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a b s t r a c t

Biogenic volatile organic compounds (BVOCs) emissions lead to fine particulate matter (PM2.5) and
ground-level ozone pollution, and are harmful to human health, especially in urban areas. However, most
BVOCs estimations ignored the emissions from urban green spaces, causing inaccuracies in the under-
standing of regional BVOCs emissions and their environmental and health effects. In this study, we used
the latest local vegetation datasets from our field survey and applied an estimation model to analyze the
spatial-temporal patterns, air quality impacts, health damage and mitigating strategies of BVOCs emis-
sions in the Greater Beijing Area. Results showed that: (1) the urban core was the hotspot of regional
BVOCs emissions for the highest region-based emission intensity (3.0 g C m�2 yr�1) among the 11 sub-
regions; (2) urban green spaces played much more important roles (account for 62% of total health
damage) than rural forests in threating human health; (3) BVOCs emissions from green spaces will more
than triple by 2050 due to urban area expansion, tree growth and environmental changes; and (4)
adopting proactive management (e.g. adjusting tree species composition) can reduce 61% of the BVOCs
emissions and 50% of the health damage related to BVOCs emissions by 2050.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Volatile organic compounds (VOCs), including both biogenic
sources (BVOCs) and anthropogenic sources (AVOCs), contribute to
the formation of ground-level ozone and secondary organic aero-
sols (SOA), with great impacts on outdoor air pollution
(Laothawornkitkul et al., 2009; Simpson and McPherson, 2011;
Mochizuki et al., 2015). In particular, BVOCs originating from
vegetation are believed to play more important roles owing to their
higher source strengths and chemical reactivity compared with
AVOCs (Guenther et al., 1995; Atkinson, 2000; Harrison et al., 2013).
BVOCs induced increments in the atmospheric ozone and fine
particulate matter (PM2.5) concentrations will further increase
e by Klaus Kummerer.
Science, College of Life Sci-
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human's respiratory and cardiovascular mortality risks (Heal et al.,
2013; Lelieveld et al., 2015; Madaniyazi et al., 2016). Nevertheless,
only a few quantitative studies have been carried out to investigate
the environmental and health outcomes of BVOCs (Benjamin and
Winer, 1998; Ghirardo et al., 2016).

Urban areas are hotspots of air pollution and health damages. At
present, more than half of the world's population lives in urban
areas, and this ratio is expected to reach 70% by 2050 (Ramalho and
Hobbs, 2012). Following the continuous urban expansion world-
wide and the urban population's growing demands for ecosystem
services, urban green spaces have expanded even faster than the
increase in urban population (Fuller and Gaston, 2009; Seto et al.,
2012). However, in addition to providing various regulating ser-
vices and cultural services (Escobedo et al., 2011; Pataki et al., 2011),
green spaces also become an important contributor to regional
BVOCs emissions (Chang et al., 2012; Calfapietra et al., 2013). As the
atmosphere in urban area is often dominated by VOC-limited re-
gimes due to high anthropogenic NOx emissions, green spaces may
contribute significantly to ozone production (Carter, 2007;
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Calfapietra et al., 2013). Moreover, when BVOCs from green spaces
occur in urban areas with high human population densities, they
can have much greater health damages than those from natural
forests (Ren et al., 2014). The neglect of urban BVOCs emissionsmay
result in significant underestimations of regional and global emis-
sions. More importantly, the health losses associated with BVOCs
emissions in urban areas will be greatly underestimated.

Numerous efforts have beenmadeworldwide to quantify BVOCs
emissions across different spatial and temporal scales (Klinger
et al., 2002; Steinbrecher et al., 2009; Guenther et al., 2012;
Oderbolz et al., 2013). Nevertheless, only a few case studies
focused on estimating BVOCs emissions from urban areas (Chang
et al., 2012; Dunn-Johnston et al., 2016) due to the lack of suit-
able methods for studying urban vegetation (Kaye et al., 2006;
Guenther et al., 2012). As the result of a warmer climate, together
with improvements in gardening practices, urban greenings have
brought together a rich mixture of species to improve the biodi-
versity and aesthetic values of cities, forming species compositions
that are distinct from surrounding rural forests (Niinemets and
Pe~nuelas, 2008). Since BVOCs emissions are species specific
(Benjamin et al., 1996; Tani and Kawawata, 2008), the different
species compositions between urban and rural areas may lead to
significant disparities in BVOCs emission patterns (Chang et al.,
2012). The urban heat island effect and different light conditions
through the canopy can further enlarge the regional disparity (Ren
et al., 2014). BVOCs estimations that fully consider the human
management factors and the specific environmental factors in ur-
ban areas are thus urgently required.

In this study, we chose a megacity, the Greater Beijing Area, as a
case study. As the capital city of China, Beijing is one of the largest
andmost developed cities in China. In recent years, ozone pollution
in Beijing has been aggravated despite a significant decline in
anthropogenic emissions by the implementation of various control
measures (Wang et al., 2015a; Li et al., 2016a). The contrasting
trends may be explained by the rapid increase of BVOCs emissions.
The aim of this study is to (1) investigate the BVOCs emissions from
urban green spaces; (2) quantify the air quality impacts and health
damage associated with BVOCs emissions; and (3) discuss the
effectiveness of green space management strategies on mitigating
future BVOCs emissions to aid decision making.

2. Materials and methods

2.1. Study area

The Greater Beijing Area (39�280�41�250 N,115�250 �117�1300 E)
is located in the northeast of the North China plain, containing an
urban core and periphery, covering a total land area of 16, 410 km2.
This region is characterized by a temperate, humid, continental
monsoon climate, with annual average temperature 11e12 �C and
annual precipitation around 500 mm. Beijing has been undergoing
rapid urbanization and its built-up area increased from 397 km2 in
1990 to 1386 km2 in 2015 (NBSC, 1991e2015). The city has also
been plagued by serious air pollution for years (Cumming et al.,
2014). In 2015, its annual average PM2.5 concentration and O3-8h
90 per concentration (90th percentile of the daily maximum 8-h
average ozone concentrations) were 80.6 mg m�3 and
202.6 mg m�3, which exceeded the National Ambient Air Quality
Standards (GB 3095e2012) Grade II by 1.3 and 0.3 times, respec-
tively (BMEPB , 2016).

2.2. Field measurement and data collection

In this study, we divided the Greater Beijing Area into 11 sub-
regions: an urban core, 5 semi-urbanized sub-regions, and 5 less
urbanized rural sub-regions (Fig. 1A). We conducted an urban
vegetation survey in the years 2012, 2013 and 2016. Urban green
spaces were divided into five types: street green space, park green
space, affiliated green space (in schools and institutional units),
protection green space (e.g. greenbelts, windbreak green space)
and residential green space. A stratified random selection method
was applied and a total of 282 plots (400 m2) were investigated. In
each plot, tree attributes for species (Table S1), stem diameter at
breast height (DBH), and tree height of all trees (DBH>2.5 cm) were
recorded. Historical data on the number of trees, species compo-
sition and areal extent of green spaces were collected from pub-
lished literature (BGGB, 1995e2005; Ghirardo et al., 2016).

Natural forests were divided into 22 forest types based on their
dominant tree species (Table S2). The data of forest area, tree
density, spatial distribution, and DBH of each forest type were from
the latest (8th) national forest resource inventory (2009e2013) and
published literature (Li et al., 2011; Luo et al., 2013). Historical forest
areas by age classes as well as by forest types were derived from the
2nd�7th national forest resource inventory (SFAC, 1982e2010).
Specific leaf area (SLA) and annual increment of DBH (Tables S3 and
S4) of different tree species were also collected to simulate the
changes in leaf area index (LAI) and foliar mass during tree growth.

BVOCs were grouped into four categories: isoprene, mono-
terpenes, sesquiterpenes, and other VOCs (OVOCs). The raw emis-
sion rates (Table S5-S7) measured in our previous studies (Chang
et al., 2012; Ren et al., 2014) and other studies (e.g. Klinger et al.,
2002; Wang et al., 2003) were assigned to primary tree species
using a taxonomic approach (Benjamin et al., 1996). All these
emission rates have been standardized as basal emission rates
under standard environmental conditions. The light dependent
fraction (LDF) of moneterpenes was obtained from published
literature (Table S8). In this study, we defined a tree species as high-
emitting species if the sum of its isoprene and monoterpenes basal
emission rates exceeded 10 mg of C g�1 h�1; if the sum is less than
10 mg of C g�1 h�1 and higher than 1 mg of C g�1 h�1, the species was
defined as middle-emitting species; otherwise it is a low-emitting
species (Ren et al., 2014).

To calculate the environmental corrections on BVOCs emissions,
hourly air temperature and photosynthetically active radiation
(PAR) data obtained from the meteorological data center of the
China Meteorological Administration and monthly CO2 concentra-
tion data from the Shangdianzi Baseline Observatory were used.

Base incremental reactivity (Carter, 2007) and fractional aerosol
coefficient (e.g. Griffin et al., 1999; Karl et al., 2009; Kiendler-Scharr
et al., 2012) of different BVOCs species were collected (Table S9) to
estimate the effects of BVOCs on air quality. Besides BVOCs, other
precursors exist for both ozone and SOA. To assess the relative
contributions of BVOCs and other precursors, we also collected the
summertime ambient concentrations of AVOCs, carbon monoxide
andmethane, and the chemical speciation of AVOCs from published
literature (Wang et al., 2015b; Li et al., 2015b; Li et al., 2016a;
CNEMC , 2016).

2.3. Calculation of BVOCs emissions

In this study, the basic BVOCs algorithms are derived from the
widely used equations by Guenther (Guenther et al., 1995;
Guenther et al., 1999) and are revised based on other studies
(Staudt et al., 2000; Heald et al., 2009). Isoprene emission was
treated as synthesis emission (light-dependent); sesquiterpenes
and OVOCs were treated as pool emissions (light-independent);
while monoterpenes were assumed to have both synthesis emis-
sions and pool emissions (Steinbrecher et al., 2009; Oderbolz et al.,
2013). The synthesis isoprene (EISP) and monoterpenes (EMNS)
emissions were quantified as:



Fig. 1. Spatial patterns of BVOCs emissions (g C m�2 yr�1) across the Greater Beijing Area. (A) Sub-region division of Beijing. Region-based BVOCs emission intensities of (B) urban
green spaces, (C) natural forests, and (D) total vegetation (green spaces þ natural forests).
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EISP ¼ εISPDgTgPgSgC (1)

EMNS ¼ εMNSDgTgPgS (2)

where ε is the basal emission rate (mg C g�1 h�1) at standard con-
ditions (i.e. 30 �C leaf temperature and 1000 mmol m�2 s�1 PAR); D
is the peak foliar mass (g); gT, gP, and gS are environmental
correction factors accounting for the influence of temperature, light
intensity, and seasonal variation on synthesis emissions; and gC is
the CO2 inhibition on isoprene emission. We used allometric
equations related to DBH or related to both DBH and tree height to
calculate the peak leaf biomass (D) of each tree species (or forest
types) in each sub-region (Table S10). As the leaf-to-air tempera-
ture difference was quite small in urban areas (Meier and Scherer,
2012), we used air temperature instead of leaf temperature to
calculate the temperature correction factor (gT). PAR and LAI were
used to calculate the light correction factor (gP); atmospheric CO2
concentrations were used to calculate the CO2 correction factor
(gC). As light varies dramatically within a tree canopy resulting in
much lower emissions, a simple canopy model was applied to
simulate the light conditions at different canopy layers (Geron et al.,
1994).

The pool monoterpenes (EMNP), sesquiterpenes (ESQT), and
OVOCs (EOVP) emissions were quantified as:

EMNP ¼ εMNPDgTgS (3)
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ESQT ¼ εSQTDgTgS (4)

EOVP ¼ εOVPDgTgS (5)

where D, gT, and gP has the same meaning as those in equation (1).
The details and calculations of D, gT, gP, gC,gS and the canopy model
are found in the Appendix. Besides the impact factors mentioned
above, BVOCs emissions may also be influenced by many abiotic
(e.g. ozone, pruning) and biotic (e.g. herbivory) stresses in urban
environment (Pe~nuelas and Staudt, 2010; Mentel et al., 2013;
Ghirardo et al., 2016). Analyzing plant responses and adaptations
to these urban conditions, defined as ‘urban plant physiology’ by
Calfapietra et al. (2015), could achieve more accurate BVOCs esti-
mations. However, these “stress-induced” emissions have not been
well studied (Oderbolz et al., 2013) so our study is mainly limited to
stress-free conditions.

In each sub-region i, the total emissions of each BVOCs category j
(Ei,j) can be calculated as the sum of emissions from green spaces
(EGi,j) and natural forests (EFi,j):

Ei;j ¼ EGi;j þ EFi;j (6)

In this study, two kinds of emission intensity were distinguished
to quantify the source strengths of BVOCs emissions: one was the
region-based emission intensity (defined as BVOCs emissions per
unit administrative land area); the other was vegetation-based
emission intensity (BVOCs emissions per unit land area occupied
by vegetation). The former was used to characterize the emissions
of a specific region, while the latter only focused on emission in-
tensity of vegetated area.

We built a dynamic model to further investigate the temporal
trends of BVOCs emissions and the role of management strategies
inmitigating those emissions. Themodel was an updated version of
our previous model (Ren et al., 2014), which was developed based
on the STELLA graphic programming system (High Performance
Systems, Inc., Version 9.1.2). In the new version, we added the
canopy model and the calculation of light dependent mono-
terpenes emissions and sesquiterpenes emissions. The model
included two parts. Part 1 was used to simulate processes like green
space expansion, the tree planting/replacement, afforestation and
tree growth with a temporal resolution of one year (Fig. S1). The
input of part 1 included the areal extent, species composition, tree
density and age distribution of each vegetation type, and the peak
leaf biomass of individual tree in each age group for each tree
species. The output of part 1 was the peak leaf biomass of each tree
species in each simulation year. Part 2 used species-specific basal
emission rates, hourly meteorological data (temperature, PAR), CO2

concentration data and the output of part 1 as its inputs and used
the algorithms outlined above to simulate the hourly BVOCs
emissions for each tree species in each sub-region (Fig. S2). The
time step and temporal resolution of part 2 was 1 h. The details of
the estimation model are discussed in the Appendix.
2.4. Air quality impacts and health damage estimation

We applied the “fractional aerosol coefficient” method to
roughly estimate the effects of BVOCs emissions on aerosol for-
mation. The fractional aerosol coefficient is defined as the fraction
of aerosol that would result from reactions with a particular VOC
(Mentel et al., 2013). We used the “incremental reactivity” method
to estimate the effects of BVOCs emissions on ozone pollution. In-
cremental reactivity was defined as the amount of ozone formed
when per unit of VOC was added to a representative air mixture
(Carter, 1994; Zheng et al., 2009). Based on the above two methods,
we used a simple box model to calculate the air quality impacts of
BVOCs emissions. In each sub-region i, the concentration in-
crements of secondary organic aerosols (CSOA) and ozone (Cozone)
related to the emission of a specific BVOC category jwere calculated
as:

CSOAði;jÞ ¼
Ei;j � FACj
Si � h

� tSOA (7)

COzoneði;jÞ ¼
Ei;j � tBVOCj

Si � h
� IRj (8)

where Ei,j is the BVOCs emissions estimated from this study; S is the
administrative land area of each sub-region (km2) (Table S11); h
(2 km) is the typical proxy for the height of an inversion layer
(Ghirardo et al., 2016); t is the atmospheric lifetime of SOA or
BVOCs (Table S12). IR and FAC are the base incremental reactivity
and fractional aerosol yield of BVOCs. To assess the actual role of
BOVCs in urban ozone pollution, we compared the relative signif-
icance of all important sources. The ozone formation potentials of
AVOCs, carbon monoxide, and methane were calculated by multi-
plying their ambient concentrations collected from published
literature by the chemical species-specific incremental reactivity
(Carter, 2007).

We then combined the concentration increment results and
population density data to evaluate the health damage attributable
to ozone and PM2.5 pollution in each sub-region i:

HDi ¼ Ci � Popi (9)

where Ci is the concentration increment of pollutant (ozone or
PM2.5) caused by BVOCs emissions; Popi is the population of each
sub-region (Table S11).

2.5. Sensitivity analysis and scenarios preparation

To explore the mechanisms for the differences between BVOCs
emissions from urban green spaces and natural forests, we per-
formed a series of sensitivity calculations for the year 2015. We first
calculated the ‘basal’ emission intensity (vegetation-based) of ur-
ban green spaces assuming they had the same species composition
and exposure to the same environmental conditions as rural for-
ests. After that, three main factors that affect BVOCs emissions,
including urban heat island effect, different vegetation composi-
tions, and light conditions, have been added one by one to compute
their contributions to enhanced urban BVOCs emissions.

We then developed a baseline scenario and several urban
management scenarios to help understand the role of urban
management strategies in determining future urban BVOCs emis-
sions and their associated health outcomes. We took 2015 as the
reference year and 2050 as the target year. In the baseline scenario,
the mean annual temperature of Beijing in 2050 is projected to be
1.9 �C higher than present under the Representative Concentration
Pathways (RCP) 4.5 simulations (Chen and Frauenfeld, 2016); the
variations of CO2 concentration (þ3.5 ppm yr�1) (Fang et al., 2014),
urban heat island intensity (þ0.029 �C yr�1) and urban green space
expansion (þ1350 ha yr�1) in Beijing were assumed to follow the
current trends (Zhao et al., 2011; NBSC, 2010e2016); considering
the land limits in Beijing, natural forests were assumed to expand at
a low rate and achieve a 10% increase by 2050; tree growth was
considered while other factors that influence BVOCs emissions (e.g.
tree density, species composition and PAR) were assumed to be
constant over time since 2015.

Management scenarios include practices that could directly
change vegetation characteristics and environmental conditions. In



Fig. 2. Comparison of vegetation-based BVOCs emission intensity between urban
green spaces and natural forests. HES: high-emitting species. Urban green spaces had
better light conditions for BVOCs emissions due to their lower LAI than natural forests.

Y. Ren et al. / Environmental Pollution 230 (2017) 849e861 853
the species composition scenario (S1), the species composition of
newly planted trees was optimized based on their BVOCs emission
potentials, that is, change 50% of the high-emitting species to
combinations of low-emitting species. Under the tree density sce-
nario (S2), the current way of increasing vegetation quantity
through increasing the green space ratio will be replaced by an
increase in tree density in the existing green spaces. In the tree
replacement scenario (S3), the species composition of existing trees
will be optimized, i.e., 50% of high-emitting species will be replaced
by low-emitting species. In the urban heat island mitigation sce-
nario (S4), measures will be implemented to keep the current ur-
ban heat island intensity unchanged. Finally, a synthetic scenario
that combined all management strategies (S5, “synthetic”) was
constructed.

2.6. Uncertainty calculation

We conducted a Monte Carlo simulation (10,000 runs) to char-
acterize the uncertainties associated with our estimates of BVOCs
emissions and their effects. More than 20 model parameters and
input variables have been assumed to vary and have been randomly
sampled (Table S13). The medians and 95% confidence intervals
were calculated and used to represent the uncertainties associated
with our estimates.

3. Results and discussion

3.1. Urban core is the hotspot of BVOCs emissions in Beijing

Marked differences in BVOCs emissions across Beijing can be
observed, mainly due to the different species composition and
vegetation coverage among various sub-regions (Fig. 1A). For
BVOCs emissions from urban green spaces, the urban core had the
biggest green space ratio (28%) and thus also had the highest
region-based emission intensity (1.8 g C m�2 yr�1). The five newly
developed sub-regions, Daxing, Shunyi, Tongzhou, Fangshan and
Changping, had moderate region-based emission intensities
(0.2e0.4 g C m�2 yr�1) for they were experiencing rapid urbani-
zation and green space expansion. The remaining five rural sub-
regions were less urbanized and had the lowest emission in-
tensities (Fig. 1B). For BVOCs emissions from natural forests, the
highest emissions occurred in the three northern rural sub-regions
of Miyun, Huairou, and Yanqing (mean ¼ 2.3 g C m�2 yr�1), while
the three southern semi-urban sub-regions had the lowest emis-
sion intensities (Fig. 1C).

When BVOCs emissions from green spaces and natural forests
were combined, the urban core exhibited the highest region-based
emission intensity (3.0 g C m�2 yr�1), followed by the 5 rural sub-
regions (Mean ¼ 2.2 g C m�2 yr�1). The 5 semi-urban sub-regions
had even lower emission intensities (Mean ¼ 1.4 g C m�2 yr�1)
(Fig. 1D). In the past, urbanization is often treated as a process that
would reduce regional BVOCs emissions (Tai et al., 2013; Unger,
2014). Our study provided empirical evidence that urban expan-
sion does not necessarily reduce regional BVOCs emissions. In
contrast, urban areas could be hotspots of regional BVOCs emis-
sions (Fig. 1D).

3.2. Green spaces have higher vegetation-based BVOCs emission
intensity than natural forests

The urban core had the highest emissions can be explained by
the fact that the average vegetation-based BVOCs emission in-
tensity of green spaces (7.3 g C m�2 yr�1) was higher than that of
natural forests (6.5 g C m�2 yr�1) in Beijing (Fig. 2). Among the five
types of green spaces, the protection green space had the highest
emission intensity (11.6 g C m�2 yr�1), followed by the street green
space (7.0 g C m�2 yr�1) and residential green space (6.7 g C m�2

yr�1). Only the park green space and affiliated green space had
lower emission intensity than natural forests.

Based on the sensitivity analysis, urbanized green spaces have
lower tree densities and smaller tree sizes compared to its sur-
rounding natural forests, thus the average ‘basal’ emission intensity
of green spaces should be 53% lower than natural forests (Fig. 2).
However, there are many positive factors that could facilitate urban
BVOCs emissions (Niinemets and Pe~nuelas, 2008; Chang et al.,
2012). In urban landscapes of Beijing, some tree species with high
emission potentials, such as species in Populus, Sophora, and Salix,
are very popular and widely used (Table S1). As a result, urban
green spaces have larger proportions of high-emitting species or
genus than its surrounding natural forests, which could greatly
enhance (þ60%) the emissions of urban green spaces. The urban
heat island effect (1.8 �C) further increases urban BVOCs emissions
by 28%. In addition, as urban green space has lower tree densities
and LAI thus has better light conditions within the canopy
(Guenther et al., 1995), this could enhance those light dependent
emissions and achieve another 17% increase in urban emissions
(Fig. 2).

Influenced by all these factors, the vegetation-based emission
intensity of urban green spaces was 12% higher than that of natural
forests in Beijing (Fig. 2). Similar result can also be found in pre-
vious studies conducted in Hangzhou and Ningbo (Chang et al.,
2012; Guo et al., 2013). However, the green spaces of Beijing had
higher vegetation-based emission intensities than those of green
spaces in other cities (Papiez et al., 2009; Chang et al., 2012; Guo
et al., 2013), implying that Beijing was facing a more challenging
situation to control its urban BVOCs emissions.
3.3. BVOCs contribute significantly to urban ozone pollution in
summer

In 2015, BVOCs emissions led to an average of 5.7 mg m�3

increment in the annual atmospheric ozone concentrations. The
urban core had the highest ozone formation potential, followed by
the 5 rural sub-regions (Fig. 3A). As BVOCs emissions undergo



Fig. 3. Air quality and health impacts of BVOCs emissions. (A) BVOCs induced increase in O3 concentrations (mg m�3). (B) BVOCs induced increase in PM2.5 concentrations (mg m�3).
(C) Health damage (thousand people km�2 mg m�3 O3) caused by BVOCs related O3 pollution. (D) Health damage (thousand people km�2 mg m�3 PM2.5) caused by BVOCs related
PM2.5 pollution. (E) The contribution of BVOCs emissions to ambient ozone pollution. (F) The contribution of BVOCs emissions to ambient PM2.5 pollution. Monthly ambient air
pollution data comes from CNEMC (2016). Red dotted lines and grey dotted line stand for the Grade I and Grade II national standards for air quality, respectively. (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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strong seasonal and diurnal variations (Staudt et al., 2000;
Guenther et al., 2012), the induced ozone concentration incre-
ment could be significant in the daytime during summer. In July,
BVOCs emissions were responsible for an 71.5 mg m�3 increment in
O3-8h 90 per concentration in the urban core, accounting for about
30% of the ambient concentration and 70% of the Grade I national
air quality standard (GB 3095e2012) for ozone (Fig. 3E). The rela-
tively high contribution of BVOCs to ozone formation in summer
can also be found in other studies. For example, BVOCs emissions
substantially led to a 22 mg m�3 increase in urban ozone concen-
tration in Osaka Prefecture, accounting for 15.9% of the mean daily
maximum 1-h O3 concentration (Nishimura et al., 2015). In the
Yangtze River Delta, BVOCs emissions contributed between 18.6
and 24.9% to daytime O3-8h concentration (Li et al., 2016b). In Bei-
jing, although BVOCs emissions were lower than anthropogenic
emissions, their contribution to urban ozone pollution could be
significant owing to their higher ozone formation potentials (IR)
compared with anthropogenic pollutants.

To compare the relative significance of BVOCs and other ozone
precursors, we also calculated the ozone formation potentials of
AVOCs, CO, and CH4 using the incremental reactivity method. NOx
was not included since the urban core of Beijing was under “VOC-
limited” regimes, and ozone formation was not sensitive to NOx
concentrations (Zhang et al., 2014; Li et al., 2015b). Results showed
that, BVOCs, AVOCs, CO and CH4 contributed 22%, 43%, 27% and 8%,
respectively, to ozone formation in the urban core in summertime.
In Beijing, mitigation of anthropogenic pollutants had been listed as
the priority to mitigate ozone pollution (Wang et al., 2015a).
However, if the high ozone background caused by BVOCs emissions
is not taken into account (Fig. 3F), the effectiveness of the current
measures for controlling ozone will be compromised.

In 2015, BVOCs emissions led to an average of 1.1 mg m�3 in-
crements in the annual atmospheric PM2.5 in Beijing, accounting for
1.3% of the monitored ambient PM2.5 concentrations (CNEMC,
2016). The strongest aerosols formation occurred in the urban
core and Miyun sub-region in the northeast, mainly due to their
high monoterpenes emissions (Fig. 3B). In the urban core, the
estimated PM2.5 formation via BVOCs (1.5 mg m�3) in this study was
about 26% lower than a previous estimation (Ghirardo et al., 2016).
This disparity between the two studies may result from the
different BVOCs inventories used. In our study, we only calculated
constitutive biogenic emissions, while Ghirardo et al. (2016) also
considered stress-induced emissions. To evaluate the relative
contribution of stress-induced emissions, we conducted a sensitive
analysis by using the latest species-specific induced emission rates
(for monoterpenes and sesquiterpenes) from Ghirardo et al. (2016)
to rerun the model. Results showed that our new estimate of PM2.5
formation via BVOCs emissions in 2010 was only 2.5% lower than
Ghirardo et al. (2016) after considering stress-induced emissions.

In previous studies, the aerosols formation potentials of AVOCs
in Beijing have been estimated using the same fractional aerosol
coefficient method as this study (Ghirardo et al., 2016; Sun et al.,
2016). The aerosol formation potential of AVOCs
(7.9e44.3 mg m�3) in these studies was much higher than what we
estimated for BVOCs, indicating that AVOCs were by far the domi-
nant precursors of SOA formation in Beijing. Besides SOA, particu-
late pollution in Beijing also has many other primary and secondary
sources. As a result, BVOCs load in the urban air made limited
contribution to ambient PM2.5 pollution in all seasons, even ac-
count for the uncertainties of our estimates (Fig. 3F).

3.4. Urban green spaces play more important roles than natural
forests in damaging human health

In 2015, the ozone and PM2.5 pollution associated with BVOCs
led to health damages of 153 million people mg m�3 O3 and 26
million people mg m�3 PM2.5, respectively. Based on a recent meta-
analysis of Chinese epidemiology-based exposure-response
studies, each unit increase in ozone concentration has a 26% larger
health damage than that of PM2.5 (Shang et al., 2013). We can infer
that BVOCs induced ozone pollution played a more important role
(88%) than PM2.5 pollution (12%) in harming human health. In the
urban core with the highest region-based emission intensity and
population density, BVOCs emissions had the greatest health
damage (Fig. 3C and D); in rural areas, the average health damage
was only 1.8% of the urban core due to the lower population density
of these sub-regions. Although the five semi-urban sub-regions had
the lowest emission intensities and air quality impacts, the average
health damage was three times higher than that in rural areas
(Fig. 3C and D). From the human health viewpoint, urban green
spaces played much more important roles (62% of total damage)
than natural forests despite its BVOCs emissions only made limited
contributions (15%) to regional emissions (Fig. 4C). These results
highlighted that mitigating emissions from green spaces is the key
to reducing health impacts associated with BVOCs emissions.

In recent years, the significant high health damages associated
with PM2.5 and ozone pollution have been highlighted by many
studies (Lelieveld et al., 2015; Madaniyazi et al., 2016) and the
potential health damages attributable to BVOCs emissions from
urban green spaces discussed (Laothawornkitkul et al., 2009;
Simpson and McPherson, 2011). Nevertheless, few measures were
actually implemented to reduce BVOCs emissions owing to the lack
of accurate forecasts of urban BVOCs emissions and the related
environmental and health impacts (Simpson and McPherson, 2011;
Ren et al., 2014). Our study developed the relationship between
BVOCs emissions and their health damage semi-quantitatively,
which was helpful for decision makers to design BVOCs mitiga-
tion strategies to achieve the desired environmental and health
goals. In this study, only the negative effects of BVOCs emissions on
human health were quantified. In fact, many BVOCs species are not
only essential for plants to cope with environmental stresses, but
also play vital role in promoting physical and mental health of city
residents (Ilmberger et al., 2001; Pe~nuelas and Staudt, 2010). These
positive effects should be addressed by future research to achieve a
comprehensive evaluation of BVOCs emissions.

3.5. BVOCs emissions will increase substantially along with rapid
urbanization

The annual BVOCs emissions from urban green spaces in Beijing
were 6.5 (3.5e9.3, 95% confidence interval) � 108 g C in 1990, ac-
counting for only 6% of the regional BVOCs emissions. Since then,
along with the fast economic development and urbanization, urban
green spaces have expanded rapidly and BVOCs emissions
continued to grow. In 2015, the annual BVOCs emission from urban
green spaces was 5.0 (2.7e7.3) � 109 g C; isoprene, monoterpenes,
sesquiterpenes and OVOCs contributed 74.0, 15.0, 0.5 and 10.5%,
respectively (Fig. 4A). BVOCs emissions from natural forests also
showed a continuous growth trend, increasing from 10.2
(5.8e13.9) � 109 g C in 1990 to 2.8 (1.5e4.0) � 1010 g C in 2015
(Fig. 4B).

Following the current trend (baseline scenario), the BVOCs
emissions from urban green spaces are projected to rise rapidly and
will reach 1.5 (0.8e2.2) � 1010 g C by 2050 (Fig. 4A), increasing by
203% compared with emissions in 2015. This increasing rate is
larger than those in previous projections on regional (mainly nat-
ural vegetation) BVOCs emissions (Wiedinmyer et al., 2006; Heald
et al., 2009; Tai et al., 2013). One possible explanation is the fact
that most urban trees are relatively young and grow faster than
trees in natural forests (Gregg et al., 2003; Ren et al., 2014).



Fig. 4. Temporal dynamics of BVOCs emissions and the related damage on human health in Beijing. (A) Temporal dynamics of BVOCs emissions from urban green spaces; (B)
temporal dynamics of BVOCs emissions from natural forests; (C) contributions of green spaces to regional BVOCs emissions; and (D) contributions of green spaces to total health
damage (1 unit equals to 1 million people mg m�3 O3) associated with BVOCs emissions.
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Furthermore, we assumed that urban green spaces would continue
to expand following the current trend and thus will enhance BVOCs
emissions; while in other projections, anthropogenic land use
changes tend to lower rural BVOCs emissions by converting forests
to croplands, pastures and urban areas (Wiedinmyer et al., 2006;
Tai et al., 2013). The BVOCs emissions from the natural forests of
Beijing will also greatly increase from 2015 to 2050, though the
growth rate (87%) is much lower than that of urban green spaces
(Fig. 4B). As a result, BVOCs emissions from urban green spaces will
continue to make greater contribution to the total emissions of
Beijing, from 15% in 2015 to 23% by 2050 (Fig. 4C).

In the baseline scenario, as total BVOCs emissions continue to
grow, the increments in annual atmospheric ozone and PM2.5
concentrations induced by BVOCs emissions will increase to
9.3 mg m�3 and 2.4 mg m�3 by 2050, respectively. The health burden
associated with BVOCs emissions increases even faster due to the
population growth and will double from 2015 to 2050 (Fig. 4D).
During the process, the contributions of urban green spaces to total
health damage increase from 62% in 2015 to 74% in 2050 (Fig. 4D).
BVOCs emissions from urban green spaces will play more impor-
tant roles in determining future urban air quality and human health
conditions.
3.6. Urban BVOCs emissions can be largely reduced through
proactive management

In the past, BVOCs emissions were often regarded as background
emissions that cannot be reduced (Steinbrecher et al., 2009; Ren
et al., 2014). This may be true for natural forests, but it is entirely
possible to reduce BVOCs emissions from urban green spaces since
they are highly controlled by human management (Simpson and
McPherson, 2011; Calfapietra et al., 2013).

Tree species optimization is the most feasible way to mitigate
BVOCs emissions. Among tree species within urban green spaces of
Beijing, Populus tomentosa exhibited the highest BVOCs individual
emission potential (967 g C tree�1 yr�1), followed by Sophora
japonica (322 g C tree�1 yr�1) and Salix babylonica (236 g C tree�1

yr�1). Populus canadensis and Albizia julibrissin also had relatively
high emission potentials (Fig. 5A). Each BVOCs species has different
effects on ozone and PM2.5 formation due to the rates and pathways
of their reactions. In general, tree species with high isoprene
emissions might enhance ozone formation, while oxidation prod-
ucts of monoterpenes usually have high yields for PM2.5 (Arneth
et al., 2010; Aksoyoglu et al., 2011). In Beijing, most of the tree
species were strong isoprene emitters, except for strong mono-
terpenes emitters Pinus tabuliformis and Platycladus orientalis
(Fig. 5A). For the purpose of improving air quality, both the species-
specific emission potentials and chemical speciation of BVOCs
emissions should be considered in landscape planning.

When ranking the tree species based on their relative contri-
butions to total emissions, we found that the patterns of urban
BVOCs emissions approximately followed power-law distributions
(R2 range from 0.88 to 0.96, P < 0.001) (Fig. 6). The power a for all
BVOCs species were bigger than 1, which means that urban BVOCs
emissions are dominated by only a few tree species despite the fact
that dozens of tree species were planted (Fig. 5B). The power-law



Fig. 5. BVOCs emissions from different tree species within the built-up area of Beijing. (A) Top 20 tree species with relative high individual BVOCs emissions. Abbreviations of tree
species are summarized in Table S1; (B) contributions of various tree species to BVOCs emissions from green spaces.

Fig. 6. The power-law distributions of urban BVOCs emissions from different tree
species. Exceedance probabilities PE(x) (probability that species' emissions E be � x)
were calculated using the rank-frequency approach. Note that in the power-law
regime, if the probability distribution pE(x) scales as x-a, then PE(x)fx-aþ1.

Fig. 7. BVOCs emissions from urban green spaces (A) and the related health damage
(B) under different management scenarios.
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pattern of urban BVOCs emissions also indicates that the key to
mitigating BVOCs emissions is to control those big BVOCs fluxes.

We designed a series of management strategies (S1eS5) to
reduce the big BVOCs fluxes. Through directly optimizing the spe-
cies composition of newly planted trees (S1), moderately increasing
tree density (S2), and tree replacement (S3), 20%, 11%, 35% of urban
BVOCs reductions can be achieved, respectively (Fig. 7A; Table S14).
Mitigating the heat island effect also has the potential to decrease
the emissions of all BVOCs species, and a reduction of 14% of total
BVOCs emissions can be achieved if the current urban heat island
effect no longer intensifies (S4). The greatest reduction in BVOCs
emissions from urban green spaces could be achieved through the
integration of all optimization measures (S5). At most, a 61%
reduction in urban BVOCs emissions can be realized by adopting
comprehensivemanagement strategies (Fig. 7A). Unlike short-term
measures to control AVOCs emissions that have acceptable eco-
nomic cost (Wang et al., 2015a), the short-term strategies for
mitigating BVOCs emissions (e.g., remove all vegetation) often have
exorbitant cost thus are too extreme to be adopted. All the long-
term management strategies for BVOCs emission mitigation have
the time-lag effect (Fig. 7A) and the policy makers need to adopt
proactive environmental policies.

BVOCs have drawn increasing attention in recent decades,



Fig. 8. (A) Temporal dynamics of BVOCs estimates in this study and previous studies;
and (B) comparison of our BVOCs estimates with other studies. Triangles and diamonds
stand for estimates on BVOCs emissions from urban green spaces and natural forests in
Beijing, respectively. Shaded areas denote the 95% confidence interval on the calcu-
lated uncertainties associated with our BVOCs estimates.

Fig. 9. Comparison of our calculated isoprene mixing ratios and observed data derived
from previous studies. Vertical error bars are the standard deviation of observed data,
and horizontal error bars represent the 95% confidential intervals of our estimates (Li
et al., 2015a; Shao et al., 2009; Song et al., 2007; Wu et al., 2016).
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largely due to their human health effects. However, few measures
were actually taken to reduce BVOCs emissions owing to the lack of
knowledge about what measures should be taken as well as their
corresponding effectiveness (Simpson and McPherson, 2011; Ren
et al., 2014). Since BVOCs emissions from green spaces happened
in urban areas with high population densities, they contributed the
most to human health (Fig. 4D). The mitigation of urban emissions
is effective at reducing future health damage related to regional
BVOCs emissions (Fig. 7B). Under scenarios S1eS4,16%e32% of total
health damage will be reduced by 2050 (Table S14). Through the
integration of all management strategies (S5), 50% of the total
health damage caused by regional BVOCs emissions can be avoided.
Note that all BVOCs reductions and health improvements are
realized without the price of productivity decrease and biodiversity
loss. This is quite important because urban green spaces also have
many important ecosystem services besides BVOCs emissions
(Escobedo et al., 2011; Pataki et al., 2011). All decision-making
should be based on a trade-off between the ecosystem services
and disservices of urban green spaces.

3.7. Model validation

BVOCs emissions in Beijing have been estimated using different
data sources and algorithms (Wang et al., 2003; Chi and Xie, 2012;
Li and Xie, 2014; Ghirardo et al., 2016). The new BVOCs estimates
presented in this study were compared to other inventories of
Beijing to validate our model performance. For this comparison,
BVOCs emissions from other studies were converted to the same
scope of our study (i.e. only constitutive emissions from trees were
considered). As shown in Fig. 8, the BVOCs variation trends repro-
duced by our modeling system matched well with simulation re-
sults from other studies.

As the BVOCs emissions cannot be evaluated directly, we
compared our model predicted monthly average isoprene con-
centrations in urban areas with the observational data reported in
previous studies to further validate our estimates (Fig. 9). Owing to
its high reactivity, isoprene may undergo strong photochemical
losses and dilution losses from emission sources to receptor sites
(Xie et al., 2008; Li et al., 2015b). So to make our results comparable
to the observational data, we converted the calculated initial mix-
ing ratios of isoprene to ambient mixing ratios at a receptor site
using the isoprene chemistry approach described by Stroud et al.
(2001). The method is based on the stoichiometric relationships
between methacrolein, methyl vinyl ketone, and isoprene. The
details are found in the Appendix. As shown in Fig. 9, though our
modeled isoprene mixing ratios have a good linear relationship
with the observational data, most of our estimates are slightly
lower. One possible explanation is that we only considered
isoprene emissions originating from biogenic sources, while vehicle
exhaust emission could contribute to isoprene as well (Borbon
et al., 2001; Xie et al., 2008). However, Li et al. (2015b) found that
isoprene was not correlated with the traces of vehicle exhaust in
Beijing, indicating that traffic source was not a significant contrib-
utor to isoprene of this region. In general, our BVOCs estimates lie in
a reasonable range.

3.8. Uncertainties

Based on the Monte Carlo analysis, the uncertainties associated
with our estimation of BVOCs induced health damage were
between �79% and 77% in 2015. The major uncertainty came from
our estimation of BVOCs emissions (�47%�45%). Uncertainties
related to the basal emission rates, vegetation distributions, model
algorithms, empirical coefficients, and leaf biomass equations were
all important uncertainty sources of the calculated BVOCs
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emissions (Chang et al., 2012).
Another important uncertainty source arises from the estima-

tion of the air quality impacts of BVOCs emissions. This kind of
uncertainty is mainly derived from the accuracy of the empirical
coefficients of IR, FAC and the atmospheric lifetime of different
BVOCs species. Czader et al. (2008) provided an assessment
comparing the reactivity estimated from the CMAQ model and the
‘reference’ incremental reactivity. They found that the reactivity
values of most investigated compounds estimated for the Houston-
Galveston air conditions are in good agreement with ‘reference’
values. Even though, it should be noted that the VOC incremental
reactivity depends on the relative ratio of VOC to NOx present in the
air mixture and no standard reactivity scale that would be suitable
to all the conditions. In this study, the average lifetime for reaction
with different oxidants was assigned to a specific VOCs species due
to the lack of reliable information. In fact, the atmospheric lifetime
of VOCs may vary to a large degree depending on the oxidizing
environment (Atkinson and Arey, 2003; Oderbolz et al., 2013).

Besides the uncertainty sources considered in the Monte Carlo
analysis, there are still some assumptions used in this study that
may affect our estimates. Given the growing evidence that urban
trees may have high stress-induced BVOCs emissions when
suffering environmental stresses (Pe~nuelas and Staudt, 2010;
Mentel et al., 2013), our “stress-free” assumption could result in
an underestimation of BVOCs emissions (Ghirardo et al., 2016). We
used air temperature instead of leaf temperature to calculate the
temperature correction factor as the latter was not available. BVOCs
emissions would be underestimated as leaf temperatures are often
higher than air temperatures, especially for broad-leaved trees
(Leuzinger & Koerner, 2007). Some uncertainties that are related to
the simplified box models used in this study should also be noted.
There was a strong assumption underlying the box model that
BVOCs emissions only had small spatial scale (local or regional)
impacts on air quality and human health within the box. In fact, the
surface O3 in urban areas of Beijing was found to be controlled
predominantly by in-situ production from local biogenic and
anthropogenic VOC emissions (Xu et al., 2011; Zhang et al., 2014).
However, urban plume can transport not only O3 but also its pre-
cursors to downwind rural areas (Xu et al., 2011). The latter tend to
result in more net O3 production when being mixed with local
BVOCs. Rural areas usually have weaker NO titration, the level of O3
can be high in late afternoon and during night time (Zhang et al.,
2014). So it can be concluded that the simplification that neglect-
ing transport may lead to an underestimation of the health effects
of urban BVOCs emissions on downwind rural areas.

4. Conclusion

Our study highlights the importance of including BVOCs emis-
sions from urban green spaces when compiling regional BVOCs
emission inventories. In 2015, the neglect of BVOCs emissions from
urban green spaces led to a 15% underestimation of regional BVOCs
emissions and 62% underestimation of the health damage caused
by BVOCs emissions. As economic development and the urban
population continue to grow, the BVOCs emissions within urban
areas will be of disproportionate importance for urban air quality
and ultimately human health. Fortunately, BVOCs emissions from
urban green spaces can be effectively controlled through adopting
proactive management strategies.

This study also provides a tool for the analysis and prediction of
BVOCs emissions from the urban-rural complex and for the eval-
uation of related environmental and health outcomes. As many
other cities are also experiencing rapid urbanization and urban
green space expansion, it is quite possible that these cities may
suffer air pollution associated with BVOCs emissions. In the coming
decades, a crucial challenge for urban managers and policy makers
will be controlling future BVOCs emissions from urban trees and
their negative impacts. Given that an accurate assessment of the
impacts of BVOCs require a full regional air quality model and
should consider all of the processes involved in the reactive carbon
cycle in the atmosphere, the lack of a full atmospheric model is a
limitation of our work that should be addressed by future research.
Although uncertainties exist within the present research, we
believe our work is an important step to achieving a better un-
derstanding and effective management of urban BVOCs emissions.
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