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Abstract: Sulfate aerosol (SO4
2−) is a major component of particulate matter in Japan. The Japanese

model intercomparison study, J-STREAM, found that although SO4
2− is well captured by models, it is

underestimated during winter. In the first phase of J-STREAM, we refined the Fe- and Mn-catalyzed
oxidation and partly improved the underestimation. The winter haze in December 2016 was a target
period in the second phase. The results from the Community Multiscale Air Quality (CMAQ) and
Comprehensive Air quality Model with eXtentions (CAMx) regional chemical transport models were
compared with observations from the network over Japan and intensive observations at Nagoya
and Tokyo. Statistical analysis showed both models satisfied the suggested model performance
criteria. CMAQ sensitivity simulations explained the improvements in model performance. CMAQ
modeled lower SO4

2− concentrations than CAMx, despite increased aqueous oxidation via the metal
catalysis pathway and NO2 reaction in CMAQ. Deposition explained this difference. A scatter plot
demonstrated that the lower SO4

2− concentration in CMAQ than in CAMx arose from the lower SO2

concentration and higher SO4
2− wet deposition in CMAQ. The dry deposition velocity caused the

difference in SO2 concentration. These results suggest the importance of deposition in improving our
understanding of ambient concentration behavior.

Keywords: CMAQ; CAMx; East Asia; SO2; SO4
2−; deposition

1. Introduction

Three-dimensional air quality modeling is an important approach to improving our understanding
of air pollutant behavior. Although modeling systems can represent emission, transport, chemical
reactions, and deposition processes, there are uncertainties in these processes. Model intercomparison
studies are valuable for understanding these uncertainties and can improve modeling performance.
Based on the results and experience of Japanese projects, a model intercomparison project called Japan’s
Study for Reference Air Quality Modeling (J-STREAM) was started [1], which has provided insights
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for improving modeling [2,3]. J-STREAM aims to establish reference air quality modeling for source
apportionment and to formulate a strategy for mitigating air pollutants, including particulate matter
with diameters of less than 2.5 µm (PM2.5) and photochemical ozone (O3), in Japan. The first phase
focuses on understanding the ranges and limitations of PM2.5 and O3 concentrations simulated by
participants using common input datasets. The first phase of J-STREAM was conducted on two specific
weeks in each season from January 2013 to March 2014 to correspond with the government monitoring
of PM2.5 [1]. We found that sulfate aerosol (SO4

2−), which is a major component of PM2.5 in Japan,
is well captured by the models, but it is underestimated during winter. In the first phase of J-STREAM,
we refined SO4

2− production via aqueous-phase reactions of O2 via Fe and Mn catalysis, and partly
improved this underestimation [3]. We also demonstrated the importance of information about trace
metals over Asia. Because more case studies of the model performance for PM2.5 and O3 are necessary,
a second-phase model intercomparison analyzed the winter haze episode on 13–25 December 2016.
Here, we present the model intercomparison based on the state-of-the-art regional models, Community
Multiscale Air Quality (CMAQ) and Comprehensive Air quality Model with eXtensions (CAMx).
This paper is organized as follows. The model setups of CMAQ and CAMx are presented in Section 2.
The model simulation results are compared with the observations in Section 3, and we explain the
differences between the models focusing on deposition. Finally, the conclusions from this study and
future perspectives are discussed in Section 4.

2. Modeling Design

In the second phase of J-STREAM, the winter haze episode from 13 to 25 December 2016 was
focused on. In the model simulation, a seven-day spin-up time from 6 December was used, and the
domain and the common input dataset of meteorology and emissions were the same as for the first
phase of J-STREAM [1]. The vegetation database for Japan was introduced, and this revision helped
to improve the meteorological fields and the emissions of biogenic volatile organic compounds [2].
For the emissions inventory, compositions of metal elements in PM2.5 were considered over Asia
based on composition reports [4] because our findings in the first phase suggested that trace metals
over Asia should be included [3]. CMAQ version 5.0.2 [5] model simulations were performed in
this study. The gas and aerosol chemistry was handled by SAPRC07 and AERO6, respectively [3].
CMAQ version 5.0.2 treats one gas-phase chemical reaction and five aqueous-phase chemical reactions
involved in SO4

2− production [6]. A total of five aqueous-phase chemical pathways for SO2 oxidation
in clouds, involving hydrogen peroxide, O3, oxygen (O2) via Fe and Mn catalysis, methyl hydrogen
peroxide, and peroxyacetic acid, were included. The original configuration (base-case) of CMAQ
was simulated first. In our previous study [3], we refined the aqueous-phase oxidation pathway of
O2 via Fe and Mn catalysis by increasing Fe and Mn solubilities, and considering pH dependency
in the reaction constants. The details of these modifications are described in our previous study,
and this refinement partly improved the model performance; however, SO4

2− is still underestimated
in winter [3]. We performed this sensitivity simulation next (sensitivity simulation A). In addition,
as we mentioned in previous future perspectives [3], the aqueous-phase reaction pathway via NO2

was incorporated into CMAQ considering the neutralized or acidic features of aerosols in Asia [7,8].
The rate constant expression of the aqueous-phase NO2 oxidation pathway is introduced as

−d[S(IV)]/dt = k [NO 2(aq)][S(IV)], (1)

where k has been measured as from (0.14–2.00) × 106 M−1 s−1 between pH 5.0 and 5.8 [9] to
(1.24–1.67) × 107 M−1 s−1 between pH 5.3 and 8.7 [10]. We used the latter value range, which
was a considerable maximum increase via the NO2 oxidation pathway. For this rate constant, the
dependency on pH is considered as

k = 1.24 × 107 M−1 s−1 (pH < 5.3), k = 1.67 × 107 M−1 s−1 (pH > 8.7), (2)
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where for the range pH 5.3–8.7, the rate constant was linearly interpolated. A simulation including
this additional aqueous-phase NO2 oxidation pathway was performed (sensitivity simulation B).
A summary of the CMAQ sensitivity simulations is listed in Table 1.

Table 1. Summary of the CMAQ sensitivity simulations.

Name Description

Sensitivity simulation A Fe and Mn solubilities are increased, and the rate constant expression of Fe-
and Mn-catalyzed oxidation by O2 includes pH dependency.

Sensitivity simulation B Same as sensitivity simulation A, but including the aqueous-phase reaction
with NO2 (a total of six aqueous-phase reactions were treated).

Due to the uncertainties in the model, a comprehensive comparison with other models is
important. In this study, a simulation by CAMx version 6.4 [11] was also performed. The meteorological
fields were prepared from the unified input dataset for the J-STREAM project, and to be consistent with
the CMAQ modeling system, the ACM2 method for diagnosing the vertical diffusivities was selected
in the interpreprocessor for meteorology in CAMx. The gas chemistry was based on the SAPRC07,
and the aerosol chemistry was based on the CF scheme, which divides the size distribution into two
static coarse- and fine-mode aerosols. The emission input data was also consistent with the CMAQ
modeling system, except for the consideration of trace metals, because the version of CAMx used in
this study does not explicitly treat trace metals. Instead, the ratios to total particulate matter of 3.355%
for Fe and 0.115% for Mn were used to calculate the Fe- and Mn-catalyzed oxidation process in the
CAMx modeling system. The one gas-phase chemical reaction and five aqueous-phase reactions were
identical to those in CMAQ. For Fe- and Mn-catalyzed oxidation, CAMx used the same pH dependency
expression as in sensitivity simulation A in CMAQ [3]. The difference in the SO4

2− production process
between sensitivity simulations A by CMAQ and CAMx was the concentration of trace metals needed
for Fe- and Mn-catalyzed oxidation and the calculation of pH status. CMAQ sensitivity simulation B
was expected to produce a higher SO4

2− concentration than CAMx due to the additional NO2 aqueous
oxidation pathway. Note that the windblown dust simulation was not performed in CMAQ or CAMx
in this study.

3. Results and Discussion

3.1. Model Performance during Winter Haze

The spatial distribution of SO4
2− concentration over domain 1 of J-STREAM with 45 km horizontal

grid resolution during the winter haze period from the base-case CMAQ simulation and the changes in
sensitivity simulations A and B are shown in Figure 1. The high concentration over the Asian continent
that stretched into the downwind region of Japan was related to the transboundary SO4

2− in Japan,
as we have previously discussed [12–16]. Generally, the SO4

2− concentrations over the whole of East
Asia were increased in sensitivity simulations A and B. Higher increases of over 5% compared with
the base-case simulation were found above the south part of the mainland of China, from northeast
China to northern Japan, and from central China (e.g., Yangtze River Delta region) to the East China
Sea. These increases were larger in sensitivity simulation B than in A due to the increased oxidation
pathway via NO2.

To evaluate these increased concentrations, the observation data from Shenyang in northeast
China (monitoring station at 123.412◦ E, 41.731◦ N; gray star in Figure 1) were used [17]. In this
study [17], the PM composition was investigated during several haze events, and 17 December 2016,
00:00 to 21 December 2016, 14:00 was classified as a haze event. This event corresponded to the period
that we focus on in the present work. The results are shown in Figure 2 and the observed mean SO4

2−

concentration during the haze event at Shenyang was 37.9 µg/m3.
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Figure 1. Spatial distribution of SO42− concentration simulated by CMAQ for (left) the base-case and 

(right) changes in SO42− concentration for sensitivity simulations A and B averaged over 13–25 

December 2016 over domain 1 with 45 km horizontal grid resolution. The gray star in the left-hand 

figure indicates Shenyang, China. The rectangle indicates domain 2. 

 

Figure 2. SO42− concentration at Shenyang averaged over the haze event of 17–21 December 2016. The 

thick line indicates the mean observation of 37.9 μg/m3. Model results are shown by a box plot with 

the mean, maximum, minimum, upper and lower quartiles, and median shaded differently for the 

four model results. 

From the CMAQ model results, the mean concentration for the base-case simulation was 28.50 

μg/m3, and this was increased to 32.13 μg/m3 in sensitivity simulation A, and to 33.13 μg/m3 in 

sensitivity simulation B (Figure 1). Other statistical metrics (maximum, upper and lower quartiles, 

and median) also showed the increase compared with the base-case simulation; however, the 

minimum value was similar. This implied that the background SO42− concentration was not related 

to the chemical production, and was related to the boundary condition. The mean value from 

CAMx was 35.81 μg/m3, which was larger than that from CMAQ. Similar model reproducibility 

between CMAQ and CAMx has also been reported over the United States in a model 

intercomparison study [18,19]. Even in CMAQ sensitivity simulation B, in which the SO42− 

production process was increased further, CAMx simulated a higher concentration. In the 

aqueous-phase Fe- and Mn-catalyzed oxidation reaction in the SO42− oxidation pathway, the Fe and 

Mn concentrations were different in CMAQ and CAMx in sensitivity simulation A. Over domain 1, 

the surface mean concentrations in CMAQ and CAMx were 61.79 and 60.47 ng/m3 for Fe, and 1.62 

and 2.06 ng/m3 for Mn, respectively. The concentrations and spatial distributions of Fe and Mn were 

similar in the two models. Therefore, the higher oxidation in CAMx via Fe- and Mn-catalyzed 

oxidation did not explain the higher concentration calculated by CAMx. The variation range of 

Figure 1. Spatial distribution of SO4
2− concentration simulated by CMAQ for (left) the base-case

and (right) changes in SO4
2− concentration for sensitivity simulations A and B averaged over

13–25 December 2016 over domain 1 with 45 km horizontal grid resolution. The gray star in the
left-hand figure indicates Shenyang, China. The rectangle indicates domain 2.
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Figure 2. SO4
2− concentration at Shenyang averaged over the haze event of 17–21 December 2016.

The thick line indicates the mean observation of 37.9 µg/m3. Model results are shown by a box plot
with the mean, maximum, minimum, upper and lower quartiles, and median shaded differently for
the four model results.

From the CMAQ model results, the mean concentration for the base-case simulation was
28.50 µg/m3, and this was increased to 32.13 µg/m3 in sensitivity simulation A, and to 33.13 µg/m3 in
sensitivity simulation B (Figure 1). Other statistical metrics (maximum, upper and lower quartiles, and
median) also showed the increase compared with the base-case simulation; however, the minimum
value was similar. This implied that the background SO4

2− concentration was not related to the
chemical production, and was related to the boundary condition. The mean value from CAMx was
35.81 µg/m3, which was larger than that from CMAQ. Similar model reproducibility between CMAQ
and CAMx has also been reported over the United States in a model intercomparison study [18,19].
Even in CMAQ sensitivity simulation B, in which the SO4

2− production process was increased further,
CAMx simulated a higher concentration. In the aqueous-phase Fe- and Mn-catalyzed oxidation reaction
in the SO4

2− oxidation pathway, the Fe and Mn concentrations were different in CMAQ and CAMx in
sensitivity simulation A. Over domain 1, the surface mean concentrations in CMAQ and CAMx were
61.79 and 60.47 ng/m3 for Fe, and 1.62 and 2.06 ng/m3 for Mn, respectively. The concentrations and
spatial distributions of Fe and Mn were similar in the two models. Therefore, the higher oxidation
in CAMx via Fe- and Mn-catalyzed oxidation did not explain the higher concentration calculated by
CAMx. The variation range of CAMx was larger than that of CMAQ. CAMx had a larger maximum
and upper quartile and a smaller median and lower quartile than CMAQ.
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The nested domains in J-STREAM covering Japan were compared further. Domain 2 of J-STREAM
covers the whole of Japan with 15 km horizontal grid resolution. Although the analyzed period
does not correspond to the 2 weeks of intensive observation recommended by the Ministry of the
Environment, Japan, the network observations from the Acid Deposition Monitoring Network in
East Asia (EANET) are available for the target period in December 2016. In EANET, the atmospheric
concentrations of aerosols are measured by the four-stage filter pack method. The SO4

2− aerosol
measured on the Teflon filter in the first stage is determined by ion chromatography. The sampling
period of this filter pack method was 1 to 2 weeks [20]. To exclude the effect of sea salt, Na+ was
used as a sea-salt tracer and non-sea-salt SO4

2− (referred to as SO4
2− hereafter for simplicity) was

calculated. In December 2016, most EANET sites in Japan conducted their observations from 12 to
26 December 2016. The corresponding times at each observation site were analyzed in the model
results. There were nine available sites, of which seven sites were remote sites according to the EANET
classification, and the Ijira site was rural and the Tokyo site was urban.

The spatial distribution of the results from the four models showed a high concentration over the
Asian continent, and the concentrations over Japan were in the range 0.5–3.0 µg/m3 (Figure 3 (top)).
The increase in the SO4

2− concentration in CMAQ above the Sea of Japan was around 3.0 µg/m3 in the
base-case CMAQ simulation, 3.5–4.0 µg/m3 in CMAQ sensitivity simulation A, and 4.0–4.5 µg/m3 in
CMAQ sensitivity simulation B, which stretched into northern Japan. The comparison of the EANET
observations and results from the four models are shown as bar graphs (Figure 3 (bottom)). Generally,
the models captured the observed high and low concentrations. Model overestimations were found at
Happo and Ogasawara. Happo is a mountainous site with clean air, and the models had difficulty
in capturing the low SO4

2−concentrations. Ogasawara is located in the northwest Pacific, and the
models overestimated the concentration due to the overestimation of the stretched high-concentration
plume from the Asian continent, as found in the spatial distribution. In contrast, large model
underestimations were found at Sadoseki, Tappi, and Rishiri in northern Japan. Considering the
modeled spatial distribution, the high concentration from the Asian continent should prevail over
northern Japan to explain this underestimation; CAMx performed well, especially at Tappi, based on
the spatial distribution.
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Figure 3. (Top) Spatial distribution of SO4
2− concentration modeled by the (left to right) CMAQ

base-case simulation, CMAQ sensitivity simulations A and B, and CAMx over domain 2 with 15 km
horizontal grid resolution. Rectangles indicate domain 3 (Kansai region; left) and domain 4 (Kanto
region; right). (Bottom) Locations of EANET observation sites available in the analyzed period and
comparison of the observations with the results of the four models.
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For the comparison with EANET observation sites, the model reproducibility was judged by
statistical analysis based on the correlation coefficient (R) with the significance level determined
by Students’ t-test, mean fractional bias (MFB), and mean fractional error (MFE). The statistical
analysis results are listed in Table 2. The correlations of the model results with the observations were
0.51–0.59 for CMAQ and 0.70 for CAMx. The CMAQ base-case simulation and sensitivity simulation
A were not statistically significant, but CMAQ sensitivity simulation B and CAMx showed statistical
significances of p < 0.1 and p < 0.05, respectively. The model performance goals were proposed as
MFB ≤ ±30% with MFE ≤ +50% for the best model performance, and model performance criteria were
proposed as MFB ≤ ±60% with MFE ≤ +75% for the acceptable model performance [21]. The CMAQ
base-case simulation meets the model performance criteria, and the other three models meet the model
performance goals. The improvements in CMAQ model performance from the base-case simulation
to sensitivity simulations A and B were confirmed statistically. Based on the MFB, CAMx simulated
higher SO4

2− concentrations compared with the CMAQ models, as found at the Shenyang site in
China (Figure 2).

Table 2. Statistical analysis of the model performance for SO4
2− at EANET observation sites over

domain 2 of J-STREAM with 15 km horizontal grid resolution.

CMAQ Base-Case
Simulation

CMAQ Sensitivity
Simulation A

CMAQ Sensitivity
Simulation B CAMx

N 9
Mean (observations) [µg/m3] 1.73

Mean (model) [µg/m3] 1.49 1.54 1.57 1.63

R 0.51
(p > 0.1)

0.57
(p > 0.1)

0.59
(p < 0.1)

0.70
(p < 0.05)

MFB [%] −4.6 −1.8 −0.1 +5.1
MFE [%] 51.0 48.6 47.1 42.9

The comparison of the finest nested domain in J-STREAM was investigated further. Domains 3 and
4 of J-STREAM cover the Kansai (including Osaka and Nagoya) and Kanto (including Tokyo) regions,
respectively, with a 5 km horizontal grid resolution. At the Nagoya City Institute for Environmental
Sciences (located at 136.92◦ E, 35.10◦ N; hereafter called the Nagoya site) and the Tokyo Metropolitan
Research Institute for Environmental Protection (located at 139.82◦ E, 35.67◦ N; hereafter called the
Tokyo site), daily PM2.5 samples are collected from 10:00 local time to 10:00 the next day. In addition,
an aerosol chemical speciation analyzer (ACSA) automated monitoring system at Mukoujima (located
at 139.81◦ E, 35.71◦ N) conducts hourly SO4

2− measurements. This automated monitoring system has
been compared with a model in our previous study [22]. The results of CMAQ sensitivity simulation
B and CAMx and their comparison with the observation data from Nagoya and Tokyo are shown
in Figure 4. Comparing the same spatial distribution as in domain 2 in Figure 3 showed that CAMx
generally gave a higher concentration than CMAQ over the whole of domains 3 and 4. Based on the
comparison of the temporal variation of daily mean SO4

2− concentration at Nagoya, the observations
showed the highest concentration on 18 December 2016, whereas all the models showed the highest
concentrations on 21 December 2016. In the second phase of J-STREAM, participants could also use
their own meteorological input dataset instead of the unified input; however, other meteorological
fields did not explain this discrepancy between the observed and modeled peaks at Nagoya [23].
To explain the discrepancy in the high-concentration episode, further investigation is required in
future studies. The comparison of the simulated and observed concentrations at Tokyo showed
that all four models almost exactly captured the timing and concentrations of the peaks on 18 and
21 December 2016.

The model performances at these three sites in the finest modeling domains were also judged by
statistical analysis based on R, MFB, and MFE. The results of statistical analysis including the base-case
simulation and CMAQ sensitivity simulation A are listed in Table 3. At Nagoya, R was around 0.6
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and with a statistical significance of p < 0.05, and all models met the model performance goal based
on MFB and MFB. At Tokyo, the time series comparison suggested that R was greater than 0.9, and
all models met the model performance goal. At Mukoujima, compared with the hourly dataset, the
CMAQ models met the model performance goal, and the CAMx model met the model performance
criteria because the concentrations were higher than those of CMAQ. The CMAQ models gave lower
concentrations than the CAMx model. At the urban sites in Japan, the increased concentrations in
the CMAQ sensitivity simulations were 0.02–0.06 µg/m3; lower than the increased concentrations at
the EANET observation sites. If there are local oxidations via an enhanced production process, the
concentration should be increased at these urban sites. The results suggested that factors in the CMAQ
sensitivity simulation may be more important for capturing the transboundary transport than local
production in Japan. This may be because the concentrations of Fe, Mn, and NO2 in Japan are much
lower than those over Asia.Atmosphere 2018, 9, x FOR PEER REVIEW  7 of 18 
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Figure 4. Spatial distribution of SO4
2− concentration modeled by CMAQ sensitivity simulations B and

CAMx over domains (a) 3 and (b) 4 with 5 km horizontal grid resolution, and with the comparison at
observation sites (indicated by gray circles) at (a) Nagoya and (b) Tokyo and Mukoujima.

Table 3. Statistical analysis of the model performance for SO4
2− at Nagoya, Tokyo, and Mukoujima

with the finest model grid resolution of 5 km.

CMAQ Base-Case
Simulation

CMAQ Sensitivity
Simulation A

CMAQ Sensitivity
Simulation B CAMx

Nagoya N 13
Mean (observations) [µg/m3] 1.88

Mean (model) [µg/m3] 1.71 1.73 1.77 1.91

R 0.58
(p < 0.05)

0.57
(p < 0.05)

0.55
(p < 0.05)

0.64
(p < 0.05)

MFB [%] −2.1 −0.9 0.9 1.5
MFE [%] 43.7 44.0 45.1 42.9

Tokyo N 13
Mean (observation) [ng/m3] 1.44

Mean (model) [ng/m3] 1.53 1.55 1.56 1.88

R 0.94
(p < 0.001)

0.94
(p < 0.001)

0.94
(p < 0.001)

0.93
(p < 0.001)

MFB [%] 18.5 19.4 20.3 30.9
MFE [%] 28.8 28.3 28.3 44.6

Mukoujima N 292
Mean (observation) [ng/m3] 1.64

Mean (model) [ng/m3] 1.54 1.55 1.56 1.88

R 0.71
(p < 0.001)

0.71
(p < 0.001)

0.71
(p < 0.001)

0.77
(p < 0.001)

MFB [%] 6.3 7.0 7.9 15.6
MFE [%] 49.5 49.4 49.0 54.9
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3.2. Differences between CMAQ and CAMx

Based on the CMAQ base-case and sensitivity simulations and their comparison with observation
data from EANET, Nagoya, and Tokyo, we found that the sensitivity simulation including the
enhancement of the Fe- and Mn-catalyzed oxidation pathway and aqueous-phase NO2 oxidation
improved the CMAQ model performance. Comparing CMAQ and CAMx showed that CMAQ
tended to simulate lower concentrations over most of Japan. The differences in concentration between
CMAQ sensitivity simulation B and CAMx are highlighted by the substituted (CMAQ−CAMx) spatial
distribution shown in Figure 5. In this section, we investigate these differences further. Because the
emission and meteorology input data for these CMAQ and CAMx simulations are unified for the
model intercomparison, the differences may be explained by the models themselves. We focus on
deposition processes for SO4

2− and also SO2, a precursor of SO4
2−.
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Figure 5. Differences in SO4
2− concentration between CMAQ sensitivity simulation B and CAMx.

Note the different color scale for the nested domains 3 and 4 over the Kansai and Kanto regions.

3.2.1. Dry Deposition of SO2

First, we focus on SO2, a precursor of SO4
2−. Figure 6 shows the modeled SO2 concentrations

over domain 2 and the differences between CMAQ sensitivity simulation B and CAMx. CMAQ gave
lower SO2 concentrations over land and CAMx gave slightly higher SO2 concentrations over ocean.
The differences in SO2 concentration were within 1 ppbv over Japan. For the EANET observations,
the ambient SO2 concentrations are measured with automatic instruments based on the ultraviolet
fluorescent method [20]. The data are provided as hourly data with the first decimal place on the
unit of ppbv; hence, the SO2 concentrations simulated by CMAQ and CAMx were also compared
after rounding. The results are also shown in Figure 6. Compared with the mean observation value,
all models overestimated the values and were within or comparable to the observed maximum.
Generally, in the spatial distribution, CMAQ also modeled lower concentrations than CAMx at EANET
observation sites. In the CMAQ models, SO2 concentrations decreased from the base-case to sensitivity
simulations A and B because the aqueous-phase oxidation pathways from SO2 to SO4

2− were increased
in the CMAQ simulations.
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Figure 6. (Top) Spatial distribution of SO2 concentration modeled by CMAQ sensitivity simulation B
and CAMx, and the differences over domain 2. (Bottom) Comparison of SO2 concentration at EANET
observation sites with the results of the four models. Maximum and minimum observation values
during the analyzed period are indicated by crossbars.

Modeled dry deposition velocity was investigated to examine the factors that produced these
model behaviors in CMAQ and CAMx for SO2. The dry deposition schemes used in CMAQ and
CAMx were M3DRY [24] and the scheme reported by Zhang et al. [25], respectively. Both schemes
invoke the three resistances model of the aerodynamic, boundary, and surface resistances. CMAQ used
24 land-use categories as defined by the United States Geological Survey, whereas CAMx internally
mapped in 26 land-use categories, and these led to the surface resistance. The spatial distribution
and the model comparison at EANET observation sites are shown in Figure 7. For the dry deposition
velocity, the CMAQ estimation was higher than that of CAMx over land, whereas the CMAQ estimation
was lower compared with CAMx over the ocean. This was the opposite trend to that for the SO2

concentration. The average SO2 dry deposition velocities at EANET sites were around 1 cm/s, ranging
from near 0 to around 3 cm/s. From the estimation based on the inferential method at EANET
sites over Japan during 2003–2008, SO2 dry deposition velocities were reported as 0.6–2.8 cm/s over
forest and 0.2–1.2 cm/s over grass [26]. Although the modeled values corresponded well to these
observation-based values, the model overestimated the observed mean value of EANET. This result
suggests that the oxidation process should be increased further.

The spatial correlation between the differences in SO2 concentration are shown in Figure 6 and the
differences in SO2 dry deposition velocity shown in Figure 7 were −0.46 over domain 2. We concluded
that the lower SO2 concentration modeled by CMAQ compared with CAMx was attributed to the
higher SO2 dry deposition velocity modeled by CMAQ compared with CAMx. The differences in
modeled SO2 concentration were within 1 ppbv over Japan; however, this could explain the modeled
differences in SO4

2− concentration. Detailed analyses were conducted over domains 3 and 4. The
comparison of SO2 concentration over domains 3 and 4 modeled by CMAQ sensitivity simulation
B and CAMx and the difference are shown in Figure 8. The spatial distribution patterns of SO2

concentration modeled by CMAQ and CAMx were similar; there were higher concentrations greater
than 5 ppbv along the coastline over sources of SO2 emissions, such as power plants and industrial
areas. The difference in spatial distribution indicated that CMAQ generally produced lower SO2

concentrations than CAMx, especially over land. The higher SO2 concentrations from CMAQ were
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found near power plants and industrial areas. Because these sources were characterized as having
elevated emission heights, investigating the vertical distribution in models will be important to gain
further insights, and well-coordinated measurements are required to achieve this. To explain the
differences in model behavior of SO4

2− concentration, the differences in SO4
2− concentration and SO2

concentration between CMAQ sensitivity simulation B and CAMx were used to construct a scatter plot.
The scatter plot showed that the negative difference in SO4

2− concentration (lower SO4
2− concentration

in CMAQ compared with CAMx) was related to the negative difference in SO2 concentration (lower
SO2 concentration in CMAQ compared with CAMx) to some extent. The difference in the SO2

precursor was an important factor in explaining the differences in modeled SO4
2− concentrations,

and the difference in SO2 concentration was caused by differences in dry deposition velocity. The
SO4

2− and SO2 concentrations were not clearly related, especially in the case of the difference in SO2

concentration close to zero; hence, we sought other explanations of the SO4
2− deposition process.
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Figure 7. (Top) Spatial distribution of SO2 dry deposition velocity modeled in CMAQ and CAMx, and
the differences over domain 2 averaged over the analyzed period. (Bottom) Model comparison of SO2

dry deposition velocity at EANET observation sites in Japan. Maximum and minimum values are
shown by the whiskers.

3.2.2. Wet Deposition of SO4
2−

The main deposition process that removes SO4
2− from the atmosphere to the surface is wet

deposition, as has been suggested by observations [24] and our previous study [18]. The accumulated
dry and wet depositions during the analyzed period were calculated, and the wet deposition as
a fraction of the total deposition is shown in Figure 9. During the analyzed period in wintertime,
both CMAQ and CAMx showed that the wet deposition process was dominant. Although some
regions (e.g., the Asian continent and Pacific Ocean) showed comparable or dominant dry deposition,
wet deposition was mainly identified as the dominant deposition process over Japan, with a fraction
above 90%.
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In EANET, wet deposition of aerosols is measured by automated wet-only samplers and the
SO4

2− concentration in precipitation is determined by ion chromatography [27]. The sampling period
for wet deposition is daily at EANET sites in Japan, except at Ijira, where it is fortnightly. The wet
depositions of SO4

2− modeled by CMAQ and CAMx were compared with each other and with the
EANET observations (Figure 10). The CMAQ and CAMx spatial distributions showed that simulated
wet deposition was high over western Japan and eastern Japan over the Pacific regions, and these
features were similar for CMAQ and CAMx. However, CMAQ showed higher wet deposition over
Japan, except in northern Japan, and over the Asian continent, whereas CMAQ showed lower wet
deposition over the East China Sea and Sea of Japan. Compared with the monitoring network over
Japan, CMAQ models showed higher wet deposition and CAMx showed lower wet deposition.
The CMAQ sensitivity simulations showed that enhanced aqueous-phase oxidation led to higher wet
deposition. The statistical analyses with the observations are summarized in Table 4. Both models
showed general correspondence with the observations, with R of around 0.7 and statistical significance
of p < 0.05. The mean and MFB values confirmed that SO4

2− wet deposition was overestimated by the
CMAQ models and underestimated by the CAMx model compared with the observations. The model
performance for precipitation can be an important factor in the model performance for wet deposition.
Taking into account this uncertainty, the adjusted approach, in which the precipitation amount is
linearly scaled to match the observations, has been used in previous studies [16,28,29]. In this study,
the modeled wet deposition accumulated over the analyzed period was adjusted based on

Adjusted wet deposition = ∑
period

(wet deposition)×
∑period(observed precipitation)

∑period(modeled precipitation)
(3)

Table 4. Statistical analysis of the model performance for wet deposition of SO4
2− at EANET

observation sites over domain 2 of J-STREAM with 15 km horizontal grid resolution.

CMAQ Base-Case
Simulation

CMAQ Sensitivity
Simulation A

CMAQ Sensitivity
Simulation B CAMx

N 8
Mean (observations) [mg/m2/period] 37.83

Mean (model) [mg/m2/period] 42.59 43.64 44.70 27.55

R 0.77
(p < 0.05)

0.77
(p < 0.05)

0.77
(p < 0.05)

0.71
(p < 0.05)

MFB [%] 11.1 14.5 17.7 −25.7
MFE [%] 53.4 53.4 55.3 84.2

Mean (model) [mg/m2/period] 54.76 56.04 57.37 33.63

R 0.67
(p > 0.05)

0.68
(p > 0.05)

0.68
(p > 0.05)

0.57
(p > 0.05)

MFB [%] 23.1 26.6 29.8 −21.4
MFE [%] 60.1 59.3 59.5 72.6

Note: Low column results show the adjusted estimation that was used to adjust the modeled precipitation to the
observed precipitation linearly (see Equation (3)).

Figure 10 also shows the modeled and observed precipitation during the analyzed period.
The models underestimated the precipitation amount, except at the Sadoseki and Rishiri sites. Table 4
summarizes the statistical analysis based on the adjusted wet deposition. The mean wet deposition, and
hence MFB, were increased in both CMAQ and CAMx. In addition, CMAQ overestimated SO4

2− wet
deposition, whereas CAMx underestimated it over EANET sites, even accounting for the differences
between the observed and modeled precipitation. Although the meteorological fields used in these
model intercomparisons are unified and the SO4

2− oxidation pathway is identical, the calculation
criteria for the aqueous-phase reactions and wet deposition are different in these models. The liquid
water content used to identify the presence of cloud is defined as the sum of cloud water, rain, and
graupel mixing ratio in CMAQ, whereas in CAMx, it is defined as the sum of cloud water and ice
mixing ratio with the linear ramp function between the freezing points of 233 and 273 K. The threshold
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values for calculating the aqueous-phase reactions and wet depositions are 0.01 g/m3 in CMAQ
and 0.05 g/m3 in CAMx. The effects of these fundamental differences between models should be
investigated in future work. In summary, CMAQ generally showed lower SO4

2− concentrations than
CAMx due to the higher SO4

2− wet deposition.
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Figure 10. (Top) Spatial distribution of SO4
2− wet deposition modeled by CMAQ sensitivity simulation

B and CAMx over domain 2 and the differences over the analyzed period. (Bottom) Comparison
of SO4

2− wet deposition at EANET observation sites with results from the four models including
precipitation amount. Overestimated and underestimated modeled precipitation are shown in red and
in blue, respectively, compared with the observations, and the relative value is shown. Model results
are taken from the original wet deposition, not adjusted wet deposition.

Differences in SO4
2− concentration were found at Nagoya and Tokyo compared with the high

temporal resolution observations; therefore, the analysis for SO4
2− wet deposition was done over

J-STREAM domains 3 and 4, and the results are shown in Figure 11. Comparing the differences
between CMAQ and CAMx showed that CMAQ modeled higher SO4

2− wet deposition than CAMx
over almost all of domains 3 and 4. The scatter plots of the differences in SO4

2− concentration
and SO4

2− wet deposition over domains 3 and 4 both indicated that most of the grid data showed
negative differences for SO4

2− concentration (lower concentration for CMAQ compared with CAMx)
and positive difference for SO4

2− wet deposition (higher wet deposition for CMAQ compared with
CAMx). The results showed that the other important factor that explained the differences in SO4

2−

concentration between CMAQ and CAMx was SO4
2− wet deposition at EANET observation sites and

over domains 3 and 4. A model intercomparison in Europe also concluded that the accurate estimate
of deposition is key to an accurate simulation of ambient concentrations [30].
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4. Conclusions and Future Perspectives

The Japanese model intercomparison study, J-STREAM, found that although SO4
2− is generally

well captured by models, it is underestimated during winter. In our previous study in the first
phase of J-STREAM, we improved the modeled SO4

2− concentration during winter in Japan by
focusing on the Fe- and Mn-catalyzed oxidation pathway [3]. In the present study, we investigated
the reason for the underestimation further via the model intercomparison of two state-of-the-art
regional chemical transport models, CMAQ and CAMx. In CMAQ, in addition to the enhancement
of the Fe- and Mn-catalyzed oxidation pathway, the aqueous-phase NO2 oxidation pathway was
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included. The CMAQ sensitivity simulations and the comparison with the observation data over
Japan improved the performance of CMAQ. Despite the increased Fe- and Mn-catalyzed oxidation
pathway and NO2 aqueous reaction, CMAQ tended to model lower SO4

2− concentrations over Japan
than CAMx. Detailed comparisons showed that this difference between CMAQ and CAMx arose from
the differences in SO2 concentration and SO4

2− wet deposition at EANET sites and over domains
3 (Kansai region) and 4 (Kanto region). Scatter plots were constructed to explain the differences,
and the negative differences in SO4

2− concentration (lower concentration in CMAQ compared with
CAMx) were related to the negative differences in SO2 concentration (lower concentration in CMAQ
compared with CAMx) and positive differences in SO4

2− wet deposition (higher wet deposition in
CMAQ compared with CAMx). We focused on the deposition because the model input datasets
(e.g., emissions and meteorological field) are unified in the J-STREAM framework.

As we discussed in relation to the common model underestimation at Nagoya (Figure 4), further
studies of the effects of meteorological parameters are needed, and this direction was also suggested
by another model intercomparison study in Europe [31]. Another important factor is the vertical
distribution of air pollutants simulated by the models. Differences in elevated emission sources
between models were found (Figure 8). Thus, model evaluations of the vertical distribution are
required; the intensive ozonesonde observations in J-STREAM could provide valuable data for this
research. In addition, ongoing development of modeling updates [32,33] will be included in our future
model intercomparison study. The recent dramatic decline in anthropogenic SO2 emission changes in
China should be considered [34–37], because the Asian emission inventory has not been updated from
2010 in the second phase. The decline in SO2 emissions from China may also cause the underestimation
of SO4

2− concentration. Therefore, an additional pathway of oxidation via heterogeneous chemistry
is expected to be important [38–40]. Through this study, we proposed a way to improve the model
performance during winter, although more case studies are needed to improve our knowledge of the
behavior of SO4

2− in Japan based on both ambient concentrations and deposition processes.
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