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• Urban isoprene emissions improve the
modeled isoprene concentration and diur-
nal cycle.

• Urban isoprene may trigger ozone forma-
tion twice as efficiently as that in rural
area.

• The impact of biogenic emissions on sec-
ondary organic aerosol (SOA) is exam-
ined.
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The impact of biogenic emissions on ozone and secondary organic aerosol (SOA) has been widely acknowledged; nev-
ertheless, biogenic emissions emitted from urban landscapes have been largely ignored. We find that including urban
isoprene in megacities like Beijing improves not only the modeled isoprene concentrations but also its diurnal cycle.
Specifically, the mean bias of the simulated isoprene concentrations is reduced from 87% to 39% by adding urban
isoprene emissions while keeping the diurnal cycle the same as that in non-urban or rural areas. Further adjusting
the diurnal cycle of isoprene emissions to the urban profile steers the original early morning peak of the isoprene con-
centration to a double quasi-peak, i.e., bell shape, consistent with observations. The efficiency of ozone generation
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caused by isoprene emissions in urban Beijing is found to be twice as large as those in rural areas, indicative of vital
roles of urban BVOC emissions in modulating the ozone formation. Our study also shows that in the future along
with NOx emission reduction, isoprene emissions from urban landscapes will become more important for the forma-
tion of ozone in urban area, and their contributions may exceed that of isoprene caused by transport from rural
areas. Finally, the impact of biogenic emissions on SOA is examined, revealing that biogenic induced SOA accounts
for 16% of the total SOA in urban Beijing. The effect of isoprene on SOA (iSOA) is modulated through two pathways
associated with the abundance of NOx emissions, and the effect can be amplified in future when NOx emissions are
reduced. The findings of our study are not limited to Beijing but also apply to other megacities or densely populated
regions, suggesting an urgent need to construct an accurate emission inventory for urban landscapes and evaluate
their impact on ozone and SOA in air quality planning and management.
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1. Introduction

Biogenic volatile organic compound (BVOC) emissions are important
precursors for the formation of ozone and secondary organic aerosol
(SOA), and a number of studies have quantified their impacts on ozone
(Derognat et al., 2003; Liu et al., 2019; Liu et al., 2018; Lu et al., 2019)
and SOA (Hu et al., 2017; Qin et al., 2018).

The ozone pollution has recently become severe in China, particularly
over the North China Plain (Li et al., 2019; Yan et al., 2021). While anthro-
pogenic volatile organic compound (VOC) and NOx emissions play impor-
tant roles in ozone formation, BVOCs are undoubtedly essential in
constraining ozone formation and their role may be influenced by the
changes of anthropogenic emissions. In a recent study focusing on ozone
pollution period in June 2017 over urban Beijing (Gao et al., 2021), the syn-
ergic effect of biogenic and anthropogenic emissions has been thoroughly
investigated, indicating that along the decrease of anthropogenic VOC or
NOx emissions, the corresponding effect of biogenic emissions on ozone
is characterized by a dipole pattern, concomitant with a linear enhanced
or nonlinear weakened role, respectively. Moreover, the BVOCs emitted
from different areas (e.g., urban or rural) may exert distinct effect on
ozone. The BVOC emissions over urban areas are often co-located of NOx
emissions, leading to more efficient ozone formation than that over rural
areas (Bell and Ellis, 2004). In contrast, BVOCs that are not directly located
in urban areas may only showmoderate sensitivity for ozone enhancement
under changes in NOx emissions, such as in the southeastern United States,
because of location segregation between BVOCs (e.g., isoprene) and NOx
(Travis et al., 2016).

BVOC emissions are primarily determined, under the influence of mete-
orology, by the plant functional types (PFTs), leaf area index, emission fac-
tors, among which PFTs may act as the key elements considering that the
leaf area index and emission factors are tightly associated with PFTs
(Guenther et al., 2012; Zhang et al., 2004). Recent studies have indicated
that the widely used PFT data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) has a spatial resolution of 500-m, which is nor-
mally unable to resolve urban green spaces, thereby leading to missing of
BVOC emissions from green spaces over urban areas when biogenic emis-
sion models, e.g., Model of Emissions of Gases and Aerosols from Nature
(MEGAN;), are applied (Ma et al., 2019). Though in some regions like the
United States, a higher spatial resolution of PFT data at 60-m (Guenther
et al., 2012) is available in the community land model version 4 (CLM4),
which may still only partly identify urban vegetation. In urban areas, it is
common that a large number of trees are planted to help beautify the envi-
ronment and act as air pollutant removers, alleviating global warming
through carbon storage (McPherson et al., 2011; Morani et al., 2011). In
turn, these trees may emit a sizable amount of BVOCs, triggering the en-
hancement of ozone and SOA.

Isoprene is considered one of the most abundant BVOC species. Specifi-
cally, the global total BVOC emissions from 2000 to 2012 were estimated
to be 634 Tg C yr−1 from terrestrial vegetation, with isoprene accounting
for 66% (Henrot et al., 2017). For ozone pollution, isoprene usually exhibits
the largest ozone formation potential among multiple BVOC species (Ma
et al., 2021; Zheng et al., 2009). Moreover, a recent study (Bryant et al.,
2020) published observed isoprene concentration during the ozone pollution
period (June 2017) in urban Beijing, motivating us to investigate the
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capability of the regional air quality model in reproducing the temporal var-
iations and diurnal cycle of isoprene, as well as the synergic effect of anthro-
pogenic emissions and isoprene emissions from urban green spaces or non-
urban areas, which, to our knowledge, has not been well established so far.

In addition to ozone, BVOCs including isoprene and monoterpenes are
believed to be dominant contributors to global SOA (Ehn et al., 2014;
Farina et al., 2010). For instance, by carrying out measurements over 14 cit-
ies across different regions of China in summer 2012, Ding et al. (2014)
found that for almost every city, the SOA formation from BVOCs accounted
for more than two-thirds of the total SOA. The pathway by which isoprene
yields SOA is strongly dependent on the amount of NO. For instance, under
lowNO conditions (Paulot et al., 2009), isoprene isfirst oxidized to isoprene
hydroxyhydroperoxide (ISOPOOH) and then oxidized by OH to form
isoprene epoxydiol (IEPOX); whereas under high NO conditions, through
a series of reactions, isoprene can be oxidized to form hydroxymethyl-
methyl-α-lactone (Nguyen et al., 2015) or 2-methyloxirane-2-carboxylic
acid (methacrylic acid epoxide, MAE; Lin et al. (2013)). By comparing
two biogenic emission inventories, Jiang et al. (2019) indicated that the
one with higher monoterpene emissions may dramatically enhance SOA
formation in Europe. However, little is known what role BVOCs from
urban green spaces play in affecting urban SOA formation.

In what follows, we first evaluate how the applied model behaves in re-
producing the magnitude and diurnal cycle of isoprene concentrations over
urban Beijing. Followed by a comparison of ozone formation efficiency be-
tween isoprene emissions over urban areas and those fromnon-urban areas.
Finally, the effect of isoprene and monoterpenes from urban landscapes on
SOA is elucidated.

2. Method

2.1. Model configurations

The Weather Research and Forecasting (WRF) model (v 3.8.1) coupled
with the Community Multiscale Air Quality (CMAQ) model (v 5.2) is ap-
plied to conduct the simulations. The simulation domain and period are
the same as those in our previous studies (Gao et al., 2021; Yan et al.,
2021) and mainly cover China and a few other countries in Asia at a spatial
resolution of 36 km by 36 km from June 1 to July 5, 2017, with approxi-
mately one week prior to June 1 as spinup. The model configurations are
similar to that in the previous studies (Gao et al., 2020; Ma et al., 2019;
Yan et al., 2021). Briefly, physics options selected in WRF include the
two-moment cloudmicrophysics scheme (Morrison et al., 2009), Rapid Ra-
diative Transfer Model for GCMs (RRTMG) for both longwave and short-
wave radiation parameterizations (Iacono et al., 2008; Morcrette et al.,
2008), the unified Noah land surface model (Chen and Dudhia, 2001),
the Mellor-Yamada-Janjic (MYJ) planetary boundary layer (PBL) scheme
(Janjic, 1990; Janjic, 1994; Mellor and Yamada, 1982), and the Grell-
Freitas cumulus parameterization scheme (Grell and Freitas, 2014). The
gas chemistry and aerosol scheme used in CMAQ are carbon-bond version
6 (CB6) and Aerosol Module Version 6 (AERO6), respectively. The initial
and boundary conditions of the WRF and CMAQ models are derived from
the NCEP Climate Forecast System Reanalysis (CFSR) version 2 product
(Saha et al., 2014) and Model for Ozone and Related chemical Tracers, ver-
sion 4 (MOZART-4) product (Emmons et al., 2010), respectively.
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The anthropogenic emissions are the same as those detailed in Ma et al.
(2019) and Yan et al. (2021). In terms of biogenic emissions, standard sim-
ulations with MEGAN are first conducted. The land cover data used in
MEGAN is the product of MODIS MCD12Q1 (Friedl et al., 2010) with the
spatial resolution of 500-m, in general not being able to resolve the urban
landscapes, indicating that only BVOC emissions over the non-urban
areas across the entire simulation domain are included (referred to as Non-
Urban). Moreover, two scenarios are designed to add BVOCs emitted from
urban green spaces over Beijing, in addition to those from non-urban area
(NonUrban). The first scenario is to add 15% of the total BVOC emissions
in Beijing to its urban core area spanning approximately 5000 km2

(referred to as NonUrban+U-scaling), based on the vegetation survey in
the previous study (Ren et al., 2017). Considering the broadleaf deciduous
trees are the primary tree type in northern China (e.g., based on MODIS),
the other scenario is to assign the land cover over urban Beijing the same
as the selected grid over the non-urban area, after which the reallocated
broadleaf deciduous trees over urban core account for approximately
15% of the total broadleaf deciduous trees in Beijing. After the relocation
of PFT, MEGAN is conducted again to generate BVOC emissions, and this
scenario is referred to as NonUrban+U-PFT. Please note BVOCs include
more than 150 species, which aremapped to CB6 gas chemistrymechanism
prior to the use in the air quality model CMAQ.

2.2. Information on observational data

The isoprene concentrations were measured hourly in June (till 24th)
2017 by a dual-channel GC with flame ionization detection (DC-GC-FID)
at an altitude of approximately 102 m (39.97°N, 116.37°E) at the Institute
of Atmospheric Physics (IAP), located in urban Beijing, China (Bryant
et al., 2020). The concentrations of secondary inorganic aerosols including
SO4

2−, NO3
− and NH4

+, as well as organic aerosol (OA) were measured by
high-resolution time-of-flight AMS (HR-ToF-AMS) at two sites. One site
with a sampling altitude of about 4-m is located at IAP, the same location
and measurement period as that for isoprene, and the other one is over
the PKU Urban Atmosphere Environment Monitoring Station (PKUERS;
39.99°N, 116.31°E) approximately 8 km away from IAP, at a roof site ap-
proximately 30 m above the ground from June 1 to 14, 2017. The observa-
tion of SOA is available at IAP, calculated by the summation of more
oxidized oxygenated OA (MO-OOA) and less oxidized oxygenated OA
(LO-OOA) retrieved using the positive matrix factorization (PMF) method
(Xu et al., 2019).

2.3. Experimental design

To investigate the impact of isoprene on ozone formation, as well as the
synergic effect between anthropogenic NOx emissions (e.g., maintaining all
the other anthropogenic emissions unchanged) and isoprene emissions on
Table 1
Simulation sets designed to investigate the synergic effect between biogenic and an-
thropogenic emissions (Y andN indicate the corresponding emissions turned on and
off, respectively).

Simulation
sets

Anthropogenic
NOx emissions

Isoprene emissions
from non-urban
area

Isoprene
emissions
from urban area

Cases

Base 100% N N ①
Y N ②
N Y ③

NOx0.8 80% N N ①
Y N ②
N Y ③

NOx0.5 50% N N ①
Y N ②
N Y ③

NOx0.2 20% N N ①
Y N ②
N Y ③
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ozone, e.g., how isoprenemodulates ozone concentration alongwith the re-
duction in NOx emissions, four sets of simulations are designed. Among dif-
ferent simulation sets (Table 1), anthropogenic NOx emissions are
perturbed, from Base (without reduction) to maintaining NOx emissions
over the entire domain at 80%, 50% and 20% of the level at Base, respec-
tively, referred to as NOx0.8, NOx0.5 and NOx0.2. For each set of simula-
tions (Table 1), three cases are designed with case ① excluding biogenic
emissions, and the other two (cases ② and ③) either including isoprene
emitted from non-urban areas (e.g., over the entire domain) or urban
Beijing based on U-scaling method discussed in Section 2.1, and the com-
parison between cases ②, ③ and case ① can be used to isolate the effect
of isoprene emissions from non-urban or urban areas on ozone in Beijing.

3. Results and discussions

3.1. Evaluation of the isoprene concentrations over urban Beijing

The simulated and observed isoprene concentrations over urban Beijing
during June 2017 are compared and shown in Fig. 1. Despite of only one
observational site available during the study period, the isoprene concen-
trations compiled from the previous studies (e.g., Fig. 7 in Ma et al.
(2019)) exhibit comparable magnitudes across multiple sites in Beijing
over a long-term period. Four scenarios of simulated results (Fig. 1a) are
compared with observations (black), and the only differences lie in the
source of BVOCs, including NonUrban (blue), NonUrban+U-scaling
(green), NonUrban+U-PFT (orange) detailed in Section 2.1, as well as a
fourth scenario which is the same as NonUrban+U-PFT except that the iso-
prene emissions over urban Beijing are doubled (referred to as Pseudo sce-
nario; dashed red). By considering the BVOC emissions over non-urban
areas (blue in Fig. 1a), an apparent underestimation of isoprene concentra-
tion is observed, with amean bias of−0.45 ppbv (−87%). The simulations
then show clearly discernable improvement and themean bias is reduced to
39% by adding isoprene emissions from urban Beijing based on the U-
scaling method (green in Fig. 1a).

In addition to reducing the mean bias, the diurnal cycle of isoprene is
improved as well. The observations show a peak in the morning at approx-
imately 9:00 am and fluctuate until late afternoon, leading to a second
quasi-peak at approximately 14:00 (black lines in Fig. 1b,c). The early
morning peak is understandable as the time when isoprene emissions are
relatively strong but photochemical reactions are weak, yielding an
accumulation and enhancement of isoprene concentration. Along with in-
tensification of photochemical reactions in the daytime, the isoprene con-
centrations decrease due to high chemical reactivity with the primary
sink of OH, and relatively short lifetime (e.g., 20-min from 10:00–15:00
during the study period; Bryant et al. (2020)).While the scenario of NonUr-
ban tends to amplify the second peak in the late afternoon, an early morn-
ing peak of the isoprene concentrations is nicely captured by the scenario of
NonUrban+U-scaling, either from June 1 to July 5, 2017 or during the
ozone episodic event from June 14 to 21 (green vs. blue in Fig. 1b,c). Nev-
ertheless, the simulated isoprene concentrations in this scenario somewhat
monotonically decrease after 9:00 am (green in Fig. 1b,c), with the possible
mechanism discussed below.

Given that the isoprene emissions from urban landscapes in the U-
scaling method are directly scaled by 15% from that over the non-urban
areas of Beijing, the temporal profiles of isoprene emissions between non-
urban and urban areas are therefore the same. Biogenic emissions are
highly correlated with temperature and light (Mayrhofer et al., 2005),
and the most closely associated meteorological parameters include photo-
synthetically active radiation (PAR), near surface water vapor (Q2) and
air temperature at 2 m (TEMP2). The diurnal cycles of these parameters
simulated from WRF over urban and non-urban areas (Fig. S1) exhibit
obvious differences between urban and non-urban areas. For instance, the
temperature tends to be higher over urban areas with less water vapor
content, indicating hotter and drier conditions, which are more prone to
stimulate biogenic emissions (Calfapietra et al., 2013). This contrast in
meteorological conditions between urban and non-urban areas, as well as



Fig. 1. Time series of isoprene concentrations between observations (39.97°N, 116.37°E) and the simulations over the corresponding grid in urban Beijing during June 1–25,
2017 and ozone episode during June 14–21, 2017. The black line represents the value from observational data, the other lines represent the simulated isoprene
concentrations based on four scenarios, including NonUrban (blue), NonUrban+U-scaling (green), NonUrban+U-PFT (orange) and Pseudo scenario (dashed red; Fig. 1a,
c). (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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the PBL differences, e.g., relatively higher PBL in urban areas compared to
non-urban areas during the same period, is consistent with the findings in
Tao et al. (2022), which included the anthropogenic heat in and around
Beijing. Meanwhile, the peak radiation in urban areas is approximately
1–2 h later than that over non-urban areas (second row in Fig. S1), which
is consistent with the downward incoming shortwave radiation from the
same simulation results.

To delve into the influences on isoprene emissions and concentrations
caused by differences in the diurnal cycle in meteorological conditions be-
tween urban and non-urban areas, the scenario of NonUrban+U-PFT is
conducted (detailed in Section 2.1). The resulting diurnal cycle of isoprene
emissions over urban areas implies a peak at approximately 14:00 (orange
in Fig. S2), which is 1–2 h later than that in the NonUrban+U-scaling sce-
nario (green in Fig. S2). The time series and diurnal cycle of isoprene con-
centration simulated from CMAQ for the NonUrban+U-PFT scenario are
shown in orange in Fig. 1a-c. Although the magnitude of the isoprene
concentration is generally comparable to that in NonUrban+U-scaling sce-
nario, the temporal distribution becomes more reasonable; thus, instead of
monotonically decreasing after 9:00 am, the trend becomesmuch smoother
with a slight increase after noon, although an exact match is not achieved.
The simulated hourly ozone concentration enhancement averaged over
urban Beijing, due to changes in the diurnal cycle of isoprene emissions
under the NonUrban+U-PFT scenario relative to NonUrban+U-scaling,
may reach as high as 3.57 ppbv.

Considering the underestimates of isoprene concentration in either
NonUrban+U-scaling or NonUrban+U-PFT scenario particularly during
the episodic event (green and orange vs. black in Fig. 1c), a pseudo scenario
is designed through artificially boosting the isoprene emissions over urban
Beijing by 100% relative to the U-PFT scenario, aiming to evaluate the sen-
sitivity of isoprene concentrations to changes in isoprene emission
amounts. The resulting isoprene concentrations are considerably close to
the observations (dashed red in Fig. 1a,c), indicating likely underestimates
of broadleaf deciduous trees based on the current method. Moreover, the
bias may be attributed to a few other factors, i.e., relatively low spatial res-
olution of the simulations, with a higher resolution preferred to better re-
solve the spatial heterogeneity in megacities, particularly over the areas
surrounded by green spaces or forest parks, or the inaccuracy in the
4

isoprene emissions estimation based on the current method. In the analysis
below, whenever biogenic emissions over urban Beijing are used, the
method of U-scaling is applied, and the scenario such as U-PFT should
yield comparable results.

3.2. Impact of isoprene emissions from urban and non-urban areas on ozone
concentrations over urban Beijing

In urban areas, BVOC emissions may play important roles in ozone for-
mation since urban areas are prone to be VOCs-limited; therefore, the pre-
viously missed biogenic emissions from urban landscapes may play key
roles in affecting the ozone concentrations therein. Considering that iso-
prene exhibits the largest ozone formation potential among BVOCs (Ma
et al., 2021), instead of using all BVOCs, only isoprene emissions are
added besides anthropogenic emissions, aiming to elucidate the effect of
isoprene emissions over urban or non-urban areas on ozone formation in
urban Beijing.

As reported by Travis et al. (2016), when the spatial distribution of iso-
prene and NOx emissions were segregated, isoprene may only be moder-
ately sensitive to changes in NOx emissions. It is thus of great interest to
elucidate the evolution of ozone under changes in anthropogenicNOx emis-
sions when they are collocated with isoprene emissions from urban green
spaces. Considering that daytime from 9:00–16:00 is concomitant with
strong photochemical reactions (e.g., Yan et al. (2021)), the following anal-
ysis focused only on this time window based on the simulations listed in
Table 1. From June 1–July 5, the monthly mean contribution to daytime
ozone is 2.48 ppbv and 4.76 ppbv, respectively, from isoprene over urban
and non-urban areas at Base case (leftmost bar in Fig. 2a), with the contri-
bution from urban isoprene emissions accounting for approximately one-
third of the total isoprene emissions.

Along with the reduction in NOx emissions (second to fourth groups of
bars in Fig. 2a), the overall contribution from biogenic isoprene emissions
to ozone become smaller relative to Base (first bar in Fig. 2a), consistent
with the previous finding (e.g., Fig. 4b,d in Gao et al., 2021). Nevertheless,
the contributions of urban isoprene emissions on ozone formation becomes
higher relative to those from non-urban area. For instance, over urban
Beijing, the mean contribution to ozone from isoprene emissions due to



Fig. 2. Left: Contribution to ozone over urban Beijing due to isoprene from urban green spaces (Urban; orange) and non-urban area (NonUrban; green) for Base, and cases
with NOx reductions of 20% (NOx0.8), 50% (NOx0.5) and 80% (NOx0.2) from June 1–July 5 (Fig. 2a), June 14–21 and June 26–July 3, respectively (Fig. 2b), with the
percentage contribution from urban shown by the hatched line, which corresponds to the Y axis on the right. Right:Mean ozone contribution during June 1–July 5 from
isoprene emissions averaged over urban (red) and rural (black) areas (Fig. 2c). Only the daytime 9:00–16:00 LST is used in the analysis. (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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urban landscape increases as NOx is reduced and accounts for 36%, 39%
and 56% when NOx emission reductions reach 20% (NOx0.8), 50%
(NOx0.5) and 80% (NOx0.2), respectively. A similar phenomenon is
found during the ozone episodes (June 14–21; June 26–July 3; Fig. 2b).
The monotonic increase in percentage contribution to ozone from urban
isoprene emissions (hatched bars in Fig. 2a,b), alongwithNOx emission de-
creases, implies a higher efficiency of isoprene emitted from urban green
spaces relative to that transported from non-urban areas particularly
when NOx emissions gradually become insufficient, indicating an en-
hanced ozone accumulation effect resulting from the colocation between
NOx and isoprene emissions.

To delve into the efficiency of isoprene emissions on the enhancement
of ozone formation, a scatter plot of hourly isoprene emissions from
urban and non-urban area and the corresponding ozone concentrations,
simulated in Base case, is shown in Fig. 2c. The results indicate that the ef-
ficiency of ozone formation caused by isoprene emissions from urban land-
scapes (slope of 0.25) is almost twice as high as that over non-urban areas
(slope of 0.13). It is noteworthy that the case including isoprene emissions
from the non-urban areas (Table 1) take into account the isoprene emis-
sions in both Beijing and the other regions in the simulation domain,
whereas the other case with isoprene emissions from urban landscapes
solely include those in urban Beijing. From this perspective, the comparison
constructed in this study may lie in the lower limit of the effect of isoprene
from urban green spaces on ozone, implicative of a potentially more impor-
tant role of urban isoprene emissions on ozone formation in megacities.

In addition to isoprene emissions, it is useful to elucidate the contribu-
tions of all the other BVOCs, from urban green spaces or non-urban areas,
on ozone concentrations as a comparison. To this end, another four sets of
numerical simulations are conducted identical to those shown in Table 1,
except the isoprene replaced by other BVOCs (Fig. S3). The contribution
of BVOC emissions (without including isoprene) from urban green spaces
to ozone in urban Beijing are in general less than 20%, much smaller than
those from the non-urban area (orange vs. green bars in Fig. S3), and the
contributions are comparable to and even slightly larger than those from
isoprene emitted over non-urban areas (green bars; Fig. S3 vs. Fig. 2), partly
attributable to longer lifetime of the other BVOCs relative to isoprene and
subsequently yielding larger effect from the transport. Along the reduction
of anthropogenic NOx emissions, the effect of the other BVOCs from
5

urban landscapes, relative to those from non-urban areas, on ozone concen-
tration over urban Beijing maintains similar increasing tendency as those
from the isoprene emissions except of a much smaller effect when NOx
emissions reduce to 20% (hatched bars in Fig. 2 vs. Fig. S3).

Instead of perturbing BVOCs, four more simulation sets are conducted
along the reduction of NOx emissions displayed in Table 1, and for each
set, while keeping isoprene emissions from both the urban and non-urban
areas the same, it includes a pair of simulations with and without anthropo-
genic VOC emissions over the simulation domain. The differences between
the paired simulations over each set is considered the contributions of an-
thropogenic VOC emissions on ozone concentrations in urban Beijing
(Fig. S4). The results reveal decreasing impacts of anthropogenic VOCs on
ozone along NOx emission reductions, consistently with that of biogenic
emissions (Fig. 2 vs. Fig. S4), despite of a much larger effect from anthropo-
genic VOC emissions primarily caused by the higher amount. It is worth to
mention that this effect has been detailed in the previous study (e.g., Fig. 2a
in Gao et al., 2021), and the clear NO titration effect indicated therein tends
to become weaker in this study, presumably a result of the time window of
daytime applied in this study, when the strong photochemical reactions
partly subdue the emergence of titration effect.

The incremental ozone concentrations because of biogenic emissions
from urban green spaces may affect a wider area due to transport, however,
it is not clear to what extent the influence may invade spatially. To address
this question, four time periods dominated by different wind patterns are
selected, as shown in Fig. 3. As an illustration, spatial distributions of
ozone concentrations shown in Fig. 3a-d reflect the effect of isoprene emis-
sions from urban landscapes only (differences between the case ① and ③
in the Base simulation set in Table 1), and the impact could be transported
to a few hundred kilometers away from the source region. The transport
pathways of ozone are consistent with the trajectory from WRF- FLEXible
PARTicle dispersionmodel (FLEXPART) (Fig. 3e), yielding amaximal influ-
ence at 3.49 ppbv outside urban Beijing based on the temporal average of
each period.

3.3. Impact of biogenic emissions on SOA over urban Beijing

In addition to ozone, we evaluate the capability of CMAQ in reproduc-
ing observed secondary inorganic aerosols (including SO4

2−, NO3
−, NH4

+),



Fig. 3. Left: Spatial distribution of ozone concentrations due to influence of isoprene emissions from green spaces, during the time (local standard time; LST) from 12:00 pm
June 5 to 6:00 am June 6 (Fig. 3a), 10:00 am June 12 to 2:00 am June 13 (Fig. 3b), 11:00 am June 15 to 8:00 pm June16 (Fig. 3c), 8:00 am to 8:00 pm on June 25 (Fig. 3d).
Right:Trajectories fromWRF-FLEXPART, with different colors (purple: northward, deep skyblue: northwestward, gray: northeastward and green: southward) corresponding
to the time periods in Fig. 3a-d. (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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total OA, and SOA during the same period from June 1 to 25 as that for iso-
prene, as shown in Fig. 4. The observational data from both sites (PKU and
IAP) are quite comparable, warranting the robustness of the sites in
Fig. 4. Evaluation of NO3
−, SO4

2−, NH4
+, organic aerosol (OA) and secondary organic

Section 2.2) of PKU and IAP are used. Please note that the observation of SOA is only a

6

representing the air pollutant concentrations over the urban Beijing. The
model exhibits a skillful ability in simulating secondary inorganic aerosols
(Fig. 4a-c). While OA is strongly underestimated (Fig. 4d), the SOA is
aerosol (SOA) over urban Beijing. The observations over two sites (described in
vailable at IAP.
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much better reproduced by the model despite the slight underestimation of
1.91 μg/m3 (Fig. 4e), implying that the underestimates of OA is highly as-
sociated with the primary OA. The observational mean SOA from June 1
to 25 is 6.86 μg/m3, which is slightly larger than that reported by Ding
et al. (2014) in urban Beijing during summer 2012, ranging from
2.33 μg/m3 to 8.17 μg/m3 with a mean value of 4.15 μg/m3. Moreover,
an evaluation of PM2.5 (not shown) during the same period indicates a
mean fractional bias (MFB) and error (MFE) at −47% and 54%, respec-
tively, in general satisfying the benchmarks (MFB/MFE: 50%/75%) pro-
posed by the US EPA (USEPA, 2007).

To investigate the impact of BVOC emissions on the SOA, the time series
of simulated biogenic SOA (BSOA) and total SOA over urban Beijing from
June 1 to July 5 is shown in Fig. 5a. The mean concentrations of BSOA
and SOA during the simulation period are 1.15 μg/m3 and 7.16 μg/m3, re-
spectively, with BSOA accounting for 16%. The peak SOA concentrations
occur concomitantly with high temperatures, i.e., the end of June and
early July. The enhancement effect of temperature on BSOA seems to be
more efficient than that on SOA, particularly over the early stage of the
high-temperature period; thus, temperature could potentially yield a
much higher percentage contribution of BSOA to total SOA at that time.
Fig. 5. Time series of SOA or BSOA (Fig. 5a) under the scenario of NonUrban+U-scalin
scenarios of NonUrban+U-scaling (green) andNonUrban (red), over urban Beijing. The
for the simulation set of Base and NOx0.2 in Table 1). (For interpretation of the referen
article.)
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For instance, the contribution increases from 23% on June 24 to 43% and
50% on June 25 and 26, respectively (dashed gray in Fig. 5a), when tem-
peratures become higher on the latter days (e.g., dashed blue in Fig. 4d in
Ma et al., 2019).

To address the influence of isoprene on SOA (iSOA) formation over
urban Beijing, two scenarios of NonUrban and NonUrban+U-scaling
(detailed in Section 2.1) are used in the comparison. The total iSOA concen-
trations without counting urban BVOC emissions (red in Fig. 5b) range
from 0.08 μg/m3 to 1.68 μg/m3, with a mean value of 0.63 μg/m3, and
the incremental effect of isoprene from the urban landscapes to iSOA is
8% (red vs. green in Fig. 5b). The magnitude of iSOA is comparable to
the observations displayed in Fig. 9b in Bryant et al. (2020), while it is
lower than that reported by Ding et al. (2014) with a mean value of
1.59 μg/m3 during July–September 2012, which is partly attributable to
the sample collection frequency of once every two weeks with a duration
of 48 h therein. Meanwhile, the time series of SOA depicted from the obser-
vation (black in Fig. 4e) clearly implies that fluctuations of the temporal
profile is not trivial; thus, a biweekly sample may yield a large difference
compared to the mean value of more frequent sampling (e.g., hourly reso-
lution in this study). In addition, the mean contribution of monoterpenes
g, total iSOA (Fig. 5b), high NOx iSOA (Fig. 5c) and low NOx iSOA (Fig. 5d) under
bottom panel (Fig. 5e) shows lowNOx iSOA over urban Beijing in two cases (case③
ces to colour in this figure legend, the reader is referred to the web version of this
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to SOA is 0.16 μg/m3 (green in Fig. S5), with those fromurban green spaces
contributing to 25%. Nevertheless, the contribution from monoterpenes is
less than a quarter of that from isoprene (0.68 μg/m3) to SOA in urban Bei-
jing (green; Fig. S5 vs. Fig. 5b), likely associatedwith the smaller amount of
terpenes in comparison to isoprene emissions therein (e.g., Supplementary
Table 6 in Ma et al., 2021).

As mentioned in the introduction, there are two major pathways by
which isoprene yields SOA dependent on the availability of NO; therefore,
the total iSOA (Fig. 5b) can be classified into high NOx iSOA and low NOx
iSOA (Fig. 5c,d).Without considering BVOC emissions from the urban land-
scapes, the mean iSOA from the high NOx pathway is 0.13 μg/m3 (red in
Fig. 5c), and an increase of 36% is achieved by adding urban BVOC emis-
sions (green in Fig. 5c). The iSOA from the low NOx pathway is on average
0.50 μg/m3 (red in Fig. 5d), which is a few times higher than that from the
high NOx pathway, and a sizable portion is transported from the non-urban
area, with little change in low NOx iSOA found by the inclusion of BVOC
emissions from urban landscapes (red vs. green in Fig. 5d).

Considering that urban areas normally have an abundance of NOx and
the emissions of NOx may decrease substantially in the future, the simula-
tion results based on the two cases (case ③ for the simulation set of Base
andNOx0.2 in Table 1) are used to elucidate how changes inNOx emissions
will modulate the low NOx iSOA (Fig. 5e). Themean iSOA in urban Beijing
contributed solely from urban isoprene is only 0.012 μg/m3, which is much
smaller than that (e.g., NonUrban) displayed in Fig. 5d, likely caused by the
wider area with abundant isoprene emissions in non-urban Beijing, under
which high iSOA is formed and transported to the urban area. When NOx
is reduced by 80% (NOx0.2), the iSOA concentrations due to urban
isoprene increase by 31%, with a maximal hourly enhancement at
0.11 μg/m3, which indicates a positive role of NOx reduction in elevating
the iSOA formed under the low NOx pathway. Compared with ozone, for
which isoprene emissions over urban areas show strikingly higher effi-
ciency than those over non-urban areas, iSOA is more likely to be formed
in non-urban areas since the low NOx pathway tends to be dominant. Nev-
ertheless, the effect of urban isoprene does play a nonnegligible role, and it
becomes even larger under the decrease inNOx emissions. Themechanisms
Fig. 6. A schematic diagram of the impact of isoprene emissions on ozone and SOA for
which isoprene yields SOA, respectively. The arrows in orange indicate isoprene emiss
the pathways of isoprene from other sources (e.g., non-urban area) are delineated by ar
figure legend, the reader is referred to the web version of this article.)
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for ozone as well as SOA enhancement due to isoprene emissions from
urban landscapes are summarized in Fig. 6.

4. Conclusions

By taking into account the previously missed isoprene emissions from
the urban landscapes in Beijing, we thoroughly investigate their potential
influences on the isoprene, ozone and SOA concentrations. The effects of
isoprene emitted from urban green spaces on isoprene concentrations in
urban Beijing are twofold. On the one hand, it improves the ability of the
air quality model to reproduce the magnitude of isoprene concentrations.
On the other hand, the diurnal cycle of isoprene concentrations better
matches the observations. Nevertheless, whether differences in isoprene
temporal variations between urban and rural areas are robustly applicable
to other regions deserves more thorough investigation in future studies.
Nevertheless, the ozone enhancement due to addition of the isoprene emis-
sions from urban green spaces may robustly help to adjust the commonly
seen underestimates in the simulated ozone concentrations particularly
during high ozone pollution events over megacities (e.g., Sun et al.
(2021), Guo et al. (2019), Wang et al. (2019), Li et al. (2013) and Tie
et al. (2009)).

This study reveals the vital role of isoprene emissions from urban land-
scapes in modulating ozone formation. Previously, nine urban tree species
in Denver has been examined to reveal that the selection of trees with
low BVOC emission rates may be equivalent to the reduction in VOC emis-
sions from a large number of cars (Curtis et al., 2014). Similarly, urban trees
with low BVOC emission rates are likely to be essential in reducing the
ozone forming potential (Calfapietra et al., 2013). Ozone has become an
increasing concern in China despite the reduction in anthropogenic emis-
sions; thus, the role of biogenic emissions must be seriously considered.
In addition to BVOCs, urban landscapes and ecosystems may also lead to
elevated emissions of biogenic reactive nitrogen species, such as HONO,
NOx and NH3 (Cheng et al., 2016; Oswald et al., 2013; Su et al., 2011; Su
et al., 2020; Zheng et al., 2020), which may influence urban atmospheric
chemistry and pollution in a similar manner.
mation. The arrows in green and red represent the low and high NOx pathways by
ions from the urban green spaces and subsequent impact on ozone and SOA, while
rows in colors except orange. (For interpretation of the references to colour in this
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Biogenic emission induced SOA contributes on average of 16% to the
total SOA in Beijing. Moreover, the effect of isoprene emissions on SOA is
closely associated with the abundance of NOx emissions. In megacities
such as Beijing, which normally has high NOx emissions, the addition of
isoprene emissions from urban landscapes yields an overall 36% increase
in high NOx iSOA. Although the iSOA from the low NOx pathway is domi-
nantly formed from non-urban or rural BVOC emissions, the transport
might yield an even higher urban iSOA concentrations than those formed
through the high NOx pathway. Considering the decreasing trend of NOx
emissions in the future, the numerical sensitivities in this study reveal
that low NOx iSOA resulting from urban BVOC emissions may display a siz-
able fractional increase. Therefore, further elucidation of BSOA, particu-
larly the effect of urban BVOCs, will likely be helpful in comprehensively
understanding its impact on urban aerosols and air pollution. Meanwhile,
considering the positive role of trees in serving as carbon sink, helping to
adjust the temperature and humidity and beautifying the environment of
the urban areas (Gunawardena et al., 2017; Huang et al., 2011; Shashua-
Bar et al., 2010), it is thus encouraged to expand the greening of cities con-
comitant with careful selection of the trees characterized of relatively low
biogenic emissions rate as suggested in Ma et al. (2019).
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