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Abstract: Regional air quality simulations provide powerful tools for clarifying mechanisms of heavy
air pollution and for considering effective strategies for better air quality. This study introduces a
new vegetation database for Japan, which could provide inputs for regional meteorological modeling,
and estimating emissions of biogenic volatile organic compounds (BVOCs), both of which are
essential components of simulations. It includes newly developed emission factors (EFs) of BVOCs
for major vegetation types in Japan, based on existing literature. The new database contributes
to improved modeling of meteorological fields due to its updated representation of larger urban
areas. Using the new vegetation and EF database, lower isoprene and monoterpene, and higher
sesquiterpene emissions are estimated for Japan than those derived from previously available default
datasets. These slightly reduce the overestimation of ozone concentrations obtained by a regional
chemical transport model, whereas their effects on underestimated secondary organic aerosol (SOA)
concentrations are marginal. Further work is necessary, not only on BVOC emissions but also the
other simulation components, to further improve the modeling of ozone and SOA concentrations
in Japan.

Keywords: biogenic volatile organic compounds; regional air quality simulation; land use; vegetation;
emission inventory

1. Introduction

Biogenic volatile organic compounds (BVOCs) emitted from vegetation have critical roles in
photochemical reactions, producing harmful ambient pollutants including ozone and secondary
organic aerosols (SOA) (e.g., [1]). However, there is limited understanding of the types and amounts of
BVOCs emitted from vegetation. The Japanese Government has recognized that establishing a reliable
BVOC emission inventory is vital for developing effective strategies to suppress ambient ozone and
PM2.5 concentrations, which still exceed Environmental Quality Standards (EQSs) in Japan [2].

The Model of Emissions of Gases and Aerosols from Nature (MEGAN) [3–5] has been used to
estimate BVOC emissions worldwide. Default input database is available to estimate emissions for any
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region. However, this database does not necessarily reflect the detailed characteristics of vegetation in
each country. Kim et al. [6] created a database of plant functional types (PFTs) based on Korea-specific
vegetation database. They found noticeable disparities in simulated ozone concentrations when
estimating BVOC emissions using their database versus the default database. Kota et al. [7] showed
that the default database over-predicted biogenic isoprene in northern downtown Houston, which
resulted in higher SOA concentrations being predicted by their simulations. Sakulyanontvittaya
et al. [8] created a new database of land use and land cover (LULC) and PFTs based on satellite data for
central Alberta, Canada, which outperformed the default database when estimating BVOC emissions.
These studies suggest that the use of default database does not always provide the best estimate
of BVOC emissions; consequently, it may be necessary to develop a localized database that more
accurately represent vegetation in target areas. In addition, Schurgers et al. [9] and Wang et al. [10]
indicated the importance of individually representing BVOC emissions from dominant tree species,
instead of aggregating them into PFTs.

Chatani et al. [11] accordingly developed a gridded database of emission factors (EFs) and
vegetation to estimate BVOC emissions throughout Japan, using MEGAN version 2.04 [3,5]. Dominant
tree species in Japan were individually represented. They found that using this database to estimate
BVOC emissions led to significant differences in concentrations of ozone and SOA in air quality
simulations. However, their targets were limited to isoprene, monoterpenes, and sesquiterpenes
emitted from trees, and they did not include other VOCs and vegetation types, which needed to be
treated separately. The EFs were derived from limited measurements, whereas more data have since
become available. Therefore, the present study updates the existing EF and vegetation database by
utilizing the latest literatures and datasets available for Japan, to seamlessly estimate all forms of
biogenic VOC emissions from all types of vegetation in Japan, with a newer version 2.1 of MEGAN [4].

BVOC emissions are used as one of the emission inputs to air quality simulations. A typical air
quality simulation framework includes a regional meteorological model to simulate meteorological
fields, and this model requires land use information. Therefore, updating the vegetation database
may influence not only BVOC emissions, but also the meteorological fields simulated by a regional
meteorological model if utilized as a land use input. In the case of the Weather Research and Forecasting
(WRF) model, the default land use database of United States Geological Survey (USGS) was prepared.
However, Schicker et al. [12] obtained more realistic meteorological fields in Austrian regions when
using a land use database generated in the Coordination of Information on the Environment (CORINE)
program. Cheng et al. [13] also showed better agreement with observed wind speed in Taiwan in their
simulations when using a land use database based on Système Probatoire d’Observation de la Terre
(SPOT) satellite imagery. They indicated that more accurate meteorological fields could be obtained by
regional meteorological models using more realistic land use database. The present study investigates
the effects of employing an updated vegetation and EF database for simulated meteorological fields,
estimated BVOC emissions, and simulated ambient ozone and SOA concentrations in Japan.

Details of the air quality simulations and the updated database are described in Section 2.
The influences of the updated database on meteorological fields, BVOC emissions, and ambient
concentrations of ozone and SOA are described in Section 3. Implications and remaining challenges
are discussed in Section 4. The study findings are summarized in Section 5.

2. Methodology

2.1. Air Quality Simulation Framework

This study applied the regional air quality simulation framework, following Japan’s Study for
Reference Air Quality Modeling (J-STREAM) [14]. Only the components relevant to this study are
described in this section, while other details were introduced by Chatani et al. [14].

Meteorological fields were simulated by the Weather Research and Forecasting (WRF)—Advanced
Research WRF (ARW) version 3.7.1 [15]. USGS land use data, which have 24 classifications, were used
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as an input to the base simulation. Ambient pollutant concentrations were simulated by the
Community Multiscale Air Quality (CMAQ) modeling system version 5.1 [16] using the SAPRC07
chemical mechanism [17] and aero6 aerosol module. While isoprene and α-pinene are treated
separately, other monoterpenes and sesquiterpenes are lumped into surrogate groups: TERP and SESQ,
respectively. As for SESQ, reactions with OH, O3, and NO3 are included. Semi-volatile compounds
are produced in these reactions. Their partitioning to the aerosol phase is represented by Carlton
et al. [18], and the parameters used for sesquiterpenes are based on Griffin et al. [19]. BVOC emissions
estimated by MEGAN version 2.1 [4], using the default database in the base simulation, were utilized.
The default gridded database contains EFs only for isoprene, α-pinene, β-pinene, 3-carene, limonene,
2-methyl-3-buten-2-ol (232-MBO), myrcene, t-β-ocimene, and sabinene. Emissions of other VOCs were
estimated from the gridded database of PFTs and the default EFs specified for each PFT [4]. Because
the default gridded database contains PFTs only for North America, the land use input to WRF was
utilized after allocating the 24 USGS land use classifications to the 16 PFTs used in MEGAN version
2.1. The targets consist of four nested domains named as d01, d02, d03, and d04 that cover most of
East, South, and Southeast Asia (d01), most of Japan (d02), the city cluster in western Japan (d03),
and the Tokyo metropolitan area (d04). The mesh sizes of d01, d02, d03, and d04 are 45 × 45 km,
15 × 15 km, 5 × 5 km, and 5 × 5 km, respectively. This paper mainly discusses the results for d04;
and as a supplement, those of d03, to show a situation at a similar scale to d04, and in d02 to show
background influences on d03 and d04. These domains are shown in Figure 1.
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2.2. Vegetation Database

A new vegetation database for Japan was created from geographic information system (GIS) data
based on the 6th and 7th Vegetation Surveys released by the Biodiversity Center of Japan, Ministry
of Environment. Most of Japan is covered by 1:25,000 vegetation maps, and remaining regions are
supplemented by 1:50,000 equivalents. These consist of polygons representing 58 vegetation groups,
each with several subgroups. The attributes of the corresponding 24 USGS land use classifications and
16 PFTs were added to all the polygons based on vegetation definitions for each group and subgroup.
Input datasets of land use classifications to WRF and PFTs to MEGAN were prepared by discretizing
the polygons into the meshes in the target domains using GIS software.

2.3. EF Database

In addition to the default EFs specified for 16 PFTs in MEGAN version 2.1 [4], individual EFs
were derived for major vegetation types in Japan by averaging the values reported in the existing
literature. These comprised EFs of isoprene emitted from Quercus serrata [20–22], Quercus dentata [22],
Quercus crispula [20,22,23], Fagus crenata [20], Quercus acutissima [20,22], Quercus glauca [20,22],
Quercus myrsinifolia [20,22], Quercus variabilis [22], Quercus acuta [22], Quercus salicina [22], and
Quercus sessilifolia [22]; monoterpenes emitted from Cryptomeria japonica [20,24–28], Chamaecyparis
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obtusa [20,27,29,30], and Pinus densiflora [20,31]; and sesquiterpenes emitted from Cryptomeria
japonica [24–27] and Pinus densiflora [32], as shown in Figure 2. Also shown are the EFs of isoprene
emitted from broadleaf deciduous or evergreen temperate trees, and those of monoterpenes and
sesquiterpenes emitted from needleleaf evergreen temperate trees, specified in the default database [4].
Their average values and standard deviations are shown in Table S1 in the Supplementary Materials.
They indicate uncertainties in EFs are still high even if all the available data are gathered.
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Figure 2. Default and newly developed EFs of isoprene, monoterpenes, and sesquiterpenes for major
vegetation types.

All the isoprene EFs, which were individually specified for each type of broadleaf deciduous or
evergreen temperate tree shown in Figure 2, are lower than those specified in the default database.
Specifically, isoprene emitted from some trees is zero or almost negligible. Guenther et al. [4] mentioned
the importance of distinguishing emitters and non-emitters of isoprene, which was realized in the
new database. The monoterpene EFs for the temperate evergreen needleleaf tree species Cryptomeria
japonica, Chamaecyparis obtuse, and Pinus densiflora are also much lower than the default EFs, except
for sabinene. On the other hand, the EFs of α-Farnesene and other sesquiterpenes for Cryptomeria
japonica are much higher than the default EFs. The EFs defined in the default database were used for
the remaining VOCs and vegetation types.

It should be noted that Chatani et al. [11] specified monthly EFs because large variations existed
in the EFs measured in different seasons even after they were corrected to the standard condition at
which photosynthetic photon flux density (PPFD) and temperature are 1000 µmol m−2 s−1 and 30 ◦C,
respectively. There are studies investigating factors causing seasonal variations of BVOC emissions in
addition to solar radiation and temperature. For example, Wei et al. [33] indicated that leaf phenology
is a crucial variable causing seasonal variations. However, to date, it is difficult to attribute one of
factors to the measured large variations due to lack of detailed information. Therefore, this study
treated the variations as uncertainties in each measurement, and all the measured values corrected to
the standard condition were simply averaged to obtain annual mean EFs. Seasonal variations in BVOC
emissions are represented by various default correction factors embedded in MEGAN version 2.1.
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2.4. Observation Data for Validation

Meteorological data from two monitoring networks were used to evaluate model performance on
meteorological fields. One dataset was obtained from the Weather Office network. Hourly temperature,
relative humidity, and wind speed were compared with simulated values. The network has 31 and 28
offices located within d03 and d04 respectively. The second dataset was obtained by the Automated
Meteorological Data Acquisition System (AMeDAS). Hourly temperature and wind speed were
compared with simulated values, with 261 and 185 stations located within d03 and d04 respectively.

Ambient ozone concentrations observed at the 341 and 333 ambient air pollution monitoring
stations (APMSs), located in d03 and d04 respectively, were used to evaluate model performance on
ozone concentrations. Eight-hour maximum concentrations (MDA8O3) calculated from observed
hourly concentrations for each station and each day were compared with corresponding simulated
values. Organic carbon (OC) concentrations observed during the monitoring campaign for PM2.5

components conducted from 24 July to 6 August 2013 were used to evaluate model performance
on concentrations of OC, including SOA formed from BVOC emissions. Daily OC concentrations
observed at 33 and 25 stations located in d03 and d04 respectively were compared with corresponding
simulated values.

Mean bias (MB), root mean squared error (RMSE), and correlation coefficient (R) were calculated
from observed and simulated values for statistical evaluation of the model performance. MB and
RMSE were calculated by Equations (1) and (2) respectively.

MB =
1
N

N

∑
i=1

(Mi − Oi) (1)

RSME =

√√√√ 1
N

N

∑
i=1

(Mi − Oi)
2 (2)

Here, N is the number of data, Mi is i-th simulated value, and Oi is i-th observed value.

2.5. Sensitivity Simulation Cases

Sensitivity simulation cases were conducted to evaluate the influences of the new database on
meteorological fields, biogenic VOC emissions, and ozone and SOA concentrations. Two simulation
cases shown in Table 1 were conducted to evaluate the influences on meteorological fields. The cases
named as BASE and NEW-LU used the default USGS versus the new vegetation database as land use
inputs. Differences in the simulated meteorological fields between them correspond to the influences of
the new database. Three simulation cases shown in Table 2 were conducted to evaluate the influences
on estimated BVOC emissions and simulated ozone and SOA concentrations. The case named as BASE
used the default database, whereas the cases named as NEW-VEG and NEW-VEGEF used the PFTs
of the new vegetation database. In addition, the NEW-VEGEF case replaced the default EFs, which
were used in the BASE and NEW-VEG cases with the new EFs developed in this study. Differences
in simulated ozone and SOA concentrations among the three cases correspond to the influences of
PFTs and EFs of the new database. All three cases used the same meteorological fields obtained in the
NEW-LU case. Simulations were conducted for days from 12 July to 10 August 2013, but the results for
the first ten days were discarded as a spin-up period, and those from 22 July to 10 August 2013 are
discussed as the target period.

Table 1. Sensitivity simulation cases for meteorological fields and database used in each case.

Case Name Land Use

BASE USGS
NEW-LU This study
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Table 2. Sensitivity simulation cases for BVOC emissions and ambient concentrations and database
used in each case.

Case Name Meteorology PFT EF

BASE NEW-LU Default Default
NEW-VEG NEW-LU This study Default

NEW-VEGEF NEW-LU This study This study

3. Results

3.1. Model Performance on Meteorology

Figure 3 shows the horizontal distributions of mean temperature at 2 m height, relative humidity
at 2 m height, and planetary boundary layer (PBL) height simulated in the BASE and NEW-LU cases
during the target period in d04. Differences between the two cases are also shown. Corresponding
horizontal distributions in d02 and d03 are shown in Figures S1 and S2 respectively. While the
differences between the two cases are relatively small in central Tokyo, higher temperature, higher PBL
height, and lower relative humidity are evident in the surrounding areas and at scattered points in the
NEW-LU case. Their locations correspond to urban areas, as shown in Figure 4. Whereas the land use
input employed in the BASE case limits urban areas to central Tokyo, the fractions of urban areas are
much larger in major surrounding cities in the land use input used in the NEW-LU case. It appears
that higher fractions of urban areas in the NEW-LU case resulted in simulations of higher temperature,
higher PBL height, and lower relative humidity.
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Table 3 shows statistical evaluation of the model performance for temperature at 2 m height,
relative humidity at 2 m height, and wind speed at 10 m height during the target period in d03 and
d04. In the BASE case, the MBs of temperature are negative, while those of relative humidity and wind
speed are positive, indicating that temperatures were underestimated while relative humidity and
wind speed were overestimated. Their magnitudes and RMSEs are smaller in the NEW-LU case. R is
mostly better in the NEW-LU case. It is evident that the new vegetation database used as the land use
input to the NEW-LU case contributed to better model performance on temperature, relative humidity,
and wind speed.

Table 3. Statistical analysis of model performance on temperature at 2 m height, relative humidity at
2 m height, and wind speed at 10 m height during the target period in d03 and d04.

Parameter Domain Network Case MB RMSE R

Temperature (◦C)

d03
Office

BASE −0.93 2.2 0.82
NEW-LU −0.047 2.1 0.81

AMeDAS
BASE −0.96 2.2 0.86

NEW-LU −0.46 2.1 0.85

d04
Office

BASE −0.54 2.9 0.84
NEW-LU 0.40 2.5 0.88

AMeDAS
BASE −0.86 2.4 0.85

NEW-LU −0.39 2.3 0.86

Relative humidity (%)
d03 Office

BASE 2.8 11 0.72
NEW-LU −2.6 11 0.70

d04 Office
BASE 3.4 10 0.70

NEW-LU −1.9 10 0.72

Wind speed (m/s)

d03
Office

BASE 0.50 1.6 0.52
NEW-LU 0.42 1.4 0.55

AMeDAS
BASE 1.2 2.0 0.42

NEW-LU 1.0 1.8 0.45

d04
Office

BASE 0.51 1.6 0.51
NEW-LU 0.43 1.5 0.54

AMeDAS
BASE 0.85 1.7 0.46

NEW-LU 0.73 1.5 0.50

3.2. Estimates of BVOC Emissions

Figure 5 shows horizontal distributions of mean emission rates of isoprene, monoterpenes,
and sesquiterpenes estimated in the BASE, NEW-VEG, and NEW-VEGEF cases during the target
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period in d04. Corresponding horizontal distributions in d02 and d03 are shown in Figures S3 and S4
respectively, in the Supplementary Materials. Estimated emissions are much lower in central Tokyo,
but surrounding areas have higher isoprene emissions in the BASE case. In contrast, areas with lower
isoprene, monoterpene, and sesquiterpene emissions in the NEW-VEG and NEW-VEGEF cases expand
northwestward from central Tokyo into the wider metropolitan Tokyo urban area, as shown in Figure 4.
Higher isoprene emissions are seen in the surrounding mountainous areas. Similar features are seen in
and around Osaka and Nagoya in d03, as shown in Figure S4. Isoprene and monoterpene emissions in
the NEW-VEGEF case are lower than those in the NEW-VEG case throughout the domains, because all
the new isoprene and monoterpene EFs are lower than the default EFs as shown in Figure 2. On the
other hand, sesquiterpene emissions in the NEW-VEGEF case are higher than those in the NEW-VEG
case where Cryptomeria japonica is dominant, as the revised sesquiterpene EFs are higher.
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(c) sesquiterpenes estimated in BASE, NEW-VEG, and NEW-VEGEF cases during the target period
in d04.

Such features are also visible in the total mean emission rates of isoprene, monoterpenes, and
sesquiterpenes estimated in the BASE, NEW-VEG, and NEW-VEGEF cases during the target period
aggregated in d04, as shown in Figure 6. Corresponding results for d02 and d03 are shown in Figures
S5 and S6 respectively, in the Supplementary Materials. The differences observed among the three
cases are consistent throughout all of the domains. The mean emission rates of isoprene, monoterpenes,
and sesquiterpenes estimated in the NEW-VEG case are lower than those in the BASE case, because
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urban areas (containing less vegetation cover) account for a larger proportion of the new vegetation
database used in the NEW-VEG case. This is particularly evident in d04, where the new vegetation
database shows much less vegetation in Tokyo and surrounding areas. The mean emission rates
are reduced further in the NEW-VEGEF case due to the lower EFs, with the exception of sabinene,
α-farnesene, and other sesquiterpenes, to which higher EFs were defined for Cryptomeria japonica.
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Figure 6. Total mean emission rates of (a) isoprene; (b) monoterpenes; and (c) sesquiterpenes estimated
in the BASE, NEW-VEG, and NEW-VEGEF cases during the target period, aggregated in d04.

3.3. Model Performance on Ambient Concentrations

Figure 7 shows horizontal distributions of mean surface MDA8O3 simulated in the BASE and
NEW-VEGEF cases during the target period in d04. Differences between the two cases are also
shown. Corresponding horizontal distributions in d02 and d03 are shown in Figures S7 and S8
respectively, in the Supplementary Materials. Most of Japan shows high concentrations, spreading
from the continent, as shown in d02. Concentrations are lower at the center of urban areas, due to
titration by NOX emissions, but are higher in surrounding downwind areas. The BVOC emissions
estimated in the NEW-VEGEF case resulted in lower surface MDA8O3 concentrations throughout
Japan. The impacts are particularly evident in northern and northwestern downwind regions of the
Tokyo metropolitan area, where much lower BVOC emissions were estimated in the NEW-VEGEF
case, as shown in Figure 5.
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Figure 8 compares time series of observed and simulated daily surface MDA8O3 in the BASE,
NEW-VEG, and NEW-VEGEF cases during the target period in d03 and d04. Each point represents the
values averaged at all the stations located within the domains. Daily variations are similar between
the observed and simulated values, whereas the absolute values of MDA8O3 are overestimated in
both domains. Although the new vegetation and EF database achieves closer agreement between
simulated and observed values, their discrepancies are much larger than those among the individual
BASE, NEW-VEG, and NEW-VEGEF simulations.
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NEW-VEG, and NEW-VEGEF cases during the target period in (a) d03 and (b) d04.

Table 4 shows statistical analysis of the model performance for daily surface MDA8O3 during
the target period in d03 and d04. In the BASE case, surface MDA8O3 values in d03 and d04 were
overestimated by 23 ppb and 20 ppb respectively. MB and RMSE were lower in the NEW-VEG and
NEW-VEGEF cases, whereas R was slightly worse. The new vegetation and EF database resulted
in slightly better model performance for surface MDA8O3, but more work is necessary to further
minimize the deviations between observed and simulated values.

Table 4. Statistical analysis of model performance for daily surface MDA8O3 during the target period
in d03 and d04.

Domain Case MB (ppb) RMSE (ppb) R

d03
BASE 23 28 0.77

NEW-VEG 22 26 0.76
NEW-VEGEF 20 25 0.75

d04
BASE 20 25 0.87

NEW-VEG 17 23 0.86
NEW-VEGEF 15 22 0.86

Figure 9 shows horizontal distributions of mean surface SOA concentrations simulated in the
BASE and NEW-VEGEF cases from 22 July to 10 August 2013 in d04. Differences between the two cases
are also shown. Corresponding horizontal distributions in d02 and d03 are shown in Figures S9 and S10
respectively, in the Supplementary Materials. The horizontal distributions of SOA concentrations in d02
are similar to those of surface ozone; most of Japan is encompassed by high concentrations, spreading
from the continent. The BVOC emissions estimated in the NEW-VEGEF case resulted in higher SOA
concentrations in some north-central parts of Japan. Figure S11 in the Supplementary Materials
separately shows the horizontal distributions of the differences in mean surface SOA concentrations
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originating from isoprene, monoterpenes, and sesquiterpenes simulated in the BASE and NEW-VEGEF
cases from 22 July to 10 August 2013 in d02, d03, and d04. SOA concentrations originating from
sesquiterpenes are higher in most parts of Japan in the NEW-VEGEF cases due to the higher EF
for Cryptomeria japonica. On the other hand, the NEW-VEGEF case has lower isoprene emissions,
and so SOA concentrations originating from isoprene are lower, particularly in southern parts of Japan.
Therefore, only limited areas show increased SOA concentrations in the NEW-VEGEF case.Atmosphere 2018, 9, x FOR PEER REVIEW  11 of 16 
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Figure 9. Horizontal distributions of mean surface SOA concentrations simulated in the BASE and
NEW-VEGEF cases during the target period in d04. Differences between the two cases are also shown.

Figure 10 compares time series of observed and simulated daily surface OC concentrations in the
BASE, NEW-VEG, and NEW-VEGEF cases during the monitoring campaign in d03 and d04. Each point
represents the values averaged at all the stations located within the domains. Although the daily
variations show some similarities between the observed and simulated values, the absolute values
are underestimated in all the cases. Differences among the BASE, NEW-VEG, and NEW-VEGEF cases
are evident only on a limited number of days, and the new vegetation and EF database does not
necessarily contribute to better model performance on OC concentrations.
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Figure 10. Time series comparisons of observed and simulated daily OC concentrations in the BASE,
NEW-VEG, and NEW-VEGEF cases during the monitoring campaign in (a) d03 and (b) d04.

Table 5 shows statistical analysis of the model performance for daily surface OC concentrations
during the monitoring campaign in d03 and d04. In the BASE case, surface OC concentrations in d03
and d04 were underestimated by 1.1 µg/m3 and 1.2 µg/m3, respectively. Differences among the BASE,
NEW-VEG, and NEW-VEGEF cases are marginal. The new vegetation and EF database did not result
in statistically better model performance on OC concentrations.
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Table 5. Statistical analysis of model performance for daily surface OC concentrations during the
monitoring campaign in d03 and d04.

Domain Case MB (µg/m3) RMSE (µg/m3) R

d03
BASE −1.1 1.8 0.41

NEW-VEG −1.1 1.8 0.41
NEW-VEGEF −1.2 1.9 0.38

d04
BASE −1.2 1.4 0.27

NEW-VEG −1.2 1.5 0.29
NEW-VEGEF −1.2 1.5 0.29

4. Discussion

A better model performance on meteorological fields obtained in the NEW-LU case indicates
the importance of more realistic land use inputs in regional meteorological simulations. In particular,
the representation of urban areas could greatly affect simulated temperature, relative humidity, and PBL
height. In the case of Austria, Schicker et al. [12] found many more urban grid cells in their updated
land-use database compared with the default USGS data, resulting in higher and better-simulated
temperature when using their updated input. Cheng et al. [13] also indicated that most regions of
Taiwan were not classified as urban areas in the USGS data, contrary to the actual situation, thereby
under-predicting temperature in urban areas. The present findings are consistent with these examples.
In most regions, it appears that urban areas tend to be underrepresented in the USGS dataset compared
with the currently observed situation. On the other hand, WRF users easily rely on USGS because it
was provided as a default land use input until its recent version 3.7.1. In order to achieve better model
performance for meteorological fields in regional simulations, it is necessary to check whether land
use inputs accurately represent urban areas.

Most previous air quality simulation studies (e.g., [34,35]) overestimated ozone concentrations
over Japan. One possible explanation is that BVOC emissions were estimated using less accurate
representations of vegetation types and their BVOC EFs. It is critical to ensure more accurate
representation of BVOC emissions within air quality simulations, as this could alter regimes of
ambient ozone formation and the relative importance of controls on anthropogenic NOX and VOC
emissions [36,37]. However, better representation of BVOC emissions in Japan is not a single solution
for eliminating overestimation of its ambient ozone concentrations, as these are greatly influenced by
ozone transport from the continent, particularly during summer 2013 [38]. Therefore, it is necessary to
find other ways to reduce simulated ambient ozone concentrations at the larger regional scale.

The contributions of the new vegetation and EF database to better model performance on SOA
concentrations were seen only in limited areas. In addition, the magnitude of the increase in simulated
SOA concentrations was not significant. These findings differ from those of Chatani et al. [11],
who reported significant increase in simulated SOA concentrations during summer over areas where
Cryptomeria japonica is dominant. One possible explanation is that they used different EFs for each
month, reflecting seasonal variations in measured EFs. In contrast, the present study treated these
variations as biases, and used average EFs in all measurements. If their monthly EFs represent actual
situations, it is necessary to clarify additional mechanisms that might alter BVOC emissions, such as
leaf phenology [33], stresses [39], and drought [40–42], other than those considered in MEGAN, such as
dependence of emissions on solar radiation and temperature.

Figure S12 in the Supplementary Materials shows the horizontal distributions of the mean surface
SOA concentrations originating from isoprene, monoterpenes, and sesquiterpenes simulated in the
NEW-VEGEF cases from 22 July to 10 August 2013 in d02, d03, and d04. SOA originating from isoprene
is dominant in all the domains. Isoprene chemistry updated in CMAQ version 5.1 results in higher
SOA concentrations [43]. Influences of lower isoprene emissions may be more pronounced in this
study than Chatani et al. [11], in which isoprene chemistry had not been updated. Sesquiterpenes
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contribute to more SOA formation than monoterpenes. However, sesquiterpene chemistry is quite
uncertain. van Eijck et al. [44] indicated that oxidation products of β-caryophyllene, which is one
of major sesquiterpenes, obtained in the chamber experiments were underestimated by Master
Chemistry Mechanism (MCM) [45], which is much more detailed chemical mechanism than SAPRC07.
The underestimation of SOA may be caused by uncertainties in isoprene and sesquiterpene chemistry.

Moreover, an underestimation of OC concentrations is not necessarily caused by BVOC. Primary
emitted OC and SOA formed from anthropogenic VOC emissions are included in ambient OC.
It is essential to distinguish their influences. Matsui et al. [46] and Morino et al. [47] implied that
SOA originating from anthropogenic VOCs was more important than BVOCs. Morino et al. [48]
showed that better model performance on OC concentrations over Japan during summer was
achieved by the Volatile Basis Set (VBS) approach. VBS can deal with direct emissions of
semi-volatile and intermediate-volatility organic compounds, the oxidation of these compounds,
and aging. These studies implied that not only biogenic, but also anthropogenic primary OC and
VOCs—including semi-volatile components—significantly influence simulated OC concentrations.
Detailed measurements of ambient organic compounds, including markers, could help identify their
sources [49].

Further research is necessary to improve model performance regarding overestimated ozone and
underestimated OC concentrations in Japan. These tasks should be tackled in J-STREAM through
inter-model comparisons [14].

5. Conclusions

A new vegetation and EF database was developed to more accurately represent the situation
in Japan. The database showed larger coverage of urban land use, and resulted in better model
performance on meteorological fields. EFs for major vegetation types in Japan were determined
based on the available literature. These were mostly lower than those prepared in the default
MEGAN input database, except for sesquiterpenes emitted from Cryptomeria japonica, which is the
most popular tree species in Japan. Emissions estimated using the new database were lower for
isoprene and monoterpenes, and higher for sesquiterpenes. These results contributed to slightly
better model performance on simulated ozone concentrations, whereas their effects on simulated SOA
concentrations were marginal.

Although we believe the new vegetation and EF database could improve the modeling of
meteorological fields and ambient pollutant concentrations in Japan, the present approach has some
limitations. The new EF database includes vegetation types based on dominant areal coverage but
not their respective emissions. Consequently, important BVOC emitters may be omitted from the new
database. Even if the new database could resolve detailed vegetation parameters, it is not possible to
represent further small-scale vegetation such as trees along streets and in urban parks, which may be
important in urban areas with high NOX emissions [50]. Uncertainties in the compiled EFs are still
high. Moreover, vegetation is changing over time due to various factors including climate change.
Such a dynamic change in vegetation should affect BVOC emissions [51]. It is necessary to gather more
information and data to more precisely represent vegetation and resulting BVOC emissions in order to
further improve model performance on meteorological fields and ambient pollutant concentrations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/5/179/s1,
Figure S1: Horizontal distributions showing mean temperature at 2 m height, relative humidity at 2 m height,
and PBL height simulated in BASE and NEW-LU cases during the target period in d02, Figure S2: Horizontal
distributions showing mean temperature at 2 m height, relative humidity at 2 m height, and PBL height simulated
in BASE and NEW-LU cases during the target period in d03, Figure S3: Horizontal distributions showing mean
emission rates of isoprene, monoterpenes, and sesquiterpenes estimated in BASE, NEW-VEG, and NEW-VEGEF
cases during the target period in d02, Figure S4: Horizontal distributions showing mean emission rates of isoprene,
monoterpenes, and sesquiterpenes estimated in BASE, NEW-VEG, and NEW-VEGEF cases during the target period
in d03, Figure S5: Total mean emission rates of isoprene, monoterpenes, and sesquiterpenes estimated in the BASE,
NEW-VEG, and NEW-VEGEF cases during the target period, aggregated in d02, Figure S6: Total mean emission
rates of isoprene, monoterpenes, and sesquiterpenes estimated in the BASE, NEW-VEG, and NEW-VEGEF cases
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during the target period, aggregated in d03, Figure S7: Horizontal distributions of mean surface MDA8O3
simulated in the BASE and NEW-VEGEF cases during the target period in d02. Differences between the two
cases are also shown, Figure S8: Horizontal distributions of mean surface MDA8O3 simulated in the BASE and
NEW-VEGEF cases during the target period in d03. Differences between the two cases are also shown, Figure
S9: Horizontal distributions of mean surface SOA concentrations simulated in the BASE and NEW-VEGEF cases
during the target period in d02. Differences between the two cases are also shown, Figure S10: Horizontal
distributions of mean surface SOA concentrations simulated in the BASE and NEW-VEGEF cases during the
target period in d03. Differences between the two cases are also shown, Figure S11: Horizontal distributions of
differences of mean surface SOA concentrations originating from isoprene, monoterpenes, and sesquiterpenes
simulated in the BASE and NEW-VEGEF cases from July 22nd to August 10th, 2013 in d02, d03, and d04, Figure
S12: Horizontal distributions of mean surface SOA concentrations originating from isoprene, monoterpenes, and
sesquiterpenes simulated in the NEW-VEGEF cases from July 22nd to August 10th, 2013 in d02, d03, and d04,
Table S1: Default and newly developed EFs of isoprene, monoterpenes, and sesquiterpenes for major vegetation
types. Average values and standard deviation are shown in µg/m2/hour.
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environmental numerical database released by the National Institute for Environmental Studies (http://www.
nies.go.jp/igreen/). Data on observed PM2.5 components were obtained from the Ministry of the Environment,
Government of Japan, available at: http://www.env.go.jp/air/osen/pm/monitoring.html.
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