obtained from both MVK and MACR as the final 1t (Xie et
al., 2008), there has been little assessment of which method
was more suitable.

Additionally, there were studies using the isotopic hydro-
carbon clock method (Kornilova et al., 2016; Rudolph and
Czuba, 2000; Saito et al., 2009) to estimate the species 1t

that was calculated by the decay of isotopes in the emissions
to the ambient receptor site (Table S5). However, the studies
only calculated the 1t without estimating the species’s initial
concentrations. Our study found that approximately 74 % of
the publications that calculated the 1t used the species ratio
method, approximately 11 % used both the ratio method and
the sequential reaction model, while a few used other meth-
ods (Table S5).

3.1.2 Reducing the loss 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 qOH radicals (Z. Y. Li et al., 2018).
The OVOCs can be directly emitted from biogenic and an-
thropogenic sources (Huang et al., 2019, 2020; Tanimoto
et al., 2014) and can also be formed by oxidation of pre-
cursors (e.g., PAMS species) with qOH radicals, O3, and
NO3 radicals (Legreid et al., 2008; Sahu et al., 2016; Tan-
imoto et al., 2014). OVOCs were commonly apportioned
by the photochemical-age-based parameterization method,
as shown in Eq. (8).

[OVOC]= EROVOC× [tracer]× exp(− (kOVOC− ktracer) [ qOH]1t)

+ ERpercursor× [tracer]×
kprecursor

kOVOC− kprecursor

×
exp

(
−kprecursor [ qOH]1t

)
− exp(−kOVOC [ qOH]1t)

exp(−ktracer [ qOH]1t)

+ ERbiogenic×
(
isoprenesource

)
+ [background],

(8)

where [OVOC], [tracer], and [background] are the concen-
trations of measured ambient OVOCs, the tracer (e.g., ben-
zene, acetylene (C2H2), or carbon monoxide (CO); Table S7)
from primary anthropogenic sources, and background OVOC
concentration, respectively; kOVOC, ktracer, and kprecursor are
the qOH rate constants of the OVOCs, tracer, and precursor,
respectively; and kOVOC and ktracer are 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; ERbiogenic

is the emission ratio of OVOCs to the isoprene concentra-
tion emitted from biogenic sources (i.e., isoprenesource), and
EROVOC, ERprecursor, ERbiogenic, kprecusor, and [background]
can be determined from a linear least squares fit that min-
imizes the difference between the measured [OVOC] and
those calculated from Eq. (8). ER values in the reviewed
papers are listed in Table S8. [ qOH]1t represents the ex-
posure of qOH radicals, which can be estimated by Eq. (2),
and isoprenesource can be estimated by Eqs. (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 sec-
ondary OVOC sources based on the measured data. There-
fore, 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 qOH radicals, (3) bio-
genic 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 it fur-
ther 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). Using this approach made it diffi-
cult to finely apportion the contributions of primary anthro-
pogenic sources and to obtain the contributions of primary
and secondary biogenic emissions. Therefore, to obtain re-
fined source-apportioned results for OVOCs, many studies
incorporated both OVOC and PAMS species into the recep-
tor 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 O3 and SOAs
via photochemical reactions) of OVOCs directly emitted by
anthropogenic sources (i.e., the first term in Eq. 8), the con-
centrations after the 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 con-
sidered the influences of photochemical losses in the calcula-
tion 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 ad-
dition, to compensate for the photolytic losses in OVOCs in
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Eq. (8), which was not considered by de Gouw et al. (2005),
Wang et al. (2017) introduced a modification coefficient (m)
before the kOVOC to modify it, assuming that the photolysis
rate is proportional to the qOH reaction rate (de Gouw et al.,
2018; 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 qOH 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 the tradi-
tional photochemical-age-based parameterization method
(i.e., Eqs. 1–2) to correct their reactive losses and then in-
corporate initial data into PMF for source analyses (Cui et
al., 2024; Li et al., 2023; Ren et al., 2024; L. L. Zhang et al.,
2024). 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 re-
main to be studied.

3.1.3 Methods for reducing loss effects in CMB source
apportionments

The chemical mass balance method uses known profiles mea-
sured 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 mea-
sured source profiles. As early as the 1980s and 1990s, stud-
ies had been conducted to reduce the impacts of different
VOC species reactions on CMB estimation results, including
the minimization of reaction effects by limiting source pro-
files to VOCs with similar reaction rates (Harley et al., 1992;
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 reaction
extent by the changes in the ratios of xylene to ethylbenzene
at the receptor and the release site and then obtained the de-
cay 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 re-
actions (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 com-
patible with the data measured at the receptor site (Lin and
Milford, 1994; Na and Pyo Kim, 2007). However, this ap-
proach has not been used other than in these two instances.

There are two methods to obtain the decay factors. One
method was to consider 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 an estimation based
on the reaction rate constants of specific VOC species and
“aging coefficients” (Junninen et al., 2005; Lin and Mil-
ford, 1994). The details and limitations of the two methods
are provided in Sect. S1. However, this method of adjust-
ing source profiles cannot truly address the issue of reac-
tive 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 rel-
atively few locally measured VOC source profiles due to high
costs and difficulties in obtaining access to the source facili-
ties (Y. Yang et al., 2022).

Alternatively, with the monitoring of highly time-resolved
VOC data in recent years, it became infeasible to use CMB
to conduct source analyses because CMB requires analy-
sis of one sample (1 h) at a time resulting in needing thou-
sands of separate analyses (Y. Yang et al., 2022). Addition-
ally, the weights in the analyses are generally based only on
the measurement uncertainties in the measurement samples
from specific sources at a few specific times. Thus, CMB
does not account for the variability in the source profiles that
is included in the uncertainty values used to weight the data
in PMF (Y. Yang et al., 2022). To reduce the impact of re-
active losses, the initial concentration data estimated by the
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 there were few considerations for
OVOCs.

3.2 Effects of reactive losses on source analyses

According to the review of relevant publications, it was
found that most of the current studies analyzed the impacts
of VOC photochemical losses on the source analyses by
comparing the PMF-apportioned results based on 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; Z. G. Liu et al.,
2023; Zou et al., 2023) or comparing the apportioned results
based on the daytime and nighttime VOC data (Liu et al.,
2025). Reactive losses substantially reduced the concentra-
tions (ppbv ppbv−1) of highly reactive VOC species in PMF-
resolved factor profiles based on the measured data. For ex-
ample, B. S. Liu et al. (2023) investigated the impacts of
photochemical losses of ambient VOCs on the PMF-resolved
profiles by comparing the initial and measured data results.
They found that the concentrations of VOC species with
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relatively low reactivities (e.g., 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,
Liu et al. (2025) also reported that reactive losses clearly re-
duced the concentrations of dominant VOC species with high
reactivities in the profiles of solvent use, petrochemical in-
dustry emissions, and combustion sources by comparing the
daytime- and nighttime-resolved profiles.

Additionally, VOC reactive losses can result in the sub-
stantial underestimation of the PMF-apportioned contribu-
tions of sources that emitted highly reactive species, and
emission sources with substantially underestimated contri-
butions varied in different cities. For example, Wang et
al. (2013) found that the contributions of biogenic emissions
and chemical industry in Shanghai were underestimated by
30 % and 10 %, respectively, due to photochemical reactive
losses. He et al. (2024) found that the underestimations of the
industrial source contributions in Guangzhou were markedly
higher than those of other sources. B. S. Liu et al. (2023)
suggested that biogenic emissions and polymer-production-
related industrial sources in Tianjin were underestimated
by 73 % and 50 %, respectively. In addition, Y. J. Wu et
al. (2023), J. Q. Zhang et al. (2024), and Gu et al. (2023) also
suggested that the underestimations of the contributions of
biogenic emissions in Beijing, Langfang, and Qingdao were
substantially higher than those of any other sources. How-
ever, T. T. Wang et al. (2024) found that the contributions of
solvent usage and biomass burning in Zhengzhou were un-
derestimated by 31.5 % and 15.4 %, thus 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 un-
derestimated by 72.0 %, 71.0 %, 64.5 %, and 44.0 %, respec-
tively. However, due to the uncertainty in initial concentra-
tion 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 Eq. 9) (Wang et
al., 2023; Y. T. Wu et al., 2023). The initial concentration was
generally estimated using the photochemical-age-based pa-
rameterization method mentioned in Sect. 3.1.1 (as shown in
Eq. 1) (B. S. Liu et al., 2023; Y. T. Wu et al., 2023). Due to the
uncertainty in the initial concentration estimation, there were
also uncertainties in the estimated photochemical losses.

[VOC]C,t = [VOC]t × (exp(kVOC [ qOH]1t)− 1), (9)

where [VOC]C,t represents the photochemical loss of VOC
at time t , kVOC represents the reaction rate constants withqOH radicals of VOC, and [ qOH]1t represents the exposure
of qOH radicals.

The second method applies to other VOC species without
isoprene in which the losses could be estimated utilizing iso-
prene 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 parame-
ter method based on the sequential reaction model, as shown
in Eqs. (1) and (6)–(7), to estimate the photochemical loss
of isoprene (i.e., 1 isoprene), and then the photochemical
losses of other VOC species can be estimated by the propor-
tional relationship ( kVOC

kisoperene
×
[VOC]t
[isoprene]t

) between 1 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 the imme-
diate area surrounding the site and that atmospheric trans-
port and dispersion are non-limiting factors when compared
with chemistry (Xie et al., 2008). The photochemical losses
of other VOC species can be calculated by Eq. (10).

[VOC]C,t =1isoprene×
kVOC

kisoperene
×
[VOC]t
[isoprene]t

, (10)

where kisoprene represents the reaction rate constants withqOH radicals of isoprene, and [isoprene]t represents the mea-
sured concentration of isoprene at time t .

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, 2006; Wei et al.,
2011). Therefore, the assumption of this method itself has an
obvious issue, which resulted in high uncertainties in the esti-
mations. This defect substantially limits its application, only
two publications have utilized this method to quantify chem-
ical losses of VOCs 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 in VOC reactive losses

The VOC reactive losses in different cities are provided in
Figs. 2–3 and S1 and Tables S10–S11. According to the pa-
pers reviewed in this study, we found that studies on the esti-
mation of ambient VOC photochemical losses were primar-
ily conducted in Chinese cities. To date, there are only two
publications reporting quantitative research of VOC reac-
tive losses conducted outside of China (i.e., Borlaza-Lacoste
et al., 2024; Kalbande et al., 2022). The data of VOC re-
active losses in the study conducted in New York City in
the USA (Borlaza-Lacoste et al., 2024) have been included
in Figs. 2–3. However, due to the fact that only nine VOC
species were measured in the research conducted in Mumbai
in India (Kalbande et al., 2022), the reactive loss data in their
studies were difficult to compare and analyze with data from
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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 (B. S. Liu et al., 2023; 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 (Z. G. Liu et al., 2023),
Zhengzhou (T. T. Wang et al., 2024), Wuhan (Xu et al., 2023), Handan (Wei et al., 2022), Zibo (W. T. Wang et al., 2024), Taipei (Chen et al.,
2023), and New York City (Borlaza-Lacoste et al., 2024). The data in Beijing, Tianjin, Shanghai, and Guangzhou were the average from all
data in the published papers. The base map is from Natural Earth.

other cities; therefore, their estimated results were not shown
in Figs. 2 and 3. 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. Meanwhile, due to the relative lack of the quantita-
tive studies on the ambient VOC reactive losses in the cities
outside of China, the comparative analyses of the differences
in reactive losses of VOCs in different cities and the impacts
of losses on air secondary pollution from a global perspec-
tive in this study could be insufficient. In addition, this study
converted the unit of ppbC (parts per billion carbon) in some
papers (Chen et al., 2023) to ppbv (parts per billion by vol-
ume) for better comparative analyses.

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),
New York City (9.84 ppbv), and Handan (8.90 ppbv) (Fig. 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). The
chemical loss rates (i.e., the proportion of chemical loss in
the initial concentration; %) in Qingdao (69.1 %) and Shi-
jiazhuang (58.9 %) were the highest, followed by New York
City (50.2 %), Wuhan (49.8 %), and Tianjin (33.8 %). In con-
trast, 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 dif-
ferences in observation periods and measured VOC species,
the comparability of chemical reactive losses and loss rates
between different cities is limited and the differences uncer-
tain.

Compared to other VOC groups, alkenes had the high-
est reactive loss (Figs. 3 and S1), accounting for 36.7 %–
93.3 % of the total losses, followed by aromatic hydrocar-
bons (3.8 %–24.3 %) and alkanes (2.3 %–13.6 %) (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 rel-
atively higher than those of other species (Fig. 3), likely
closely related to their high reactivities (Table S4). The iso-
prene losses in Beijing, Chengdu, Jinan, Taipei, and New
York City 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 were substantially
higher than other VOC species. The reactive loss of 1-hexene
in Tianjin was markedly higher compared to other species.
Meanwhile, the trans-2-butene loss in Tianjin was also rela-
tively 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
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Figure 3. The photochemical losses and percentages of the main VOCs in Beijing (a is cited from Gao et al., 2018, and b is cited from Zhan
et al., 2021), Qingdao (Gu et al., 2023), Taipei (Chen et al., 2023), Tianjin (B. S. Liu et al., 2023), Chengdu (Kong et al., 2023), Shijiazhuang
(Cui et al., 2024), Jinan (Z. G. Liu et al., 2023), Zhengzhou (T. T. Wang et al., 2024), and New York City (Borlaza-Lacoste et al., 2024).
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Figure 4. The method flowchart of source analyses for consumed VOCs in the atmosphere.

of VOCs was often consistent with the changes in the con-
centrations of Ox (O3+NO2) in the atmosphere (Wang et
al., 2013). In addition, studies also found that both solar ra-
diation 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).
B. S. Liu et al. (2023) 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.

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 complemen-
tary issues of O3 and SOA formation (Cui et al., 2024; Gu
et al., 2023; Z. Y. Wang et al., 2022). 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 re-
active losses of VOCs to provide the input needed to iden-
tify the responsible source types and thereby allow effective
control of O3 and secondary aerosol pollution. In 2023, Gu
et al. (2023) developed a source analyses method for con-
sumed VOCs (i.e., the reactive losses of VOCs) in the at-
mosphere and conducted an applied study. This method re-

quired 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 anal-
yses were considered to be the source contribution of con-
sumed VOCs in the atmosphere. The ozone formation poten-
tial (OFP) and SOA formation potential (SOAFP) of the con-
sumed VOCs from the different sources were estimated. To
reduce the impacts of atmospheric dispersion on the appor-
tioned 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 re-
ported by Z. Y. Wang et al. (2022) 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 analy-
ses method of consumed VOCs in the atmosphere. However,
the current methods for apportioning the primary or oxidative
sources of consumed VOCs in the atmosphere are still imper-
fect. The shortcomings included the uncertainty in estimating
the initial concentrations of VOCs (as shown in Sect. 3.1.1)
and the issue of factor identification, even if identified as the
same type of factor; there were substantial differences in their
factor profiles (B. S. Liu et al., 2023). The current studies pri-
marily focused on the PAMS species, and reported apportion-
ments of OVOC losses are still limited. There were numerous
technical issues; for example, there is still a lack of rational
methods for estimating the OVOC initial concentrations.
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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 evapora-
tion (9.37 %) were the main sources of the consumed VOCs.
However, the apportioned results from Wang et al. (2023)
in Tianjin and Guangzhou suggested that biogenic emissions
(43 % and 35 %, respectively), solvent usage (14 % and 18 %,
respectively), and industrial sources (14 % and 22 %, respec-
tively) were the major contributors of the consumed VOCs.
Therefore, biogenic emissions might be an important source
of reactive losses of VOCs. However, Cui et al. (2024) sug-
gested 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 Shiji-
azhuang 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 relatively low contribu-
tions (Cui et al., 2024). However, due to the limited research
currently available, the representativeness of the results is
still insufficient at present.

4 Conclusions

This study systematically reviewed the major methods of re-
ducing the impacts of reactive loss and the existing critical
issues in the current VOC source analyses research. The pur-
pose was to clarify the future research directions needed to
improve the accuracy of VOC source apportionments and
provide 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 com-
pared to other receptor models. Estimating the initial con-
centrations 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 photochem-
ical age estimation method, such as only considering the pho-
tochemical reactions with qOH radicals during the day and
not considering the reactions with O3 (especially for alkene
species) and NO3 radicals; difficulty in dynamically adjust-
ing the required qOH-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 un-
certainty in the PMF-apportioned results based on the initial
concentration data. Furthermore, both the measured and ini-
tial VOC data do not match the ambient O3 or SOA measured
synchronously because 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 O3 and SOA pollution in the atmosphere. There-
fore, in addition to the research into more accurate quantita-
tive approaches for ambient VOC reactive losses, the source
analyses of consumed VOCs and the accurate quantification

of their separate contributions to O3 and SOA should also be
important directions for future research.
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