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Abstract
Biogenic volatile organic compounds (BVOCs) play an important role in atmospheric chemistry due to their large
quantities and high reactivity. In this study, the impacts of BVOC emissions on ozone formation were investigated
based on MEGANv3.1 in the Yangtze River Delta (YRD) region, which has increasingly suffered from ozone pollution in recent years. The sensitivities of BVOC emissions to different drought stress configurations and the quality of
emission factors were evaluated. Furthermore, BVOC contribution to ozone formation was simulated by integrated
meteorology and air quality model system and the impacts of different BVOC emission scenarios on ozone concentration were discussed. Annual BVOC emissions estimated with the default drought stress configuration (i.e., base case)
was 6.8 × 105 tons. The drought stress algorithm implemented in MEGANv3.1 could suppress BVOC emissions by 58%
and this algorithm was sensitive to the choice of wilting point values. The BVOC contribution to the average of daily
maximum 8 h ozone concentration without drought stress effect in July 2016 was 104% higher than that in the base
scenario when the drought stress effect is activated. Using an alternative set of wilting point led to BVOC contribution
being 48% higher than that in the base scenario. High contributions of BVOCs to simulated ozone concentration were
found in northern Zhejiang, especially in Hangzhou and its surrounding areas.
Keywords BVOCs · MEGAN · Drought response · Ozone

Introduction

Highlights 1. Implementing drought stress algorithm in
MEGANv3.1 could suppress BVOC emissions by 35~58%;
2. The impacts of drought stress on BVOC emissions are
closely related with the choice of wilting point;
3. Impacts of BVOC emissions on ozone formation were most
significant in Hangzhou and surrounding areas.
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Volatile organic compounds (VOCs) are important precursors for the formation of secondary organic aerosols (SOA)
and ozone (O3), which have adverse impacts on public
health (Castell et al. 2008), global and regional climate
change (Arneth et al. 2007), and visibility (Park et al. 2004).
VOCs are emitted from anthropogenic activities (AVOCs)
and natural sources. At the global scale, VOC emissions
from natural sources (90% are emitted by vegetation) have
far exceeded those from anthropogenic sources (Qu et al.
2013; Guenther et al. 1995). Vegetation-emitted VOCs are
referred to as biogenic emissions (BVOCs), of which isoprene, monoterpenes, and sesquiterpenes are the dominant
species (Isidorov et al. 1985; Sakulyanontvittaya et al. 2008).
BVOC emissions are an essential input to air quality models for the simulation of secondary air pollutants, such as
ozone. A series of models, including the Biogenic Emissions
Inventory System (BEIS1 and BEIS2, Pierce and Waldruff
1991; Pierce et al. 1998), the Global Emission Inventory
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Activity (G95, Guenther et al. 1995), the Global Biosphere
Emissions and Interactions System (GLOBEIS, Guenther
et al. 1999a, b), and the Model of Emissions of Gases and
Aerosols from Nature (MEGAN, Guenther et al. 2006),
have been developed to estimate BVOC emissions. Different models can lead to substantial differences in predicted
BVOC emissions, even by more than a factor of 2 (Warneke
et al. 2010), resulting in large uncertainties of subsequent
air quality simulations (Li et al. 2011; Thunis et al. 2012).
Compared to the BEIS models, which were designed for
regulatory purposes based on fixed land cover and parameters, MEGAN was intended for a more flexible use for both
regulatory and research purposes (Guenther et al. 2006). The
most widely used version of the MEGAN model is version
2.1 (Guenther et al. 2012), which has been used in numerous studies worldwide (e.g., Chi and Xie 2012; Wentao and
Shanlun 2012; Situ et al. 2013). In China, MEGAN was
applied in various studies, especially for densely populated
and economically developed regions, such as the Yangtze
River Delta (YRD) region (e.g., Liu et al. 2018; Song et al.
2012) and the Pearl River Delta (PRD) region (e.g., Situ
et al. 2013; Wang et al. 2011; Zheng et al. 2010).
An updated version of the MEGAN (MEGANv3) was
developed in 2017 with the aim to better represent emission
responses to environmental stress (Guenther et al. 2017).
A more recent version of MEGAN (MEGANv3.1) was
released in 2019 and the updates for this version are mainly
related to the soil NOx algorithm (Guenther et al. 2019).
Thus, we refer to the latest MEGAN version as MEGANv3.1
throughout this study. Compared with MEGANv2.1, there
are three major updates in MEGANv3.1 (Guenther et al.
2019). Firstly, the canopy environment model was updated
by modification and/or addition of three new procedures to
improve the representation of the canopy process, including leaf energy balance (using leaf temperature instead of
air temperature), canopy gaps (transparency), and emission
capacity varying by canopy depth. Secondly, the MEGAN
Emission Factor Preprocessor (MEGAN-EFP) was introduced in MEGANv3.1 to help provide suitable emission
factor data. The third major update in MEGANv3.1 is to
improve the emission activity response by incorporating the
drought response algorithm, which is not available in the
offline version of MEGANv2.1. In addition to these updates
mentioned above, MEGANv3.1 expands the number of VOC
species from 150 in MEGANv2.1 to 201 and adds several
new emission categories including light hydrocarbons and
oxidation products.
Simulated BVOC emissions are influenced by a range of
environmental factors, among which the impact of drought
is frequently discussed and associated with large uncertainties (Pegoraro et al. 2004). Extended periods of drought
have been shown to reduce emissions of isoprene (Brüggemann and Schnitzler 2002; Funk et al. 2005; Sharkey and

Loreto 1993) and monoterpenes (Niinemets 2010), while
mild drought could lead to an initial increase of isoprene
emissions due to increased leaf temperature, which is caused
by reducing water loss through transpiration (Sharkey and
Loreto 1993; Pegoraro et al. 2004; Beckett et al. 2012).
Grote et al. (2009) developed a modeling approach and estimated the effects of drought on photosynthesis and emissions. Pegoraro et al. (2004) revealed that drought stress
was a useful parameter in isoprene emission models to illustrate the effect of leaf water potential on isoprene emission
strength. Therefore, the uncertainties of simulated BVOC
emissions can be greatly reduced by taking the drought
response into account if there are large droughts occurring
in the modeling domain.
As one of the most urbanized and populated areas in
China, the YRD region has suffered high ground-level ozone
concentrations in recent years (Lee et al. 2014; Tao et al.
2003). Ozone pollution days over the YRD region increased
by 170% from 2014 to 2017 (Liu et al. 2020). As PM2.5
(particulate matter with an aerodynamic diameter less than
2.5 μm) concentrations have been steadily decreasing in the
YRD region (Li et al. 2019), ozone is becoming an increasingly important air pollutant. With the emphasis on sustainable development, the vegetation coverage of the YRD region
increased slowly from 2009 to 2013, and became stable in
recent years (Zhou et al. 2012). Due to the dense vegetation
coverage in the YRD region, contribution of BVOC emissions to ozone concentrations could be substantial (Liu et al.
2018). However, substantial efforts are needed to improve
the accuracy of BVOC emission estimates and further to
better understand the impact of BVOCs on ozone pollution
in the YRD region.
In this work, the sensitivities of BVOC emission to different drought stress configurations and the choice of quality
of the emission factor were investigated utilizing the latest
version of MEGAN for the YRD region. The impacts of
BVOC emissions on ozone formation with different emission
scenarios were quantified using an integrated meteorology
and air quality model system. Our results could provide useful information regarding the future control policy related
to ozone mitigation.

Methodology
Modeling system
The modeling systems used in this study include MEGANv3.1, the Weather Research Forecasting (WRF) model,
and the Comprehensive Air Quality model with Extensions
(CAMx), which were used to simulate the BVOC emissions, meteorological fields, and air quality, respectively.
For estimating the annual biogenic emissions over the YRD
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region, WRF and MEGAN simulations were conducted for
January, April, July, and October in 2016. The sensitivities of BVOC emissions to different model parameters are
based on simulations for July 2016 only. Figure 1 shows the
modeling domain used in this study: the outermost domain
(D01), with a horizontal grid spacing of 36 km, covers most
areas of China; the middle domain (D02), with a horizontal
grid spacing of 12 km, covers the eastern part of China;
the innermost domain (D03) with a horizontal grid spacing of 4 km, includes the YRD region which is composed
of Jiangsu, Zhejiang, Anhui, and Shanghai. Input data to
drive MEGANv3.1 include meteorology (e.g., temperature,
solar radiation, relative humidity, soil moisture), leaf area
index (LAI), and three types of land cover data (i.e., ecotype,
growth form, and relative vegetation composition for each
ecotype/growth form). Meteorological data are obtained
from the WRF simulation results. LAI data were obtained
from the GLASS LAI product (MOD15A2 2017) provided
by Global Land Cover Facility with a spatial resolution
of 0.05° and a temporal resolution of 8 days. Default land
cover data provided by MEGANv3.1 was utilized. Details
regarding the configurations of the integrated WRF/CAMx
modeling system could be found in our previous study (Li
et al. 2020).

Drought response of BVOC emissions
MEGAN estimates biogenic VOC emission rates as the
product of an emission factor and an emission activity factor (Guenther et al. 2012):

Emission = ε ∙ γ ∙ ρ

(1)

where ε (mg·m−2 h−1) is an emission factor that reflects
emission rate at standard conditions; ρ represents the production and consumption within the canopy and is usually
set as 1. The emission activity factor (γ) accounts for emission responses to changes in environmental and phenological
conditions and it is calculated as:

𝛾i = CCE ∙ LAI ∙ 𝛾P,i 𝛾T,i 𝛾A,i 𝛾SM,i 𝛾C, i

(2)

where the activity factor for each compound class (i) represents emission response to light (γP), temperature (γT),
leaf age (γA), soil moisture (γSM), LAI, and CO2 inhibition
(γC). The canopy environment coefficient ( CCE) is assigned
a value that results in γ = 1 for the standard conditions and
is dependent on the canopy environment model being used
(Guenther et al. 2012). In many applications of MEGANv2.1, the soil moisture and CO2 inhibition activity factor
were ignored (Guenther et al. 2012; Sindelarova et al. 2014).
The drought response of BVOC emissions was simulated
by Eq. (3), which involves the soil moisture (θ, m3·m−3) and
the wilting point (θw, m3·m−3, the threshold of soil moisture
where plants are unable to further extract any water from the
soil). Δθ1 is an empirical parameter which is equal to 0.04
m3·m−3 and θ1 is equal to θw + Δθ1.

⎧
γSM = 1 (θ > θ1 )
⎪
γ
=
(θ
− θw ) ∕Δθ1 (θw < θ < θ1 )
⎨ SM
⎪
γSM = 0 (θ < θw )
⎩

(3)

Fig. 1  Simulation domains in this study
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In this study, two sets of wilting point data were used:
the default values provided by MEGANv3.1 (θw1) and the
other obtained from the study of Chen and Dudhia (2001)
(θw2) (Table 1). The default wilting point values are on
average 2.5 times higher than θw2, indicating that more
soil moisture is needed to sustain plant growth under the
default setting.

Scenario setup
Four scenarios were designed to analyze the impact
of model parameters on simulated BVOC emissions
(Table 2). In MEGANv3.1, five levels of emission factor quality (J) are available with J = 4 corresponding to
the highest quality and J = 0 to the lowest quality. In
this study, only the highest (J = 4) and lowest quality
(J = 0) were used. Sce.1 was regarded as the base case
scenario where we used the highest quality for emission factor (J = 4) and turned on the drought stress algorithm with the default wilting point values provided by
MEGANv3.1. The other three scenarios were conducted
to evaluate the simulated emission response to different choices of emission factor quality (Sce.1 vs. Sce.2)
and to drought parameterizations (Sce.1 vs. Sce.3 vs.
Sce.4). Note that these four scenarios were conducted for
July only given that BVOC emissions are highest during
summer.
In order to evaluate the impact of BVOCs on ozone
formation, four simulations were conducted for July

Table 1  Two sets of values for wilting point used in MEGANv3.1
simulation in this study
Soil type

θw1 (m3·m−3)

θw2 (m3·m−3)

Relative differences (%)

Sand
Loamy sand
Silt loam
Silt
Loam
Sandy clay loam
Silty clay loam
Clay loam
Sandy clay
Silty clay
Clay
Organic material
Water
Bedrock
Other (land-ice)

0.068
0.075
0.144
0.179
0.155
0.175
0.218
0.250
0.219
0.283
0.286
0.286
0.286
0.286
0.286

0.010
0.028
0.047
0.084
0.084
0.066
0.067
0.120
0.103
0.100
0.126
0.138
0.060
0.094
0.028

85.3
62.7
67.4
53.1
45.8
62.3
69.3
52.0
53.0
64.7
55.9
51.8
79.0
67.1
90.2

Table 2  Configurations of model parameters for scenarios
Scenario no.

Quality options
of emission
factor

Drought stress Wilting point

Sce.1 (base case)
Sce.2
Sce.3
Sce.4

J=4
J=0
J=4
J=4

Yes
Yes
No
Yes

Default (θw1)
Default (θw1)
Chen and
Dudhia
(2001) (θw2)

2016 based on WRF/CAMx with all configurations identical except for the BVOC emissions. For the first three
simulations, the estimated BVOC emissions from Sce.1,
Sce.4, and Sce.3 in Table 2 were used, corresponding to
 nostress, respectively. A fourth simulation
SSM1, SSM2, and S
(SnoMEGAN) was conducted where BVOC emissions were
excluded. By comparing the results of these simulations,
the impacts of BVOC emissions on the ozone concentration
under different emission scenarios could be quantified over
the YRD region.

Results and discussion
Biogenic emissions estimated by MEGANv3.1
The spatial distributions of total BVOC, isoprene, and
terpene emissions estimated in the base case scenario
(Sce.1) over the YRD region are shown in Fig. 2. Similar to the results of Liu et al. (2018), BVOC emissions
are mainly distributed in the southern part of Anhui
province and the northern part of Zhejiang province.
This spatial pattern follows the distribution of trees
(Fig. S1) since trees have relatively higher emission
factors than other vegetation. BVOC emissions showed
strong seasonal variations with the highest emissions
in summer (July, 78.9%) due to high temperature/solar
radiation and abundant leaf mass, and lowest in winter
(January, 0.9%). In addition, it also exhibited significant diurnal variations (Fig. S2), of which emission rate
peaked at 11:00 local time and negligible emissions
during night.
The estimated emissions and composition of BVOC
species for July 2016 over the YRD region are shown
in Fig. S3 and Fig. S4. Annual total emissions (calculated as sum of 4 months multiplied by 3 in Sce.1) of
isoprene (ISOP), monoterpenes (TERP), sesquiterpene
(SQT), and other BVOCs were estimated to be 2.8 × 10 5
(41.6% of total BVOCs), 1.1 × 10 5 (16.7%), 0.24 × 10 5
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Fig. 2  Spatial distribution of total (a) BVOC, (b) isoprene, and (c) terpene emissions over the YRD region of Sce.1 in 2016

(3.5%), and 2.6 × 10 5 (38.2%) tons, respectively.
Among other BVOCs, methanol is the most abundant
species (accounting for 27.7% of other BVOCs), followed by acetone, propene, ethane, ethane, acetaldehyde, and ethanol, together accounting for 48.2% of
other BVOCs. Spatial distributions of ISOP and TERP
emissions are mainly distributed in the southern part
of Anhui and the northern part of Zhejiang, while SQT
and OTHER emissions are relatively uniform across
YRD (Fig. S5). The main sources of BVOC emissions
in Zhejiang and Anhui provinces are trees, which
are major emitters to both isoprene and monoterpenes. Shrubs are the main source of BVOC emissions
in Shanghai (accounting for 56%), followed by crops
(21%) and herbs (17%). BVOC emissions in Jiangsu are
mainly from crops and shrubs, each contributing 47%
and 29%, respectively.
The annual total BVOC emissions simulated in the
base case scenario was 6.8 × 10 5 tons for year 2016.
Compared with existing studies (Table 3), the emission
rate of BVOCs in YRD in this study is 1.9 t/(km 2 a),
which is much lower than the simulated results reported

by Song et al. (2012, lower by 38%) and Liu et al. (2018,
lower by 64%). The substantial differences seen between
this study and previous studies are partly due to different years being modeled. However, the major cause for
these differences is related to the drought stress algorithm
implemented in MEGANv3.1, which will be discussed in
the following.

Sensitivities of biogenic emissions to different
model configurations
J0 vs. J4
Emission factor (EF) is a critical parameter in estimating
BVOC emissions and is associated with large uncertainties.
The newly added emission factor processor (MEGAN-EFP)
enables the user to add/omit emission factors based on experience. In order to look at the uncertainties associated with
different quality of the EF data, a second simulation was
conducted (Sce.2) by only changing the J values (J = 0) while
keeping other settings unchanged. In this case, only isoprene
and monoterpene emissions are affected. Figure 3 shows

Table 3  Comparison of simulated BVOC emissions in YRD and PRD
Region

BVOC emissions
(× 104 t)

Simulated year

Area (km2)

BVOC emission rate
(t/km2·a)

Reference

YRD
YRD
YRD
YRD
PRD
PRD
PRD

68
162
188.6
110
19.6
33.9
30

2016
2016
2014
2010
1998
2006
2006

3.6 × 105
3.6 × 105
3.6 × 105
3.6 × 105
5.8 × 104
5.3 × 104
4.7 × 104

1.9
4.5
5.2
3.1
3.4
6.4
6.3

Sce.1 in this study (default drought stress)
Sce.3 in this study (without stress)
Liu et al. (2018)
Song et al. (2012)
Yang et al. (2001)
Wang et al. (2011)
Zheng et al. (2010)
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Fig. 3  Spatial distribution of emission differences of total BVOCs, isoprene, and monoterpenes between different scenarios over the YRD region
in July 2016

the spatial differences of isoprene and monoterpene emissions between the two scenarios. Using lower quality EF
data (J = 0) tends to result in slightly higher EF values, and
therefore slightly higher BVOC emissions by 4.4%. BVOC
emissions of Zhejiang province in Sce.2 increased by 6%
while emissions in Shanghai increased by less than 0.5%.
Spatial distributions of isoprene and monoterpene emissions
stay the same as changing J values only changes the magnitudes of emissions.

Drought responses of BVOC emissions
In order to investigate model sensitivities to different
drought parameterizations, two more scenarios were
conducted: Sce.3 where the drought-induced stress
option was turned off and Sce.4 where a different set of
wilting point data for drought impact parameterization
was used.
Spatial distributions of BVOC emissions estimated in
Sce.3 and Sce.4 are consistent with the spatial distribution
of Sce.1, where high isoprene emissions are displayed over
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Zhejiang province and the southern part of Anhui province
and monoterpene emissions with same distribution characteristics. However, in terms of emission magnitudes, using
different drought parameterizations could lead to significant differences in estimated biogenic emissions (Fig. 3).
When the drought stress was ignored (Sce.3), total BVOC
emissions were increased by 137% compared to the base
case scenario, where the MEGANv3.1 default wilting
point was used. The substantial increase in BVOC emissions is mainly associated with increase in isoprene and
monoterpene emissions, which increased by 147% and
117%, respectively. Shanghai shows the biggest increase
of BVOC emissions by 173%, followed by Anhui province (152%). If drought stress is not considered, the annual
BVOCs is estimated to be 4.5 t/(km2 a), which is comparable to numbers reported by previous results (Table 3).
The parameterization of drought stress is very sensitive
to the choice of the wilting point values. Estimated total
BVOC emissions when using an alternative set of wilting
point values (Sce.4) were 54% higher than those of Sce.1.
Isoprene and monoterpene emissions were 54% and 50%
higher in Sce.4, respectively.
Our modeling results indicate that the soil algorithm
implemented in MEGANv3.1 could lead to substantial
suppression of BVOC emissions and this algorithm is
extremely sensitive to the choice of the wilting point values. Potosnak et al. (2014) used the witling point values
(0.08) from Chen and Dudhia (2001) at the MOFLUX
site and reported no effect of drought stress on the
simulated isoprene emissions in 2011 and 2012 simply
because this wilting point is too low. Seco et al. (2015)
used a wilting point value of 0.23, which is a more representative value for the soil type at the same site, and
found that the wilting point value can explain most of the
effects of drought on isoprene emissions. Müller et al.
(2007) found that when using the ECMWF (European
Centre for Medium-Range Weather Forecasts) global
weather model, it was necessary to use the ECMWF wilting point dataset. Previous studies (Liu et al. 2018; Song
et al. 2012; Wang et al. 2011; Zheng et al. 2010) based on
MEGANv2.1 simply ignore the drought stress, and the
accuracy and representativeness of the wilting point data
have not been much studied, especially in China. Jiang
et al. (2018) developed a mechanistic representation of
drought impacts on isoprene emissions with the focus of
algorithm development that considers both photosynthesis and water stress simultaneously, and the accuracy of
the wilting point was not addressed. Therefore, in order
to better represent drought stress on predicted BVOC
emissions, further studies on local wilting point values
are needed.

Impacts of BVOC emissions on ozone
We further conducted a series of air quality simulations
with different BVOC emissions for July 2016 to investigate the impact of BVOC emissions on ozone formation.
Evaluation of the model performances is discussed in the
supplemental information. Basically, values of the index
of agreement (IOA) at the five selected stations ranged
from 0.8 to 0.9. The model tends to overpredict ozone
concentrations with a normalized mean bias (NMB) by
− 3.0~34.0%.
Monthly average spatial distributions of simulated
ozone concentration in the base scenario (SSM1) are shown
in Fig. 4 for (a) daily maximum hourly concentration and
(b) daily average of maximum 8 hourly concentrations,
respectively. In this case, BVOC emissions are estimated
with the default MEGAN wilting point values. Spatially,
simulated ozone concentrations exhibit a decreasing
trend from north to south, which is different from the
spatial distribution of BVOC emissions. Relatively high
ozone concentrations mainly concentrated in the coastal
areas of Jiangsu province and bordering regions of southern Jiangsu, northern Zhejiang, and western Shanghai.
Sparse locations of high ozone concentration were also
observed, likely due to large precursor emissions from
point sources.
F i g u r e 5 s h owe d t h e BVO C c o n t r i b u t i o n
(SSM1–SnoMEGAN) to ozone formation in the YRD region
for July 2016. The biggest simulated ozone contribution
from BVOCs was noticed in northern Zhejiang, especially
in Hangzhou and its surrounding areas, with maximum
ozone contribution over 26 μg/m 3 for the max 8-h average concentration. Domain-averaged ozone contribution
from BVOC emissions was estimated to be 5.6 μg/m3 and
5.0 μg/m3 for daily maximum hourly concentration and
max 8-h average concentration, respectively. As illustrated in Fig. 6, different drought configurations associated with the estimation of BVOC emissions could have
substantial impacts on simulated ozone concentrations.
When using the alternative set of wilting point values
instead of the default values, domain-wide BVOC emissions increased by 53.9% and the contribution to the daily
maximum 8-h ozone concentration increased by 52.5%,
with maximum absolute increase in ozone contribution
exceeding 13.2 μg/m 3. If no drought stress is included,
BVOC contribution to ozone concentration would
increase by 116.2% on average.
We further looked at the simulated ozone concentrations for five cities: Shanghai, Nanjing, Taizhou, Hangzhou, and Hefei (see locations in Fig. 1). In the base
case simulation (SSM1), the contributions of BVOC emissions to monthly averaged ozone concentration range
6.4~16.3% (Fig. 7). When an alternative set of wilting
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Fig. 4  Average spatial distribution of ozone concentration in base scenario for (a) daily max hourly concentration and (b) daily average of max 8
hourly concentrations in July 2016

point values is used, BVOC contributions to monthly
averaged ozone range 9.6~21.0%. If no drought stress is
considered ( S nostress), BVOC contribution to ozone formation is highest, ranging 13.3~25.8%. Among the five
cities, BVOC emissions in Hangzhou exhibit the highest
contributions.

The impact of BVOCs during an ozone episode
Based on the simulation results of the base scenario,
high concentrations of ozone were found in the YRD
region during the period from July 25 to July 30, 2016.
During this period, observed daily maximum 8-h ozone
concentration ranges from 69.3 μg/m3 in Anqing on July
27 to 259.8 μg/m3 in Taizhou (Jiangzu province) on July
25. Spatial distribution of observed daily maximum 8-h
ozone concentrations are illustrated in Fig. S6. On July

Fig. 5  Average spatial distribution of ozone concentration contributed from BVOC emissions for (a) maximum hourly concentration and (b) avg
maximum 8 hourly concentrations in July 2016, respectively
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Fig. 6  Spatial distribution averaged ozone differences for July 2016.
Top panels show the difference between S
 SM1 and SSM2 for (a) maximum hourly concentration and (b) maximum 8 hourly average con-

centration; bottom panels show the difference between 
SSM1 and
Snostress for (c) maximum hourly concentration and (d) maximum 8
hourly average concentration

29, 19 out of 41 cities in the YRD region exceed the
national standard for ambient ozone (i.e., 160 μg/m 3 )
and these cities are mainly located in southern Jiangsu
and northern Zhejiang province. Figure S7 showed the
daily average of simulated maximum 8-h ozone concentration during this time period. Similar to the monthly
averages, the high ozone mainly concentrated in the
central and coastal areas of the YRD region, including northern Zhejiang, southern Jiangsu, Shanghai, and
a small part of eastern Anhui. Domain-averaged 8-h
ozone concentration exceeded 165 μg/m 3 . During this
time period, the YRD region experienced continuous

high temperatures with daily averaged temperature
exceeding 30 ℃, resulting in the increase of BVOC
emissions as well as faster photochemical reactions.
Among the five selected cities, the contribution
of ozone from BVOCs in Taizhou, which is a city in
northern Jiangsu, was relatively low (< 10%; Fig. 8). On
the 25th and 30th, ozone concentrations resulting from
BVOC emissions in Shanghai were particularly low,
which could be related to the transport of the ocean air
mass. The contribution of ozone from BVOCs exceeded
10% in Nanjing for 2 days. The contributions of BVOCs
to ozone concentration in Hangzhou were always high
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Fig. 7  Variation of BVOC
contribution percentages to the
average ozone concentration in
some cities in the YRD region
in July 2016

(8.9~34.7%). On July 27, the contribution of BVOC
emissions in Hangzhou reached a maximum of 34.7%.
The high contribution of BVOCs to ozone concentration simulated in Hangzhou during the selected period is
mainly caused by the fact that BVOC emissions in Hangzhou are the highest among these cities. For instance, in
July, the total BVOC emissions in Hangzhou is estimated
to be 10,894 tons, which is 43.3%, 113.3%, 59.3%, and
100.9% higher than those of Shanghai, Hefei, Nanjing,
and Taizhou, respectively.

Conclusions
In this study, the latest version of MEGAN was applied to
estimate BVOC emissions during 2016 over the YRD region.
The sensitivities of BVOC emissions to different drought
stress configurations and quality of the emission factor were
discussed. With the default drought stress configuration and
highest quality of emission factor, the annual BVOC emissions over the YRD region was estimated to be 6.8 × 105
tons. Changing the quality level of emission factor led to
negligible differences in estimated biogenic emissions (relative differences < 5%). On the contrary, the drought stress

Fig. 8  The contribution percentages of BVOCs to ozone
concentrations in cities during
the ozone episode from July 25
to July 30, 2016
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algorithm exhibited great impacts on simulated BVOC emissions. Turning off the drought stress algorithm led to 137%
higher biogenic emissions compared to the default drought
stress parameterization. Using an alternative set of wiling
point values (on average 64% smaller than default values)
leads to 57% higher biogenic emissions. These results indicate that the drought stress algorithm could lead to substantial suppression of BVOC emissions and this algorithm was
sensitive to the choice of the wilting point values.
BVOC contribution to ozone formation in the YRD
region and the impact from different BVOC emission scenarios were further quantified for July 2016. BVOC contribution to ozone concentration without drought stress effect
was 104% higher than that in the base scenario averaged
at five selected cities. When BVOC emissions estimated
with an alternative set of wilting points were used, ozone
contributions from biogenic emissions were 47.9% higher
than the base case. Based on the simulation results, the
highest ozone contributions from biogenic emissions were
found in northern Zhejiang, especially in Hangzhou and
its surrounding areas.
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