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A B S T R A C T

While PM2.5 (particles with aerodynamic diameter less than 2.5 µm) concentrations in China are beginning to
decline because of pollution abatement measures, ozone (O3) concentrations continue to rise. In this study, we
have used a Monte Carlo approach to estimate breathing-rate adjusted (BRA) population exposure to ozone and
its oxidation products based on hourly O3 measurements collected in 2017 from monitoring stations in 333
Chinese cities. The median measured outdoor O3 concentration in these cities was 31 ppb, while the median
calculated indoor concentrations of ozone and ozone-derived oxidation products were 7.5 ppb and 21 ppb,
respectively. The median BRA O3 exposure concentration was 12 ppb, ranging from 2.2 ppb to 18 ppb among the
cities. Eastern and central cities had higher exposure concentrations, while northeastern and western cities had
lower. On average, the residents of these cities spent 88% of their time indoors. Consequently, even with
breathing rate adjustments, indoor O3 exposure averaged 50% of the total O3 exposure nationwide. The median
BRA exposure concentration for ozone-derived products was 18 ppb, ranging from 4.5 ppb to 32 ppb among the
cities. On average, BRA exposure concentrations were 1.6 times larger for oxidation products than for ozone,
while seasonal variations of exposure concentrations were smaller for oxidation products than for ozone. As
many of the products of indoor ozone chemistry are toxic, the health consequences of exposure to such products
should be further investigated.

1. Introduction

The evidence that ozone exposure results in significant adverse
health effects continues to grow. Previous studies have found that
ozone exposures correlate with both morbidity and mortality (Bell
et al., 2004; Bell et al., 2005; Di et al., 2017; Sun et al., 2018; Yin et al.,
2017). Ozone has been shown to contribute to the risk of death from
respiratory and cardiovascular disease (Jerrett et al., 2009; Turner
et al., 2016; Wang et al., 2017), including chronic obstructive pul-
monary disease (Huang et al., 2018a) and emphysema (Wang et al.,
2019). It has been found to influence platelet activation, vascular en-
dothelial function, and even blood pressure (Day et al., 2017; Xia et al.,
2018; Zeng et al., 2017).

People spend most of their time indoors, where surfaces often have a
sorbed organic film whose constituents include organic compounds that

react rapidly with ozone, such as squalene, unsaturated fatty acids and
their esters, terpenoids and sesquiterpenes (Weschler, 2006; Weschler
and Nazaroff, 2017; Wu et al., 2017). Humans themselves are covered
with a thin layer of skin surface lipids containing squalene (~10%),
sapienic acid (~6%), other unsaturated fatty acids, and unsaturated
triglycerides (Nicolaides, 1974). Ozone reactions with these compounds
generate oxidation products, some of which may adversely affect
human health (Weschler, 2000; Weschler, 2004; Weschler, 2006;
Weschler et al., 2006). Studies have found that the oxidation products
of terpenes are potent contact allergens and might have inflammatory
and respiratory sensitizing properties (Weschler, 2004; Wolkoff et al.,
2013). The oxidation products of limonene increase the rate of blinking
in human subjects, indicating stimulation of trigeminal nerves (Kleno
and Wolkoff, 2004). Using a head out mouse bioassay, Wolkoff et al.
(2013) derived a human reference value (RF) for sensory irritation of

https://doi.org/10.1016/j.envint.2020.105617
Received 22 October 2019; Received in revised form 26 February 2020; Accepted 27 February 2020

⁎ Corresponding authors at: Environmental and Occupational Health Sciences Institute, Rutgers University, Piscataway, NJ 08854, United States (C.J. Weschler).
Department of Building Science, School of Architecture, Tsinghua University, Beijing 100084, China (B. Zhao).

E-mail addresses: weschlch@rwjms.rutgers.edu (C.J. Weschler), binzhao@tsinghua.edu.cn (B. Zhao).

Environment International 138 (2020) 105617

Available online 08 March 2020
0160-4120/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2020.105617
https://doi.org/10.1016/j.envint.2020.105617
mailto:weschlch@rwjms.rutgers.edu
mailto:binzhao@tsinghua.edu.cn
https://doi.org/10.1016/j.envint.2020.105617
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2020.105617&domain=pdf


0.16 ppm for 3-isopropenyl-6-oxo-heptanal (IPOH), a product of O3/
limonene chemistry, and an RF for airflow limitation of 0.03 ppm for 4-
oxopentanal (4-OPA), a product of O3/skin oil chemistry. 4-OPA has
also been identified as an irritant and sensitizer using a combined local
lymph node assay in a mouse model (Anderson et al., 2012). 4-OPA has
also been shown to be redox active (Fu et al., 2013), and to adversely
impact cellular viability (Lipsa et al., 2016). Oxidation products in-
doors, such as acetaldehyde, acrolein, propionaldehyde and for-
maldehyde may contribute to or exacerbate asthma (Leikauf, 2002).
Taken together, this evidence suggests that products of ozone-initiated
chemistry, as well as ozone itself, contribute to adverse health effects.

Outdoor ozone concentrations have been increasing in urban China.
From 2014 to 2016, the annual-average outdoor ozone concentration
increased from 87.7 μg/m3 (44.7 ppb) to 98.6 μg/m3 (50.3 ppb), while
at the same time the concentrations of other gaseous pollutants (SO2,
CO and NO2) declined (Li et al., 2017; Huang et al., 2018b). Even
outdoor PM2.5 concentrations have begun to decrease (Li et al., 2017),
reflecting various pollutant abatement measures. Taking urban stations
in Beijing as an example, from 2004 to 2015, 1-h average ozone con-
centration increased 58% and 8-h average concentration increased
51%. During the warm season, from May to Sep, the increase of 1-h and
8-h average ozone concentrations were 64% and 41% (Cheng et al.,
2018). From 2013 to 2017, in the Yangtze River Delta, Pearl River Delta
and Sichuan Basin, the maximum daily 8-h average outdoor ozone
concentrations increased 60%, 19% and 8%, respectively, (Lu et al.,
2018).

Ozone exposure, which is defined as the product of ozone con-
centration in a microenvironment and the time a person spends in that
microenvironment, is a useful parameter for better understanding its
adverse health effects, as well as designing control strategies for both
ozone and its oxidation products. Since inhalation is the main pathway
by which people are exposed to ozone, breathing-rate directly influ-
ences the dose of ozone that people receive. Adjusting ozone exposures
for breathing-rate during the period of exposure, provides a more ac-
curate indicator of inhalation exposure to ozone and its oxidation
products.

A number of studies have estimated ozone exposure in China using
outdoor ozone concentrations (Lu et al., 2018; Sun et al., 2018; Zhan
et al., 2018; Zhao et al., 2018). However, outdoor ozone concentrations
fail to properly account for indoor exposure to ozone and its oxidation
products. Weschler (2006) calculated that, in selected US studies, daily
inhalation of indoor ozone accounted for between 25% and 60% of total
daily ozone exposures. Chen et al. (2012) found that 58% of the
variability in ozone mortality coefficients among eighteen National
Morbidity, Mortality, and Air Pollutions Study cities could be explained
by accounting for differences in total ozone exposure, and these dif-
ferences resulted in large part from differences in the outdoor-to-indoor
transport of ozone in these eighteen cities. Niu et al. (2018a) measured
personal ozone exposure (synonymous with ozone exposure con-
centration) for 43 university students in Shanghai between late-May
and mid-October and found that indoor ozone exposures accounted for
54% to 87% of personal ozone exposure. As part of this study, Niu et al.
(2018b) proceeded to examine correlations between personal ozone
exposure and respiratory inflammatory response, as indicated by ex-
haled nitric oxide and several biomarkers in buccal samples. The results
indicated that a 10 ppb increase in ozone was significantly associated
with a 3.9% increase in fractional exhaled nitric oxide (a biomarker of
airway inflammation), a 36% increase in inducible nitric oxide synthase
(iNOS), and a decrease in the average DNA methylation of the NOS2A
gene (which encodes the iNOS protein). Significantly, “… effects were
much stronger when using personal exposure monitoring than fixed-site
measurements”, demonstrating the value of accounting for indoor ex-
posures as well as outdoor exposures. Zhang et al. (2019) measured
personal ozone concentrations for subjects over 50 years of age in
Nanjing from Oct 31 to Nov 3; individual ozone was negatively corre-
lated to pulmonary function data, forced vital capacity and forced

expiratory volume. Xiang et al. (2019) modelled the exposure con-
centration of ozone in 339 Chinese cities and found that indoor ex-
posures accounted for 59% (95% confidence interval: 26–79%) of the
total ozone exposure. However, none of these previous studies at-
tempted to account for differences in breathing rates when humans are
outdoors, indoors awake, or indoors asleep; nor did any estimate indoor
exposures to products of ozone-initiated reactions (i.e., indoor ozone
chemistry).

In this study, we have used an evaluated Monte Carlo method to
investigate the breathing-rate adjusted (BRA) population exposure to
ozone and its oxidation products for 333 cities in China based on hourly
measurements made throughout the year 2017. Our aims have been to
estimate: (1) the indoor concentrations of ozone and ozone-derived
oxidation products in these cities; (2) BRA exposure concentrations of
ozone and ozone-derived oxidation products; (3) the temporal, spatial,
and age distribution of BRA exposure concentrations for ozone and its
oxidation products; (4) the relationship between outdoor ozone and
BRA exposure concentrations of ozone; (5) the contribution of BRA
indoor ozone exposure to total BRA ozone exposure; and (6) the re-
lationship between BRA exposure concentrations of ozone and its oxi-
dation products.

2. Materials and Methods

2.1. Calculation of BRA exposure to ozone and its oxidation products

Exposure of ozone in a given microenvironment depends on the
ozone concentration in that microenvironment and the time people
spent in it. Ozone concentration in an indoor environment, Cin, can be
calculated using Eqs. (1) and (2):

= ×C F Cin inf out (1)
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Finf is the ozone infiltration factor, defined as ozone’s indoor/out-
door ratio in the absence of indoor sources (Xiang et al., 2019), and Cout
is the outdoor ozone concentration (ppb). In Eq. (2), ain is the air ex-
change rate with windows closed and awo is the air exchange rate with
windows open (h−1); fclo and fop are the fractional time windows are
closed and open, respectively; P is the penetration factor for ozone, set
as 1 based on our field tests in actual residences; and k1 and k2 are the
surface removal rate constants for exposed indoor surfaces and humans,
respectively (h−1). The surface removal rate constant to indoor sur-
faces, k1, is the product of the average deposition velocity to indoor
surfaces, vd, and the indoor surface to volume ratio (Aroom/(S× h)). The
surface removal rate constant to human surfaces, k2, is the product of
the average deposition velocity to human surfaces, vh, and the human
surface to volume ratio (Ahuman/(S × h)) (Weschler, 2016). The de-
position velocity to either indoor surfaces or human surfaces reflects
mass transport across the boundary layer of air adjacent to an indoor
surface as well as reaction with alkenes on the indoor surface. Details
regarding how mass transport and surface kinetics affect the deposition
velocity can be found in Cano-Ruiz et al. (1993).

Given that ozone oxidation products have potential health effects,
we have also calculated the indoor concentration of oxidation products,
Cpro. The ratio of oxidation products to indoor ozone can be estimated
using the formation factor, F, for gas-phase oxidation products and the
ratio of ozone’s net 1st-order surface removal rate constant to the air
exchange rate (Weschler, 2006):

= +
+

C
C

F k k
a f a f

( )pro

in in clo wo op

1 2

(3)

Substituting “Finf × Cout” for “Cin” in equation (3) and rearranging
yields Eq. (4):
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In Eqs. (3) and (4), the formation factor, F, is the ratio of the moles of
gas-phase products produced to moles of ozone removed by indoor surface
reactions. In other words, it is the sum of the yields for all gas-phase
products formed by ozone-initiated indoor chemistry. When ozone re-
acts with a carbon–carbon double bond, a primary ozonide is formed.
This primary ozonide is unstable and cleaves to form an (i) aldehyde or
ketone and (ii) a Criegee intermediate. The Criegee intermediate reacts
via different pathways, generating another oxidized product (Criegee,
1975). Hence, two oxidized products are generated for each ozone
molecule consumed. These products can be in either the gas-phase or
condensed phase. Our focus in the present study is on gas-phase pro-
ducts, since they are most likely to be inhaled. While several studies
report yields for specific gas-phase oxidation products derived from
simulated indoor conditions, there are few studies that attempt to
measure the net yield of all gas-phase species (i.e., F). Rai et al. (2014)
report yields for total volatile organic compounds resulting from ozone
reacting with soiled t-shirts in chamber experiments. These ranged from
0.38 to 0.54. However, the analytical methods used – sorbent sampling
with Tenax TA and DNPH cartridges – likely missed some of the re-
sulting products. Based on continuous measurements using a PTR/MS
in a simulated aircraft cabin with sixteen passengers, between 0.82 and
1.0 molecules of gas-phase products were formed for each molecule of
outdoor ozone removed by reactions within the cabin (Weschler et al.,
2007). Based on these PTR/MS measurements, we have used a forma-
tion factor, F, equal to 0.9 in the present study.

Inhalation is the main pathway by which people are exposed to
ozone. Breathing rate, which is dependent on daily activities and age,
impacts the amount of ozone and its oxidation products that we inhale.
Therefore, to better estimate intake of ozone and oxidation products,
different breathing-rates during different activities for different age
groups were considered in the present study. A person’s daily activities
were divided into three categories: light exercise (for all time outdoors),
sitting quietly (used for all time indoors except sleeping), and sleeping,
each with a different breathing rate. As Eqs. (5)–(7) show, the indoor
and outdoor exposures were adjusted by breathing rates (Qout, Qin, and
Qsle). With these parameters and the outdoor ozone concentration, the
indoor ozone exposure (Ein) and outdoor ozone exposure (Eout) were
calculated using Eqs. (5)–(8):
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Qsle, Qin, Qout (m3/h) and Tsle, Tin, Tout (h) are the breathing rates and
duration of sleeping indoors, duration indoors except for sleeping, and
duration outdoors; Tday equals Tsle + Tin + Tout (24 h); Ein and Eout are
the indoor and outdoor breathing-rate adjusted ozone exposures
(ppb*h); vh is the deposition velocity of ozone onto human surfaces (m/
h), Ah,i is the surface area of occupant i (m2); S is the floor area of the
residence where occupants live (m2); and h is the ceiling height of the
residence, which was set to 2.6 m.

Breathing-rate adjusted (BRA) exposure concentrations for ozone
and its oxidation products can be expressed as Eqs. (9) and (10):
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Cexp,O3 and Cexpo,p are breathing-rate adjusted exposure concentra-
tions (ppb) of ozone and its oxidation products, respectively.

Note that the “breathing rate adjusted exposure concentrations”,
Cexp,O3 and Cexpo,p, calculated using Eqs. (9) and (10) have units of ppb;
these are essentially “breathing rate adjusted exposures”, Ein and Eout,
with units of ppb*h, that have been normalized by the number of hours
in a day (24 h).

2.2. Monte Carlo framework and distribution of input parameters

A Monte Carlo simulation was used to estimate the BRA exposures
to ozone and its oxidation products, the framework of which is shown in
Fig. 1. Two types of input parameters, ten environmental parameters
and three activity patterns, were included. The environmental para-
meters determined the ozone concentrations in different micro-
environments where people were exposed. Activity patterns determined
the time people spent and the volume of air people inhaled in different
microenvironments. Each input parameter generates 2000 numbers
based on its distribution. Vector operations with a scale of 2000 were
performed, based on the equations described above, and resulted in
output vectors with a scale of 2000.

The distributions for different input parameters were obtained from
either previous studies or our own measurements, as shown in Table 1.
The distribution of air infiltration rates was determined from published
literature. Measurements had been made in residences in 4 cities
(Harbin, Beijing, Shanghai and Guangzhou) located in 4 typical climate

Fig. 1. Framework of Monte Carlo simulation.
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zones of China, with 214, 277, 412 and 202 valid samples, respectively
(Cheng, 2018). We had previously measured 312 natural ventilation
rates in 55 different bedrooms in Beijing over four seasons and de-
termined the distribution of these measurements (Yao and Zhao, 2019).
Penetration factors (P) were set equal to unity based on our measure-
ments in a student dormitory on the campus of Tsinghua University as
part of this study. The lower quartile value was 0.83, indicating a
narrow distribution. The distribution of ozone removal rates by indoor
furniture and building material surfaces (k1) was based on our previous
study, which included two repeated measurements in each of 15 bed-
rooms of 14 residences (Yao and Zhao, 2018). Given that the data was
insufficient for statistical testing, a normal distribution was assumed,
and the mean and standard deviation (SD) values were used as the
distribution parameters. We determined the distribution of deposition
velocities of ozone onto human surfaces from a review of the literature.
Similar to k1, a normal distribution was assumed, and mean and SD
values were used as the distribution parameters. Distributions of human
surface areas, breathing rates, time spent outdoors and fraction of time
windows are open for different age groups and genders in different
provinces and geographic areas were taken from the Exposure factors
handbook of Chinese population (Duan et al., 2013; Wang et al., 2016),
which surveyed 91,121 adults and 75,490 children in mainland China.
Within a province or geographic area, the distribution of these input
parameters in different cities is considered to be the same. Hourly
average outdoor ozone concentrations for different monitoring stations
were obtained from the environmental monitoring stations. The mean
and SD of daily average concentrations at different monitoring stations
in a city were used as the distribution parameters for uniform dis-
tribution. Additional details regarding the distribution of all the input
parameters are provided in the Supporting Information (SI).

2.3. Quality control and model evaluation

Days on which there was less than 12 h of outdoor ozone con-
centration data were eliminated. Daily average outdoor ozone con-
centrations for all monitoring stations were then calculated. In this way,
we obtained daily average outdoor ozone concentrations for all cities
for 357 days. For those cities within which there were at least two
monitoring stations, the standard deviation for different monitoring
stations were calculated. 1409 monitor stations in total were considered
in this study. Among the 333 cities, two of them had only one

monitoring station within the city. The standard deviation of the
nearest cities was used to estimate the ozone distribution for these two
cities. We selected Beijing as a representative city and, for 200 separate
times, we calculated the daily exposure concentration for a random day
with a loop of 2000. The Monte–Carlo error (MCE) is defined as the
standard deviation of the mean values of the 2000 loops (Koehler et al.,
2009). The minimum standard deviation of all of the 200 standard
deviations of the 2000 loops is defined as SD. The number of loops is
considered to be acceptable if the ratio of MCE to SD is less than 5%
(Zhou and Zhao, 2012). The calculated MCE to SD ratio of the output
(daily exposure concentrations) is 2.3%, indicating that 2000 loops are
sufficient.

Personal ozone concentrations measured in Shanghai and Nanjing
were used to evaluate the model. To be consistent with the study po-
pulation and time of year of the field studies, in the Shanghai com-
parison we calculated the ozone exposure concentration for people
18–44 years old during the period from 29 May to 12 Oct; in the
Nanjing comparison we calculated the ozone exposure concentration
for people 45–79 years old during 31 Oct to 3 Nov. Further details
regarding the cases used for model evaluation, as well as the parameter
settings for the modeling are shown in Table S12. The results indicated
that the modelled ozone exposure concentrations agreed reasonably
well with the measured ones, as shown in Fig. S1 in the SI.

3. Results and discussion

3.1. Indoor concentrations of ozone and its oxidation products

Fig. 2(a) shows the distribution for annual average of daily indoor
concentrations of ozone, Cin, and its gas-phase oxidation products, Cpro,
for 333 Chinese cities in 2017. City-by-city results, including measured
annual average outdoor concentrations, are listed in Table S13. Among
these cities, the median (mean) value for outdoor O3 concentration was
31 ppb (30 ppb), while indoor ozone was 7.5 (7.2) ppb, and the median
(mean) value for its products was 21.3 (20.8) ppb. The estimated
concentration of oxidation products was approximately 2.8 times larger
than the measured concentration of indoor ozone. Fig. 2(b) shows a
scatter plot of the annual average of daily concentrations of indoor
ozone and annual average of daily concentrations of oxidation products
in the 333 cities. The scatter is large and bounded by Cpro/Cin of 1.8 on
the low end, 7.8 on the high end, with a central tendency of 2.8. The

Table 1
Sources and distributions for different input parameters.

Input parameter Distribution Distribution parameters Source

Environmental parameters ain Log-normal Median (Geometric standard deviation (GSD)):
Northeast : 0.24 (0.67) h−1

North and Northwest: 0.28 (0.88) h−1

East: 0.31 (0.79) h−1

Southeast and Southwest: 0.38 (0.86) h−1

Cheng (2018)

awo Log-normal Median (GSD): 5.73 (0.87) h−1 Measured by authors (Yao and Zhao, 2019)
P Fixed 1 Field test by authors
k1 Normal Mean (SD): 2.8 (1.1) h−1 Measured by authors (Yao and Zhao, 2018)
vh,i Normal Mean (SD): 16.5 (0.43) m/h Fadeyi et al. (2013); Fischer et al. (2013); Tamas et al.

(2006); Wisthaler and Weschler (2010)
Ah,i Log-normal See SI Duan et al. (2013); Wang et al. (2016)
S Fixed for each province See SI National Bureau of Statistics of China (2012)
h Fixed 2.6 m /
F Fixed 0.9 Weschler et al. (2007); see Section 2.1.
Cout Uniforma See SI China National Environmental Monitoring Station

Activity patterns Qin, Qsle,
Qout

Fixed See SI Duan et al. (2013); Wang et al. (2016); Zheng et al.
(2017)

Tin, Tsle,
Tout

Fixed (Tsle)/Log-normal
(Tout/24)

Tsle = 8 h/day
Tout: see SI

fclo, fop Log-normal (fop) See SI

a Monte Carlo simulations were also conducted using a skew distribution for outdoor ozone concentrations. There was little difference between annual average
exposure concentrations of ozone and its oxidation products calculated from uniform- and Gamma-distributed outdoor ozone concentrations (Fig. S3). See SI for
further details.
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scatter reflects substantial variation in certain input parameters (e.g.,
air exchange rate and rate constant for O3 removal by occupants) from
city to city.

The oxidation products are derived chiefly from surface reactions
(Weschler, 2000; Yao and Zhao, 2018). As discussed in Section 2.1, we
have assumed that 0.9 molecules of gas-phase products are formed for
each molecule of outdoor ozone removed by reaction with indoor sur-
faces (i.e., F= 0.9). As discussed in Weschler (2006) and shown in Eq.
(3), the ratio of oxidation products to indoor ozone can be estimated as
F times the ratio of ozone’s net 1st-order surface removal rate constant
to the air exchange rate. The mean value for the surface removal rate
constant, k1, in Chinese residences is measured to be 2.8 h−1 (Yao and
Zhao, 2018), while the mean value for removal by the surfaces of one
human body, k2, as calculated for the different cities in this study, is
0.32 h−1. The average air exchange rate when a residence has open
windows or closed windows and the fraction of time windows are open
or closed is listed in Table 1. In Chinese residences, the ratio of the rate
constant for net surface removal of ozone (k1 + k2) to average venti-
lation rate (ainfclo + awofop) is large – typically between two and five.
Hence, given a formation factor of 0.9, the ratio of the concentration of

gas-phase products to that of indoor ozone is in the range of three, with
considerable variability, as illustrated in Fig. 2(a) and (b).

3.2. Spatial distribution of BRA ozone and oxidation product exposure
concentrations

The breathing-rate adjusted exposure concentrations for ozone,
Cexp,O3, and for its oxidation products, Cexp,p, have been calculated for
each of the 333 cities using Eqs. (9) and (10), respectively (Table S13).
Fig. 3(a) shows the spatial distribution of annual average BRA exposure
concentrations (ppb) for ozone, and Fig. 3(b) shows this for its oxida-
tion products. Among the different cities, the annual average BRA
ozone exposure concentration ranged from 2.2 ppb (Haixi Mongolian
and Tibetan Autonomous Prefecture) to 18.0 ppb (Alxa League), with a
median value of 12.0 ppb. Generally, northeastern and west China had
relatively lower BRA ozone exposure concentrations, while eastern and
central China had relatively higher BRA ozone exposure concentrations.
The outdoor ozone concentration, infiltration factor and daily activity
pattern were the factors that most influenced the ozone exposure

Fig. 2. Annual average of daily indoor concentrations of ozone and its gas-
phase oxidation products for 333 Chinese cities in 2017, (a) distribution pre-
sented as boxplots; the ends of the whiskers indicate minimum and maximum
values. The bottom and the top of the boxes represent the 25th and 75th per-
centiles, the triangles represent the 10th and 90th percentiles, and the hor-
izontal lines and dots within the boxes denote the median and mean values,
respectively. (b) scatter plot showing relationship between indoor ozone and its
oxidation products. The whiskers indicate 95% confidence intervals for indoor
concentration of ozone and its oxidation products.

Fig. 3. Spatial distribution of the annual average BRA exposure concentrations
in 2017 of (a) ozone, (b) oxidation products. Note the different scales for 3a and
3b. The red stars denote Alxa League and Hulun Buir, respectively. Inner
Mongolia, Gansu and Tibet are circled in red. Black circles indicate Liaoning
and Guangdong Provinces. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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concentrations. In this study, we used measured outdoor ozone con-
centrations for each city. In contrast, the infiltration factor, which is a
function of air change rate, surface removal rates and penetration
factor, was fixed for different cities within one province. The same was
true for daily activity patterns. The strong influence of the outdoor
ozone concentration on the ozone exposure concentration is illustrated
in the case of Alxa League, a southern city in Inner Mongolia, and Hulun
Buir, a northern city in Inner Mongolia (see the red stars in Fig. 3(a)).
Although exposure concentrations for these two cities were calculated
with the same infiltration factor and residents’ activity pattern, their
annual average ozone exposure concentrations were substantially dif-
ferent, reflecting large differences in outdoor ozone concentrations. The
influence of infiltration factor and residents’ activity pattern is illu-
strated by Jilin compared to Guangdong Province (see the areas marked
with black circles). The annual average of daily outdoor ozone con-
centrations were quite similar in these two provinces, 29.7 and
29.1 ppb, but the annual average BRA ozone exposure concentrations
were much higher in Guangdong. This was because the people in
Guangdong Province tended to stay outdoors longer than people in Jilin
Province, and the average ventilation rate in Guangdong Province
(0.38 h−1) was higher than that in Jilin Province (0.24 h−1).

The annual average BRA exposure concentrations of ozone oxida-
tion products ranged from 4.5 to 31.9 ppb, with a median value of
17.7 ppb. As was the case for ozone, Alxa League had the highest an-
nual average (31.9 ppb) and Haixi Mongol and Tibetan Autonomous
Prefecture had the lowest (4.5 ppb). Northeastern China tends to have
higher oxidation product exposures than southeastern China, a trend
that was not seen for ozone itself. BRA oxidation product exposure
concentration is influenced most strongly by outdoor ozone con-
centration coupled with the fraction of time people spend indoors. The
more time people spend indoors, the higher the BRA oxidation product
exposure concentration, which is opposite the relationship for the
ozone exposure concentration. Hence, time spent outdoors explains
situations where, for some cities in Liaoning and Guangzhou Provinces,
there was high BRA ozone exposure concentration and low BRA product
exposure concentration. For cities with high outdoor ozone con-
centrations, outdoor ozone concentration had a large influence on
product exposure concentration. In such cases, cities with higher BRA
ozone exposure concentrations tended to have higher BRA product
exposure concentrations, which is observed among certain cities in
provinces such as Inner Mongolia, Gansu and Tibet (see the areas
marked with red circles). BRA ozone exposure concentrations are
compared to the BRA product exposure concentrations, city by city, in
Table S13.

3.3. BRA exposure concentrations for ozone and its oxidation products in
different geographic areas and temperature periods; differences among age
groups

To examine the impact of ambient temperature on exposure con-
centrations, we have divided the year into three periods: cool, air
temperatures lower than 10 °C; transition, higher than 10 °C and lower
than 22 °C; and warm, higher than 22 °C. To be classified as a cool
period, transition period, or warm period, the criteria had to be met for
five consecutive days; the first of these five days was viewed as the start
of cool periods, warm periods or transition periods. Fig. 4(a) shows the
BRA ozone exposure concentrations in different geographic areas
during these three temperature periods. For all geographic areas, BRA
ozone exposure concentrations were highest in warm periods
(median ~ 15 ppb), followed by the transition periods
(median ~ 10 ppb), and the cool periods (median ~ 5 ppb). The pattern
reflected the pattern for the outdoor ozone concentrations. In warm
periods, northern areas, such as the HB and DB areas, tended to have
higher BRA ozone exposure concentrations than other areas. Although
outdoor ozone concentrations in southern areas were higher than in
northern areas (due to higher air temperatures and stronger sunlight),

windows were opened more in northern areas compared to southern
areas. During warm periods, air conditioners and cooling systems are
widely used in southern China, and windows were closed more often
than in the north. Furthermore, extremely hot weather in southern
areas during the summer decreased the time spent outdoors. Hence, the
difference between northern and southern areas during warm periods is
reinforced by lower indoor ozone concentrations and less time outdoors
in the south. During transition periods and cool periods, differences
between geographic areas are less pronounced.

Fig. 4(b) shows the BRA product exposure concentrations in dif-
ferent geographic areas during the three temperature periods. Product
exposure concentrations in the warm, cool, and transition periods did
not vary from one another as much as they did for ozone. This is par-
tially explained by the fact that the influence of high ozone con-
centrations in warm periods was somewhat neutralized by less time
spent indoors. A similar counterbalance occurred in cool periods – al-
though outdoor ozone concentrations were lower in cool periods,
people spent more time indoors, increasing their exposure to ozone
oxidation products. Such counterbalancing resulted in relatively stable

Fig. 4. Distribution of BRA exposure concentrations for (a) ozone and (b) oxi-
dation products during different temperature periods and in different geo-
graphic areas. The bottom and the top of the boxes represent the 25th and 75th
percentiles, the horizontal lines and dots within the boxes denote the median
and mean values, respectively. Fig. S2 is similar, but includes whiskers desig-
nating minimum and maximum percentiles. HB, XB, DB, HD, HN, XN symbolize
north, northwest, northeast, east, south, and southwest areas of China, re-
spectively. The geographical areas were chosen to match those in the Exposure
Factors Handbook of Chinese Population (Adults) (Duan et al., 2013). Table S1
lists the provinces and municipalities within each geographic area.
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BRA product exposure concentrations from warm to transition to cool
temperature periods. The median value of BRA exposure concentrations
in the three periods was approximately 15 ppb. During warm periods,
BRA product exposure concentrations were similar to BRA ozone ex-
posure concentrations in Fig. 4(a) (~15 ppb on average). During cool
periods, BRA product exposure concentrations were roughly three times
larger than BRA ozone exposure concentrations (~15 ppb vs. ~5 ppb).
During transition periods, BRA product exposure concentrations were
roughly 1.5 times larger than BRA ozone exposure concentrations
(~15 ppb vs. ~10 ppb).

The DB area had higher BRA product exposure concentrations than
the other areas during the cool period. Given that outdoor ozone con-
centrations were low during cool periods, differences in outdoor ozone
concentrations among different geographic areas were not as impactful
as the differences in time spent outdoors. The extremely cold weather
during “cool periods” in the DB area led to longer time spent indoors,
which resulted in lower BRA exposure concentrations for ozone and
higher BRA exposure concentrations for oxidation products than in the
other areas.

To probe the differences in exposure concentrations among different
age groups, we used Beijing as an example. Fig. 5 shows the distribution
of BRA ozone exposure concentrations for different age groups in
Beijing. The median value of the BRA ozone exposure concentration
ranged from 6.0 ppb for 0–5 months to 9.4 ppb for 45–59 years; the
maximum exposure concentration was 43.5 ppb (45–59 years old).
People between 18 and 79 years of age had higher BRA ozone exposure
concentrations than other age groups. Time spent outdoors was the
main reason for the difference. The breathing rate for different age
groups also contributes to the difference. Age did not have as large an
impact on exposure concentrations as did temperature period or geo-
graphic region.

3.4. The relationship between outdoor ozone concentrations and BRA ozone
exposure concentrations

The ratio of the BRA ozone exposure concentration to the outdoor
ozone concentration (Cexp,O3/Cout) can be expressed as:

=
+ +

+ +
C

C
T F Q T Q T Q T

Q T Q T Q T
[ ( ) ]O

out

day sle sle in in out out

sle sle in in out out

exp, 3 inf

(11)

Fig. 6 shows a scatter plot of Cexp,O3 versus Cout. The slope of the
least squares regression line (i.e., Cexp,O3/Cout) is 0.35 with r2 = 0.62.
The lower and upper bounds are 0.18 and 0.49. Cexp,O3 was significantly
lower than Cout since people spent around 88% of their time indoors
(based on the data assembled for this study), and indoor ozone con-
centrations were much lower than outdoors.

If “ozone exposure concentration” is not adjusted for breathing rate,
it is synonymous with “personal ozone exposure” (Niu et al., 2018a) or
“total ozone exposure” (Xiang et al., 2019). In a study in Shanghai, Niu
et al. (2018a) used real-time monitors to measure personal ozone ex-
posure for 43 non-smoking college students from 29 May to 12 October
2016. They found that personal ozone exposure averaged 22.0 ppb and
that the ratio of personal exposure concentration to outdoor ozone
concentration was 0.35 with an r2 = 0.24. This finding is in remarkably
good agreement with our own breathing rate adjusted results.

Another metric, related to the ratio of the ozone exposure con-
centration to the outdoor ozone concentration, is the percent con-
tribution of indoor ozone exposure concentration to total daily ozone
exposure concentration. Fig. 7 shows the fractional contribution of BRA

Fig. 5. The distribution of BRA ozone exposure concentrations (ppb) for dif-
ferent age groups in Beijing in 2017. A: 0–6 months, B: 6 months-2 yr old, C:
2–5 yrs old, D: 5–6 yrs old, E: 6–12 yrs old, F: 12–18 yrs old, G: 18–45 yrs old,
H: 45–60 yrs old, I: 60–80 yrs old, and J: ≥80 yrs old. The bottom and the top
of the boxes represent the 25th and 75th percentiles, the triangles represent the
10th and 90th percentiles, and the horizontal lines and dots within the boxes
denote the median and mean values, respectively.

Fig. 6. The relationship between annual average of daily outdoor ozone con-
centrations (Cout, ppb) and annual average breathing rate adjusted ozone ex-
posure concentrations (Cexp,O3, ppb) for all 333 cities. Whiskers indicate 95%
confidence intervals for Cexp,O3 and Cout.

Fig. 7. The percent contribution of indoor ozone exposure to total daily ozone
exposure for six large cities in 2017. For each city, breathing-rate adjusted
averages are compared to non-breathing-rate adjusted averages. Also shown are
the breathing-rate adjusted nationwide average for the fractional contribution
calculated in the present study and the non-breathing-rate adjusted nationwide
average for the fractional contribution calculated by Xiang et al. (2019).
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indoor ozone exposure to total daily BRA ozone exposure both na-
tionwide and for six typical cities, each representing one of the different
climate regions of China used in this study. On average, the breathing-
rate-adjusted indoor ozone exposure contributes 50.1% to total ex-
posure for all 333 cities; among the six cities Xian had the lowest
fractional contribution (43%) and Guangzhou the highest (55%). In-
door ozone exposure is substantial due to the large fraction of time
people spend indoors, which roughly balances the fact that indoor
ozone concentrations are much lower than outdoor ozone concentra-
tions (due in large part to reactions on indoor surfaces).

Fig. 7 also compares breathing-rate adjusted and non-breathing rate
adjusted estimates of the percent contributions of indoor ozone ex-
posure to total ozone exposure for the six typical cities. The contribu-
tions of BRA indoor ozone exposure were roughly 7% lower than non-
BRA indoor exposures, reflecting higher breathing-rates when people
were outdoors. Finally, Fig. 7 compares the nationwide average of the
indoor contribution estimated in the present study to the nationwide
average of the indoor contribution estimated in the study by Xiang et al.
(2019), which did not adjust for breathing rates in different environ-
ments. Nationwide, the percent contribution of BRA indoor ozone ex-
posure to total daily BRA ozone exposure was 50.1% in the present
study using measurements from 2017 compared to 59.0% in the study
by Xiang et al. (2019) that did not adjust for breathing rates and used
measurements from 2015 – reasonable agreement, given BRA versus
non-BRA.

3.5. The products of ozone-initiated indoor chemistry

Fig. 8 shows that when BRA product exposure concentrations are
plotted against BRA ozone concentrations, the slope (Cexp,p/Cexp,O3) has
a central tendency of 1.6 and is bounded between 1.0 and 3.9. This
slope indicates that, on average, for every 1 ppb of ozone that is in-
haled, 1.6 ppb of ozone oxidation products are inhaled. Mathemati-
cally, the ratio of BRA exposure concentrations for products/ozone can
be calculated as:

= +

C C

products inhaled indoors O inhaled outdoors O inhaled
indoors

/

( )/(
)

exp p exp O, , 3

3 3

(12)

where the terms on the right side of this equation can be calculated
from Eqs. (9) and (10). The sum of the concentrations of ozone oxi-
dation products indoors is substantially larger than outdoors (Xiang
et al., 2019). Eq. (12) captures the fact that ozone exposure occurs both
outdoors and indoors, while product exposure is predominantly

indoors. The ratio of product exposure concentration/ozone exposure
concentration (central tendency ~ 1.6; Fig. 8) is lower than the ratio of
indoor product concentration/indoor ozone concentration (central
tendency ~ 2.8; Fig. 2), because time outdoors contributes to ozone
exposure (nationwide average of 50%), but not to product exposure.

Fig. 8 drives home the point that, when considering the health
impacts of exposure to ozone, we should also consider the health im-
pacts of exposure to ozone-derived oxidation products. The reduction in
ozone concentration that occurs as ozone is transported from outdoors
to indoors is primarily due to reactions between ozone and chemicals
on indoor surfaces. These reactions generate products, counter-balan-
cing the decrease in the concentration of ozone itself (Weschler, 2000;
Weschler and Carslaw, 2018). The chemicals on indoor surfaces that
react fastest with ozone contain carbon–carbon double bonds. When
ozone reacts with a double bond, a primary ozonide is formed. Sub-
sequent reactions can produce aldehydes, ketones, carboxylic acids,
hydroperoxides, α-hydroxyhydroperoxides, and secondary ozonides
(Criegee, 1975; Zhou et al., 2016a). A number of these resulting oxi-
dation products may contribute to morbidity and mortality. In a 2006
paper, Weschler addressed this concern and included a table that listed
numerous references reporting oxidation products resulting from ozone
reacting with chemicals on indoor surfaces (Weschler, 2006). Since
then, there have been significant advances in analytical methods that
can detect ozone oxidation products (Farmer et al., 2019). In the period
between 2007 and 2019, more than 35 additional studies have been
published that identify products formed when ozone reacts with che-
micals commonly found on indoor surfaces. (For a full listing of these
papers, see Table S14). Worthy of special comment are the products
formed close to the breathing zone when ozone reacts with surface li-
pids on occupants’ exposed skin, hair and clothing (Pandrangi and
Morrison, 2008; Rim et al., 2009; Weschler et al., 2007; Wisthaler and
Weschler, 2010). These products include carbonyls, dicarbonyls, hy-
droxycarbonyls, carboxylic acids, oxocarboxylic acids, and dicarboxylic
acids (Coleman et al., 2008; Lakey et al., 2016; Rai et al., 2014; Sun
et al., 2012; Weschler, 2016; Zhou et al., 2016b). Squalene, a major
constituent of human skin oil, has received special attention (Fu et al.,
2013; Heine et al., 2017; Lakey et al., 2019; Petrick and Dubowski,
2009; Wells et al., 2008; Zhou et al., 2016a). In a 2012 paper, Anderson
et al., identified 4-oxopentanal (4-OPA), a product of O3/squalene
chemistry, as an irritant; pulmonary exposure in mice was found to
cause “… a significant elevation in nonspecific airway hyperreactivity,
increased numbers of lung-associated lymphocytes and neutrophils, and
increased interferon-g production by lung-associated lymph nodes”.
Lipsa et al. (2016) have shown that 4-OPA reduces the viability of
human bronchial epithelial (16HBE14o-) cells. Using a bioassay, Fu
et al. (2013) found that certain products of squalene oxidation were
redox-active and concluded: “… it is conceivable that enhancements in
hydrophilicity and redox activity from squalene upon ozone exposure
could pose a higher health risk for human beings in an indoor en-
vironment.”

While the toxicity of ozone has been extensively investigated, the
net toxicity of the products of ozone-initiated indoor chemistry has
received little attention. We know that certain oxidation products can
be toxic (e.g., formaldehyde, acetaldehyde, methacrolein, 4-ox-
opentanal) and anticipate that others likely are (e.g., stabilized Criegee
intermediates, secondary ozonides, hydroperoxides, ester hydroper-
oxides, epoxides and epoxide diols). However, the health impacts of
exposure to the total mixture of oxidation products, whose concentra-
tion increases when the concentration of outdoor ozone increases, are
unknown. We consider additional investigation of this topic to be ex-
tremely important.

4. Conclusion

To our knowledge, this is the first study that has estimated exposure
concentrations (i.e., personal exposure) for both ozone and its oxidation

Fig. 8. The relationship between the annual average breathing-rate adjusted
exposure concentrations of ozone (Cexp,O3, ppb) and its oxidation products
(Cexp,p, ppb) for all 333 cities. The whiskers indicate 95% confidence intervals
for BRA exposure concentration of ozone and its oxidation products.
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products. Our Monte Carlo calculated exposures are based on hourly
ozone measurements (year 2017) at the 1409 monitoring stations in
333 Chinese cities. The exposure concentrations have been adjusted for
breathing rates while outdoors, indoors awake, and indoors asleep.
Adjusting for breathing rate reduces the estimated total ozone inhaled
by approximately 7% compared to estimations made without such ad-
justments. This difference reflects lower breathing rates when people
are indoors, where urban residents spend about 88% of their days.

Our results indicate that breathing rate adjusted (BRA) ozone ex-
posure, accounting for fractional time outdoors and indoors, were just
35% of exposures based solely on outdoor ozone concentrations. Ozone
exposure varied with both season (i.e., temperature) and geographic
region. Outdoor ozone concentrations and time spent outdoors (versus
indoors) were significant drivers for these differences. Of special note is
the observations that net ozone inhalation was largest during warm
periods, followed by the transition periods, and smallest during the cool
periods. In contrast, inhalation of ozone-derived products was similar
during all three temperature periods.

Nationwide, indoor inhalation of ozone accounts for approximately
50% of total ozone inhalation. The fractional contribution of indoor
inhalation varied from city to city (e.g., 43% in Xian compared to 55%
in Guangzhou) due to differences in air exchange rates and fraction of
time spent outdoors. Inhalation of the sum of ozone-derived oxidation
products was estimated to be, on average, 60% larger than inhalation of
ozone. While ozone’s toxicity is well documented, toxicity information
on its oxidation products is limited (see Introduction and Section 3.5).
The health consequences of exposure to products of indoor ozone
chemistry should be more extensively investigated, since these products
may be contributing to ozone’s documented impact on morbidity and
mortality.
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