
Supplementary Material 

S1. Model mechanisms related to the formation and removal of particulate 

matter 

S1.1 Gas and aerosol modules 

The formation rates of gases are controlled by the gas modules in the models. And the gas-aerosol 

equilibrium in aerosol module determines the conversion to aerosol phases. The gas modules 

include Statewide Air Pollution Research Center (SAPRC99), Regional Atmospheric Deposition 

Model (RADM), Regional Atmospheric Chemistry Mechanism (RACM) and Carbon-Bond 

Mechanism version Z (CBMZ). Following are brief descriptions of these modules: 

(1) SAPRC-99: This mechanism is developed for the gas-phase atmospheric reactions of NOx and 

VOCs in the urban and regional atmospheres (Carter, 2000). It contains reactions for about 400 

types of VOCs with about 500 VOCs categories, aiming for the explicit representation of 

VOCs in atmospheric reactions. The modeled O3 concentration is higher than its updated 

version SAPRC07, owing to higher OH formation rates in the related reactions (Li et al., 

2012;Shearer et al., 2012). 

(2) RADM2 and RACM: The version 2 of RADM module is a gas-phase chemistry mechanism 

developed originally for use in the Regional Acid Deposition Model. The module has 

altogether 63 species, including 21 inorganic species and 42 organic species. The species and 

reactions included in the module are listed in (Stockwell et al., 1990). The RACM module is 

an update version of RADM with more biogenic VOCs included and more coupling options. 

The number of organic species increased from 42 to 56, and the overall reaction increases from 

220 to 237. The species and reactions are documented in (Stockwell et al., 1997). 

(3) CBMZ: This module is updated from the Carbon Bond Mechanism (CBM-IV) (Zaveri and 

Peters, 1999). It includes 67 species and 164 reactions. The lumped structure is used to group 

large numbers of organic compounds into several sets of VOCs categories according to their 

similarity in oxidation reactivity and emission magnitudes. 

Figure S1 compares the reaction rates of the main reactions of producing SO4
2- and NO3

- 

by different mechanisms adopted by models in this study. The dominating reaction to form SO4
2- 

is reaction with the OH radical. The simplified reaction is shown in reaction S1. According to fig. 

S1, the formation rates are consistent among different mechanisms except that RADM2 has lower 

reaction rate than others. In case of NO3
-, the principle formation path for HNO3 in the daytime is 

reaction S2. Another 3 reactions in the models are shown in reactions S3-S5. According to fig. S1, 

the reaction (2) has the highest reaction rate among all reactions for gas-phase production of HNO3. 

The SAPRC-99, BC05 and RACM2 have similar reaction rates, while RADM2 and CBMZ have 

lower values. Another important reaction is (3) NO3+HO2. The SAPRC-99 mechanism has slightly 

higher reaction rate than the others, while RACM is the lowest one and the rate about 2/3 of 

SAPRC99.  

SO2 + OH → H2SO4                                         (S1) 



NO2 + OH → HNO3                                         (S2) 

NO3 + HO2 → HNO3                                        (S3) 

NTR + OH → HNO3                                        (S4) 

NO3 +VOCs → HNO3                                      (S5) 

At night-time, NO reacts rapidly with O3 to form NO2 (reaction S6), and eventually forms 

N2O5 through reactions S7-8. The N2O5 gas can react with H2O (liquid) to form HNO3, which is 

called the heterogeneous reaction of N2O5 (as shown in reaction S9). This is another main pathway 

to covert gas phase NOx to particle phase HNO3. N2O5 can also react with vapour phase of H2O 

(gas-phase reaction), but the reaction rate is not compatible with the heterogeneous reaction. The 

CB05 module includes additional reaction S10. 

NO + O3 → NO2                                               (S6) 

NO2 + O3 → NO3 + O2                                     (S7) 

NO3 + NO2 → N2O5                                         (S8) 

N2O5 + H2O (l) → 2HNO3 (l)                           (S9) 

NO2 + H2O → HNO3                                      (S10) 

This formation of nitrate is sensitive to parameterization of the heterogeneous reaction 

related to NO2, HONO, HNO3 and N2O5 (Sartelet et al., 2008). (Zheng et al., 2015) found that 

model underestimate the concentration of PM2.5 and its components with current model 

mechanism by about 40-60%.  After he added 9 heterogeneous reactions into the model, the model 

performance on SO4
2- and NO3

- were significantly improved from -54% to 6%. The improvements 

were most significant at high pollution episodes. According to fig. S1, the reaction rate of reaction 

S9 N2O5 + H2O largely outweighs that of reaction S10 NO2+H2O. The reaction rates of RACM 

and RADM2 mechanisms are more than 5 folds quicker than the others. 

The aerosol modules use in this study include AERO5/6 with ISORROPIA, Modal Aerosol 

Dynamics for Europe (MADE) coupled with SOA scheme based on the Volatility Basis Set (VBS) 

approach (SOA_VBS), and Goddard Chemistry Aerosol Radiation & Transport Model 

(GOCART). Following are brief descriptions of these modules: 

(1) AERO5/6 with ISORROPIA. The aerosols are divided into three modes: Aitken, accumulation 

and coarse modes. The gas-aerosol equilibrium is calculated by the ISORROPIA model. It 

predicts the partition of the composition of inorganic aerosols (Nenes et al., 1998, 1999). The 

first version of ISORROPIA (v1) is used in CMAQ model version before 5.0, after which the 

second version (v2) came out. A main change in v2 is the introduction of thermodynamics of 

crustal species such as Ca2+, K+ and Mg2+ (Fountoukis and Nenes, 2007). The corresponding 

impacts mainly show up on the gas-particle partitioning of NO3
- and NH4

+ in areas with high 

dust emission. Also v1 presents K+, Ca2+ and Mg2+ as Na+ equivalents, and v2 treats these 

species separately in the model, which is also supposed to help improving the model accuracy 

on PM in high dust regions. Staring from v5.0, the CMAQ model also incorporates the 

windblown dust module and updates the speciation of PM components (Foroutan et al., 2017). 

Study reported that the updated treatment of crustal species in ISORROPIA v2 would reduce 

fine mode of PM over polluted area (Wang et al., 2012a). However, all CMAQ models turn 



this option off in this study, so all WRF-CMAQ models don’t consider dust emission. In 

addition, CMAQv471 has been reported with over-prediction of unappreciated PM2.5 referred 

as PMother in the model. CMAQv502 tried to solve this problem by adopting a new speciation 

scheme and dividing the PMother into primary NH4
+, Na+, Cl-, trace metals (including Mn and 

Fe) and non-carbon organic mass (NCOM). Beside this, CMAQv502 updated the production 

of SO4
2- in the aqueous reaction (Appel et al., 2013). This explicit treatment of Fe and Mn 

allows more consistent treatment of aqueous reaction from SO2 to SO4
2- as shown in reaction 

S11:  

SO2 + H2O + 0.5O2 + Fe(III)/Mn(II) →  SO4
2- + 2H+              (S11) 

(2) MADE/SOA_VBS: The MADE is developed for detailed treatment of aerosols for mesoscale 

models. It also uses three modes (Aitken, accumulation and coarse modes) to present the 

distribution of particles, each with a lognormal distribution (Ackermann et al., 1998). The 

SOA_VBS is developed according to the organic aerosol partition theory (Murphy and Pandis, 

2009). The partitioning of gas-particle phase for SOA species is estimated by vapor-liquid 

equilibrium theory, determined by effective saturation concentration of species (Murphy and 

Pandis, 2009). 

(3) GOCCART: This module processes emissions of S, dust, BC, OC and sea-salt. The details 

about the model is described in (Chin et al., 2002). These species/emissions are treated with 

specific modules in the model. The modeled PM is composed by SO4
2-, OC and BC, but no 

NO3
- and NH4

+. The particle species are assumed with lognormal size distribution. SO4
2- is 

formed from the oxidation of SO2. BC and OC mainly come from biomass burning based on 

satellite observation. SO4
2-, BC and OC are considered as submicron aerosols with maximum 

radius of 0.5 µm. The sea-salt emission is generated with a function of wind speed and particle 

radius and is grouped into four size bins with radius (0.1-0.5, 0.5-1.5, 1.5-5 and 5-10 µm). Dust 

emission is calculated with probability-source function and is grouped into 7 size bins with 

radius (0.1-0.18, 0.18-0.3, 0.3-0.6, 0.6-1, 1-1.8, 1.8-3 and 3-6 µm).  

S1.2 Dust and sea-salt emissions 

Dust particles are produced when winds blow on arid and semiarid grounds. The average lifetime 

of dust particles is about 2-7 days in the atmosphere, which allows them to travel thousands of 

kilometers (Shao et al., 2011). In EA, the particles from floating dust from the Takalmakan Desert 

and Gobi Desert in north-western China can transport a long distance over the northern China and 

even reach the Pacific Ocean (Huang et al., 2008;Iwasaka et al., 2003;Liu et al., 2003;Wang et al., 

2018). The estimated global dust emissions by different studies vary from 500 to 3000 Mt yr-1, and 

ranges 170-500 Mt yr-1 in Asia (Shao et al., 2011). Except the natural sources of dust, human 

activities can also contribution to dust emission, such as land dust caused by vehicles and 

construction. The contribution of anthropogenic sources on total dust emission varies largely from 

10-60% (Webb and Pierre, 2018). 

The amount of dust emission is uncertain owing to the unclearness in the process of raising 

dust into the atmosphere. The current models employee parameterization methods to estimate the 

floating dust as response to wind. The dust flux can be formed by both the uplifting force of wind 

and saltation bombardment when particles hit the surface ground (Foroutan et al., 2017). Several 



different dust schemes have been established, with differences in the ways to calculate the vertical 

and horizontal fluxes (Wang et al., 2012a).  

Four models include different dust emission/module in this study (Table 1). The M11 

model employs the dust mechanism as shown in Eq. S12 (Wang et al., 2017). Besides this, the 

produced particle servers as places for heterogeneous reactions to take place. Including these 

reactions can result in extra formation of SO4
2- and NO3

- in the downwind regions of dust sources. 

The heterogeneous reactions on dust surface account for almost all of the coarse-mode of NO3
- 

and SO4
2- and account for 17% and 11% of fine-mode of secondary NO3

- and SO4
2- (Wang et al., 

2017). 
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where F is dust flux, C1 is constant with fixed value of 1.0×10-5, ρa is air density, g is gravity 

acceleration, E is uplifting capability, u* and u0* are friction and threshold friction velocity, RH 

and RH0 are relative humidity and its threshold. 

M12 and M14 models adopt the same dust module based on dust uplifting theory by 

(Gillette and Passi, 1988) and modified by (Han et al., 2004). The dust flux is calculated as Eq. 

S13. 

𝐹 = 𝐶′𝑢0
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𝑢0
∗

𝑢∗) (1 − 𝑓𝑖𝑅𝑖)                           (S13) 

where Cʹ is constant with fixed value of 1.4×10-15, fi is fractional coverage of vegetation type and 

Ri is reduction factor, indicating the percentage of dust reduced by vegetation covers in the 

source region. Studies related to the application of this module can be found in (Ge et al., 2011). 

The M10 model uses the online generated dust emission by the GOCART model (Ginoux 

et al., 2001). The basic approach is also from (Gillette and Passi, 1988), but with different treatment 

of land types as shown in Eq. S14.  

𝐹 = 𝐶′′𝑆 𝑠𝑝𝑢10𝑚
2  (𝑢10𝑚 − 𝑢𝑡)                                 (S14) 

where Cʹʹ is constant with fixed value of 1 µg s2 m-5, S is a source function, which is a fraction of 

alluvium available for wind erosion, indicating the probability to have sediments in grid cell of 

certain altitude, sp is fraction of clay and slit for different soil types and u10m and ut are horizontal 

wind speed at 10 meters and its threshold. 

The sea-salt particles come from breaking waves during coverage of whitecaps over the 

Open Ocean and coastal surface zone (surf-zone). The impact on aerosol concentration is estimated 

to extend to at least 25 km in the downwind regions (de Leeuw et al., 2000). Sea-salt emission 

contributes to 20-40% of SNA and PM10 over coastal regions, but the impacts on inland regions is 

less than 1% (Liu et al., 2015). Including the sea-salt emission in model simulation can improve 

the model accuracy with 8-20% increase in PM10, SNA, Na+ and Cl- (Kelly et al., 2010;Im, 2013). 

Significant improvements are also found in predicting NO3
- aerosol over coastal regions (Kelly et 

al., 2010;Im, 2013).  



Similar to dust emission, the sea-salt emissions in models are produced by parameterization. 

(Neumann et al., 2016) compared the sea-salt emissions from 6 different ways of parameterization 

from literature. All methods depends on 10 meter wind speed and dry sea-salt particle diameter, 

but differ with the consideration of salinity (SAL) and sea surface temperature (SST). Besides, one 

method includes significant wave height and friction velocity at sea surface in the equation.  

The M10 and M11 models use the sea-salt parameterization of (Gong, 2003). The 

production of sea-salt flux over the open ocean is calculate by Eq. (15). The CMAQ model after 

v4.7 is also equipped with in-line sea-salt emission by (Gong, 2003) and updated by (Kelly et al., 

2010). The sea-salt in CMAQ is speciated into three components with fixed proportions: Na+ 

(38.56%), Cl-(53.89%) and SO4
2- (7.55%). The non-sodium sea-salt cations (Mg2+, Ca2+ and K+) 

are treated as Na+ equivalents before the CMAQ v5.0. Meanwhile, the CMAQ model adds sea-salt 

production at surf-zone calculated with Eq. S15, assuming a fixed 100% coverage of whitecap and 

a 50-meter wide surf-zone.  

𝑑𝐹

𝑑𝑟
= 1.373𝑢10𝑚

3.41 𝑟−𝐴(1 + 0.057𝑟3.45) × 101.607𝑒−𝐵2

             (S15) 

where dF/dr is density function with unit of particles m-2s-2µm-1, indicating the rate of seawater 

droplet generation per unit area of sea surface with per increment of particle radius. r is particle 

radius at RH=80%, u10m is 10 meter wind speed, A is adjustment parameter control the shape of 

sub-micron size distribution and B is a parameter related to particle radius, calculated as (0.433-

logr)/0.433.  

The M12 model adopts the method of breaking wave over coastal sea-zone by (Clarke et 

al., 2006). The flux is calculated by Eq. S16. 

𝑆100 =
𝐶𝑠 𝑘 𝑉𝑤𝑖𝑛𝑑ℎ

𝐴𝑎𝑣𝑔𝐿+0.5𝑤0
                                                             (S16) 

where S100 is Sea-salt flux at 100% bubble coverage, Cs is mean braking wave condensation nuclei 

after vaporize volatile component at 360°C at 5 meters, k is multiplier for tower Cs compared to 

mean profile, Vwind is mean surf-zone wind speed, h is height of plume layer for beach profile, Aavg 

is mean bubble fractional coverage area between wave, L is distance wave travels to shore and w0 

is initial width of breaking wave bubble front. 

S1.3 Removal mechanisms: wet and dry deposition 

Wet and dry depositions are the common ways to remove particles from the atmosphere in models. 

The removal pathways may be different depending on the size of particles. The coarse-mode 

particles are removed by sedimentation/dry deposition, while the fine-mode particles are more 

easily cleared by wet deposition.  

Wet deposition is the removal pathway of gases and aerosols by rain droplets, involving 

both in-cloud scavenging (rainout) and below-cloud scavenging (washout). The gases in the 

atmosphere are dissolved in the raindrop and are removed from the atmosphere. For the non-

reactive gases, the removal rate depends on the solubility of gases and is a function of the Henry’s 

Law. Particles participate in the cloud condensation nuclei in the presence of supersaturation water 



vapor and then grow into cloud droplets. The efficiency is assessed by so-call “washout ratio”, 

calculated as the ratio of particle concentrations in deposition to particle concentrations in surface 

air as shown in Eq. 3 (also shown in manuscript). 

𝜆𝑤𝑒𝑡 =
𝐶 𝑑𝑒𝑝𝑜

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒_𝑎𝑖𝑟
 × 100%                                 (3) 

where λwet is the washout ratio for wet deposition, Cdepo is the concentration of particles in 

deposition and Csurface_air is the concentration of particles at near surface atmosphere. 

Dry deposition removes aerosols by gravitation. In this study, all models except M12 use 

the same dry deposition scheme from (Wesely, 1989). The dry deposition flux is proportional to 

the concentration of pollutants at height. The dry deposition velocity is calculated with Eq. 4 (also 

shown in manuscript). 

𝑉𝑑 = −𝐹𝑐  / 𝐶𝑎                                                   (4) 

where Fc is the dry deposition flux, Vd is the deposition velocity and Ca is the concentration of 

species at height. The negative mark indicates the direction of the dry deposition velocity. The Vd 

is determined by the resistance of air layer (r). The total r is composed of three factors (Eq. S17): 

the aerodynamic resistance (ra), boundary layer resistance (rbc) and canopy resistance (rsurf). 

𝑉𝑑 =
1.0

𝑟𝑠𝑢𝑟𝑓+𝑟𝑎+𝑟𝑏𝑐
                                                 (S17) 

The M12 predicts dry deposition velocity with the general approach from (Wesely, 1989) 

with updates by (Zhang et al., 2003). The study updates the value of non-stomatal resistance (Rns), 

which is a component of Rsurf related to the soil uptake and cuticle uptake of dry deposition. Model 

evaluation shows the updates changed the model prediction of dry deposition velocities of SO2 

(Zhang et al., 2003).  

S2. Model evaluation 

The MMM performances on PM10, PM2.5, SNA and AOD over EA are evaluated with observation. 

The main purposes are to investigate the discrepancies between model and observation and identify 

possible reasons for the model bias. This section shows the differences between MMM and 

observation and the inter-model variations (1sd and 1sd%). To make the discussion clear, we 

define the regions used in the following analysis here: northern EA (Russia and Mongolia), central 

EA (China), western EA (Japan and Korea) and southern EA (Cambodia, Lao PDR, Myanmar, 

Thailand, Vietnam, Indonesia, Malaysia and Philippines). Since M14 model has a smaller 

simulation domain than the others, it is not included in the MMM results in this section. 

S2.1 Observation data and model evaluation metrics 

Figure S1 shows the locations of observation sites in this study. A1-A86 (red) are 86 sites from 

the Air Pollution Indices (APIs) with monthly average PM10 data (http://datacenter.mep.gov.cn/). 

This dataset has been widely used to study the PM pollution (Qu et al., 2010;Chen et al., 

2008;Deng et al., 2011) as well as model evaluation (Wang et al., 2012b;Xing et al., 2015) in 



China. It is replaced by the Air Quality Index (AQI) after 2013. The APIs data covers the eastern 

China with intensively located sites, but the number of sites in western China is very limited. E1-

E54 (blue) are 54 sites from EANET (http://www.eanet.asia/, last access: 28 May 2018). This 

network provides monthly average concentrations of PM10, SNA and S and N depositions. The 

data quality is checked that sties with less than 80% completeness (i.e. <24 days in a month) are 

not used for evaluation. Only sites with qualified data during the research time are shown in fig. 

S1. This dataset covers the eastern EA (Japan and Korea) and Southeast Asia well with PM10 

observation. There are also some sites in northern EA, but the data completeness is not as 

satisfied as the other sites. Meanwhile, the number of Chinese site is limited. The Chinese sites 

are generally located along the east coast of China and couldn’t well cover the areas with high 

PM10 pollution, such as the Hebei-Beijing-Tianjin (HBT) region. This dataset also provides 

PM2.5 observation, but only three sites located in Rishiri (E15), Ochiishi (E16) and Oki (E21) in 

Japan are available during our study period. These three sites are located in the remote regions of 

Japan and couldn’t represent the high pollution in the urban regions. R1-R35 (green) are 35 

Reference (Ref) sites provided by the Institute of Atmospheric Physics Chinese Academy of 

Science (IAP_CAS). The sites are intensively located in three regions: HBT region, Pearl River 

Delta (PRD) and Taiwan. Monthly average concentrations of PM10 and PM2.5 are available for 

evaluation. 

We also evaluate the model performance on aerosol optical depth (AOD) with observation 

data from AErosol RObotic NETwork (AERONET) (https://aeronet.gsfc.nasa.gov/, last access: 28 

May 2018) and Moderate Resolution Imaging Spectroradiometer (MODIS) (https://modis-

atmos.gsfc.nasa.gov/, last access: 28 May 2018). The AERONET network is global-wide ground-

based remote sensing monitoring network for aerosols. This study uses the version-3 level-2 AOD 

product with quality assurance. There are altogether 61 sites during the research period, but the 

data completeness is not satisfying for most sites. Some sites even have one day of observation in 

a month. In order to ensure the quality of observation data, we only use data with at least 20 days 

of observation available in one month (2/3 completeness). After the quality check, only data from 

16 sites can be used for evaluation. The location of sites are marked in fig. S6. The MODIS data 

is remote sensing data derived from the Terra and Aqua satellites. This study uses the MODIS 

level-2 atmospheric aerosol product of AOD at 550 nm from Dark Target (DT) and Deep Blue 

(DB) algorithms.  

S2.2 Spatial distribution evaluation 

Figure S3 compares the MMM results with observation for annual average concentrations of 

surface PM10, PM2.5 and SNA. Table 2 summaries the statistical metrics of MMM performance. 

Overall, the MMM underestimates the PM10 and PM2.5 concentrations by 25 µg m-3 (30%) and 7 

µg m-3 (15%). The model bias for SNA are -0.7 µg m-3 (-19%), -0.05 µg m-3 (-3%) and 0.1 µg m-

3 (12%) for SO4
2-, NO3

- and NH4
+, respectively. Following are the analysis of MMM performance 

for different datasets and regions. 

For central EA, the north China is observed with the highest PM10 concentrations and the 

MMM could well reproduce them except the HBT region and the northwest China (fig. S3(a)). 

Large model underestimation of PM10 (40 µg m-3 (300%)) is found in northwest China, despite the 

very limited number of observation sites. The PM10 at the HBT sites is also largely underestimated 



by 68 µg m-3 (46%). The biases for individual sites range from -13% to -77%, indicating a 

systematic model underestimation at all sites in this region. On the contrary, the PM2.5 at these 

sites are generally well simulated with much lower bias (-7.6 µg m-3 and -11%). Since the number 

of sites for PM2.5 (8) is less than that for PM10 (18), we analyse the seven sites with both PM10 and 

PM2.5 observation (one of the eight sites only has PM2.5 observation). The PM10 bias are -58.4 µg 

m-3 (-42%) and the PM2.5 bias are -9.2 µg m-3 (-12%). The much lower PM2.5 bias than PM10 bias 

suggests model underestimation of coarse-mode of particle (PMC), probably related to dust 

emission. In east and south-central China, the MMM underestimates the PM10 concentrations at 

the APIs sites by about 30-40 µg m-3 (50-100%), in particular at the sites along the east coast of 

China. At the PRD sites, the PM10 is underestimated by 23.2 µg m-3 (34%) and the PM2.5 is 

underestimated by 6.8 µg m-3 (17%). We compare the three sites with both PM10 and PM2.5 

observation. The MMM underestimates the PM10 by 23.2 µg m-3 (39%), 24.8 µg m-3 (34%) and 

12.6 µg m-3 (26%), respectively, and underestimates the PM2.5 by 5.9 µg m-3 (16%), 9.8 µg m-3 

(20%) and 6.4 µg m-3 (18%), respectively. Similar to the HBT regions, underestimation of PMC is 

found in this region, but the bias is relatively lower than that of HBT region. In case of SNA, only 

site E6 located on Xiamen Inland in south-central China is available. This site is largely 

underestimated by 50-60% for SNA. Overall, the sites located near the coastal region are 

somewhat underestimated.  

For eastern EA, the MMM underestimates the PM10 by 14.6 µg m-3 (52%). The ten 

Japanese sites are underestimated by 11.7 µg m-3 (49%). The three Korean sites are underestimated 

by 24.1 µg m-3 (52%). In case of PM2.5 and SNA, only observations from the Japanese sites are 

available. The PM2.5 at the Japanese sites are underestimated by 4.3 µg m-3 (40%). For SNA, the 

model bias of Japanese sites are -0.7 µg m-3 (-22%), 0.2 µg m-3 (21%) and 0.1 µg m-3 (11%) for 

SO4
2-, NO3

- and NH4
+, respectively. The SO4

2- concentrations are underestimated at all sites 

(except E19), while there are both positive and negative model bias for NO3
- and NH4

+. We pick 

out the two sites (E15 and E21) with complete observation of PM10, PM2.5 and SNA. The model 

biases are -40% and -58% for PM10, -33% and -33% for PM2.5, -30% and -35% for SO4
2-, 14% and 

-27% for NO3
- and 1% and -24% for NH4

+. The underestimation of SO4
2- could relate to the 

oxidation of SO2. Another possible reason for the model bias is the complicated geographical 

location of sites. The E19 site, located in 1850 meters high, is found with large model bias of 

209%, 630% and 223% for SNA. The E23 site, located on 790 meters high, is found with lower 

model bias: -28%, 225% and 24% for SNA, but its bias are still among the highest of all sites.  

For northern EA, the SNA observation is available at five sites. The model bias of SNA 

are -1.2 µg m-3 (-47%), 0.1 µg m-3 (16%) and 0.1 µg m-3 (12%) for SO4
2-, NO3

- and NH4
+, 

respectively. The bias of individual sites varies largely for SO4
2- (-80% to 36%), NO3

- (-73% to 

220%) and NH4
+ (-82% to 58%). This region has been identified with poor quality in the emission 

inventory compared with other regions in the study of MICS-Asia II (Carmichael et al., 2008). In 

this study, the emissions of  this region come from the Regional Emission Inventory in Asia 

(REAS) version 2.1 (Li et al., 2017). The base year of the inventory is 2000-2008, not extended to 

the simulation year of 2010. This database serves as the default emission inventory for regions 

with no local emission information as update. The large model bias found in this study indicates 

update in emissions is required to improve model accuracy. Furthermore, Russian emission has 



been reported with high uncertainties (Huang, 2014;Kholod et al., 2016), and recent studies were 

trying to identify the missing emission sources such as gas flaring (Huang et al., 2015) and 

reconstruct the emissions such as biomass burning (Hao et al., 2016) and diesel combustion 

(Kholod et al., 2016). The updated emissions with localized data could be 10 times higher than the 

global-wide emission inventories (Hao et al., 2016). For southern EA, only three observation sites 

in Thailand are available for PM10, which are all slightly underestimated by about 15-20 µg m-3 

(42-47%). The model biases at these sites are 0.5 µg m-3 (14%), 0.4 µg m-3 (28%) and 1.2 µg m-3 

(124%) for SO4
2-, NO3

- and NH4
+, respectively. But since no sites has a complete set of observation 

data for both PM10/PM2.5 and SNA, it is hard to provide a comprehensive review in this region. 

Figure S4 shows the inter-model variations of surface PM10, PM2.5 and SNA among all 

participating models. The 1sd and 1sd% of PM10 can reach upmost 80-90 µg m-3 and 200%, 

respectively (fig. S4(a-b)). The model results are consistent over oceans (1sd <10 µg m-3) and 

coastal regions (1sd ~10 µg m-3). For inland regions, the models have higher agreement in east 

China, eastern EA and southern EA (1sd <10 µg m-3 and 1sd% =10-30%) than the other regions. 

The HBT region is attributed by model discrepancies of 10-20 µg m-3 (10-30%). This is relatively 

low compared to the model underestimation of PM10 in this region (68 µg m-3 and 46%). This 

supports our suspect of systematic underestimation in this region by most models as analysed 

above. The highest inter-model discrepancies are found in northwest China, especially around the 

Taklimakan and Gobi Deserts (100-110 µg m-3 and >210%), due to the implementation of dust 

emission in four of the twelve models. Similar distribution patterns are found in PM2.5 (fig. S4(c-

d)). The spatial distributions of SNA (fig. S4(e-j)) are considerably different from those of PM10 

and PM2.5. The models have higher consistency in SNA than PM10 and PM2.5 in northwest China. 

The inter-model differences in eastern China are higher for SNA (40-60%) than PM10 and PM2.5 

(10-30%). This is because that eastern China is distributed with intensive emissions of SNA 

precursors (i.e. SO2, NOx and NH3) (Li et al., 2017). In addition, some regions with high variations 

are worth-noting here. Japan is attributed with higher inter-model variations of SO4
2- than the other 

regions (90-100%). South EA is found with high inter-model differences in NO3
- concentrations 

(60-100%). The variation of NO3
- is extremely high on the open ocean (80-100%), which is related 

to the treatment of sea-salt emissions in model simulations.  

S2.3 Temporal distribution evaluation 

Figure S5 compares the monthly variations of PM and its components between MMM and 

observation. The MMM results and observations are the average concentrations of all 

corresponding sites of the datasets/regions. The inter-model variations (1sd) are presented with the 

grey-shaded areas. For central EA (fig. S5(a-d and h)), the trends of PM10 are generally well 

simulated with high R values (~0.9) except the HBT region (0.5). However, the magnitudes of 

PM10 are generally underestimated in all months in all datasets except the EANET site (fig. S5(h)). 

Among all regions, the largest model bias is found in the HBT region, where the modeled PM10 

are 50 µg m-3 lower than the observation in most months. Among the twelve months, the model 

bias is highest in March-May (spring season) and November-January (winter season) for all sites. 

For the HBT region, the MMM underestimates the PM10 concentration peak in March, probably 

due to lack of dust emissions in some models. For the API sites, the MMM fails to predict the high 



concentration in March. The inter-model variation is high in this month, which means that some 

models can reproduced this characteristic. For PRD and Taiwan, the MMM produces 

concentration peaks in March, but underestimates the magnitudes. In case of PM2.5, both the 

monthly trends and concentrations are well captured by MMM in the HBT and PRD regions, which 

is different from PM10. This again supports our suspect that the model bias in simulating PM10 

over the HBT region can be attributed to model bias in PMC. On the other hand, the PM2.5 at 

Taiwan sites are underestimated by about 10-20 µg m-3 in all months, which is the similar amount 

to the model underestimation of PM10 in this region. The MMM misses the concentration peak of 

PM2.5 in March, also similar with PM10. Different from the HBT region, the model bias in this 

region comes from model treatment of fine-mode of particles. Only one EANET site is available 

for SNA, therefore further evaluation is required before drawing a concluding. The magnitudes of 

SNA are poorly simulated by MMM despite high R values of NO3
- (0.85) and NH4

+ (0.85). In 

particular, the MMM has largely underestimated the high concentrations of SNA during November 

to April.  

For northern EA, the observed SO4
2- shows two concentration peaks throughout the year: 

a 6-month peak from November to April and a single-month peak in June. The modelled SO4
2- 

shows an opposite trend with the observation (R = -0.64). Since the 1sd is low, this is considered 

as a systematic model bias for SO4
2- in this region. The modelled NO3

- and NH4
+ have high R 

values with observation. The concentrations of NO3
- are well caught by MMM, especially the 

peaking values during November-April. The concentrations of NH4
+ are largely underestimated 

during winter and spring. In addition, both modelled NO3
- and NH4

+ have high inter-model 

variations during winter, when the observed concentrations are high. For southern EA, the 

observed PM10 peaks in March and November. The MMM has well reproduced this trend, but 

underestimates the peaking concentrations in both peaks. Beside this, the other months are 

generally under-predicted by about 10 µg m-3. In case of SNA, the modelled trends and 

concentrations of SO4
2- agree well with observation in most months except February-March. The 

observed SO4
2- peaks from February, but the MMM peaks one month later. The MMM has largely 

underestimated the NO3
- concentrations during March-May and NH4

+ concentrations in May. This 

is because 1 site in Thailand has much higher observed NO3
- (68 µg m-3) and NH4

+ (7 µg m-3) than 

the other sites, but the MMM fails to catch this site. This underestimation is not found in SO4
2- 

because this site doesn’t provide SO4
2- observation.  

For eastern EA, the observed PM10 shows two peaks at the same episode as southern EA. 

But the modelled monthly trend of PM10 is almost flat throughout the year. The PM10 

concentrations are generally underestimated by 10-20 µg m-3, especial during the two peaking 

periods. The trend of PM2.5 is also poorly simulated with R of 0.02, due to underestimation of 

concentrations during April to June. It should be noted that the number of PM2.5 observation sites 

(3) is much lower than that of PM10 (13), and the observation sites of PM2.5 are all located in the 

remote regions of Japan. Therefore, it could be inappropriate to relate the evaluation results of 

PM2.5 with those of PM10. In case of SNA, the MMM has well simulated both the trends and 

concentrations of NH4
+, but performed poorly on SO4

2- and NO3
-. The SO4

2- concentrations are 

underestimated during January-March, and the modelled trend of NO3
- is almost opposite to the 

observation during May-July. It is worth-noting that the inter-model variations of SO4
2- and NO3

- 



in this region are considerably high throughout the whole year, and the 1sd values are the highest 

among all EA regions. The possible reason may lay on model formation of fine particles. 

S2.4 Model performance on AOD column 

This section compares the modelled monthly AOD at mid-visible (500 nm) with observation. 

Figure S6 shows the comparison of MMM results with AERONET and MODIS at the AERONET 

sites. The inter-model differences (±1sd) are also shown with grey-shaded areas. The AERONET 

data is discontinued due to data incompleteness (mention in sect. S2.1), which makes it difficult 

to assess the temporal variation. The model results of M5 and M6 are not available and the results 

of M7, M8, M12 and M13 are unreasonable. Therefore, only model results of M1, M2, M4, M10 

and M11 are used. For central EA, observation from five sites are available for comparison. The 

Xinglong and Xianghe sites are located close to each other in northeast China. The modelled AOD 

at the Xianghe site agrees well with the observations from both AERONET and MODIS. The AOD 

at the Xinglong site is overestimated during July-September. The SACOL site is located in 

northwest China. The MMM agrees well with both observation datasets during October-

December, but misses the high concentrations in April. The NAM_CO and QOMS_CAS sites are 

located in southwest China. Very limited AERONET data is available at these two sites. The Issyk-

Kul and Dushanbe sites are located close to the Taklamakan Desert. The AOD at the Dushanbe 

site is 50% lower than the AERONET data during July and December. The MMM fails to 

reproduce the concentration peak in August and the increasing trend from September to December. 

The Issyk-Kul site only has AOD observation in August and the value is slightly overestimated by 

MMM. Eight sites are available for southern EA. The five Indian sites are all located close to the 

Himalayas Mountain: Lahore, Karachi, Nainital, Kanpur and Kathmandu_Univ. The Nainital and 

Kathmandu_Univ sites are well simulated with slight overestimation during September-December. 

The Lahore site is generally underestimated in all months. The Kanpur site is underestimated 

during April-June, but it is well simulated during October-March. The modelled AOD in the 

Karachi site fits well with the MODIS data, but is lower than the AERONET data. The two sites 

in Thailand (Chiang_Mai_Met_Sta and Silpakorn_Univ) are generally underestimated, especially 

in March and August. The AOD in the Manila Observatory site in Philippine is well simulated in 

February and March. For eastern EA, the AOD in the Ussuriysk site is overestimated during July-

October.  

Figure S7 compares the spatial distribution of modelled AOD with MODIS satellite data 

in four seasons (Dec-Feb as winter). The MODIS data shows several hot spots in central EA and 

southern EA, especially the HBT region (0.6-0.9), south-central China (~0.6), Sichuan Province 

(~0.8) and around the Himalayas Mountain (0.5-0.6). These patterns are generally well reproduced 

by MMM. The AOD values in south-central China are somewhat overestimated by MMM in 

Spring and Fall, while the AOD values around the Himalayas Mountain are underestimated in 

Spring and Summer. In spring, the MODIS detects very high AOD around the Taklamakan Desert 

(0.6-0.9), but the MMM fails to simulate it and produces as low value as the background AOD 

(~0.2). According to 1sd plot, this region has about ±0.2 disagreement on AOD among models, 

due to M10, M11 and M14 models produce higher AOD than the other models owing to the 

implementation of dust emissions in simulations. South China is attributed with the highest 1sd 



among all regions (±0.5), due to M2 and M10 models produce higher AOD than other models and 

MODIS. Overall, we get consistent evaluation results by comparing model results with AERONET 

and MODIS. The AOD in north-western EA (near Taklamakan desert) and southern EA (around 

the Himalayas Mountains) is somewhat underestimated, while that in central and eastern EA is 

generally well simulated. The seasonal comparison with MODIS further confirms the model 

underestimation of AOD in north-western EA during the spring season, which is close related to 

dust emissions. 

S2.5 Model performance on wet deposition 

We evaluate the model performance on wet deposition with observation as shown in fig. S8. The 

statistical metrics are listed in Table S1. For wet SO4
2- deposition, despite that the two highest sites 

(E2 and E3) in China are underestimated, the other sites are generally well simulated by MMM 

with a MB of -8%. The individual model bias vary from -22% to 41%. The CMAQ models (M2, 

M4 and M6) all underestimate the wet SO4
2- deposition. There are large differences between 

CMAQv4.7.1 and CMAQv5.0.2 in JP, where the CMAQv4.7.1 models (M4 and M6) slightly 

overestimate the wet SO4
2- deposition at E19 and E23, while the CMAQv5.0.2 model (M2) slightly 

underestimates the value at these sites. The M11 and M12 models produce considerably different 

results with the CMAQ models, especially in east EA.  

The MMM underestimates the NO3
- wet deposition by 29%, due to large under-prediction 

in southern EA. The southern EA has several sites with very high deposition, such as E29 site in 

MY and E35 and E36 sites in PH, but all models fail to catch those high peaks. The individual 

model bias varies from -59% to 30% among models. M2, M4, M6 and M12 perform similarly with 

high underestimation ranging from 39% to 59%. The M11 is the only model that succeed to capture 

the high wet NO3
- deposition at E2 and E3 in CH, but it overestimates most sites in CH, JP and 

KR. 

In case of wet NH4
+ deposition, the MMM generally underestimates the amount at all sites 

with a bias of -40%, especially at E2-E4 in CH, E45 in TH and E35 and E36 in PH. The individual 

model bias varies from -10% to -37%. The M2, M4 and M6 models perform similarly, while M11 

and M12 models predict higher depositions at all sites. The observation of dry deposition is 

composed by observed concentration of air pollutants and simulated deposition velocity. Since the 

EANET network only provides the former one, we are unable to evaluate the dry deposition in this 

study (complete dry deposition with velocity is available after 2013). 



Supplementary figures 

Figure S1 

 

 
Figure S1 Major reaction rates of the formation of SO4

2- and NO3
- at 298K and 1atm. The rate of some reactions are 

scaled as indicated. PAN is used to represent NTR in the reaction of NTR+OH. HCHO is used to represent VOC in 

the reaction of NO3+VOC. 

  



Figure S2 

 
Figure S2 The geographical locations of observation networks of API (red color, A1-A86), EANET (blue color, E1-

E54, only sites with available observation during simulation time are shown) and Ref (green color, R1-R35) sites. 

Grey shaded regions have been reported to be affected by dust storms. 

 



Figure S3 

 
Figure S3 Comparison of annual average concentrations of PM and components from MMM (contour) with 

observation (markers). Unit: µg m-3.  

 



Figure S4 

 
Figure S4 The inter-model variations of PM and components among models. The 1sd is the 1 standard deviation 

among models (µg m-3). The 1sd% is calculated by dividing 1sd by MMM (%). 

 



Figure S5 

 

 
Figure S5 Monthly average concentrations of PM and components from MMM (red line) and observation (blue line) 

(µg m-3). The grey-shaded areas are ±1 sd of models. The upper-right values are the numbers of sites (n) and the 

correlations (R) between model and observation. 

 



Figure S6 

 
Figure S6 Monthly average AOD from MMM (red line) and observation from Aeronet (blue line) and MODIS 

(green). The x axis presents the months. The grey-shaded areas are ±1 sd of models. 

 



Figure S7 

 
Figure S7 (Left 2 columns) Comparison of seasonal average AOD values between MMM and MODIS data. (Right 

column) +1 sd among models. 

 



Figure S8 

 
Figure S8 Modelled annual-accumulated wet deposition of SO4

2-, NO3
- and NH4

+ compared with observation from 

EANET network. The units are mg(S or N) m-2 yr-1. Abbreviation for regions: RU-Russia, MN-Mongolia, CH-

China, JP-Japan, KR-Korea, KH-Cambodia, MN-Myanmar, TH-Thailand, VN-Vietnam, ID-Indonesia, MY-

Malaysia, PH-Philippine. 

 



Figure S9 

 

 
Figure S9 Surface BC concentrations of models (unit: µg m-3). Values are calculated by annual average data. The 

bottom-left values are domain average (Avg) and domain maximum (Max) concentrations. 

 



Figure S10 

 
Figure S10 Domain average CO concentrations of models at vertical layers (unit: ppb). Values are calculated by 

annual average data. 

  



Figure S11 

       (a) BC Difference               (b) BC % difference               (c) PM10 Difference            (d) PM10 % difference 

 
 

       (e) PM2.5 Difference           (f) PM2.5 % difference             (g) SO4
2- Difference            (h) SO4

2- % difference 

 
 

        (i) NO3
- Difference              (j) NO3

- % difference             (k) NH4
+ Difference             (l) NH4

+ % difference 

 
 

Figure S11 Differences between M1 and M2 at surface layer for (a-b) BC, (c-d) PM10, (e-f) PM2.5, (g-h) SO4
2- (i-j) 

NO3
- (k-l) NH4

+. Values are calculated by annual average data. The difference is calculated by (M1-M2) and % 

difference is calculated by (M1-M2)/M1×100%. M1 uses GEO-Chem as boundary condition and M2 uses default 

values of CMAQ model. 

 

 



Figure S12 

 
Figure S12 SOR values at surface layer for models (unit: %). SOR is calculated by SO4

2-/(SO2+SO4
2-)×100%. The 

SO2 and SO4
2- concentrations are transferred from ppb and µg m-3 to mole(S) m-3 before calculating SOR. Values are 

calculated by annual average data. 

 



Figure S13 

 
Figure S13 Same as fig S12 but for C(NO2) (unit: %). C(NO2) is calculated by NO3

-/(NO2+NO3
-)×100%. The C(NO2) 

of M8 is extremely low due to unreasonable low NO3
- concentration, which is considered as outliner in this study. 

Values are calculated by annual average data. 

 

  



Figure S14 

Gas-aerosol parititioning of S in northern EA and central EA 

 

 
Gas-aerosol parititioning of S in eastern EA 
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Gas-aerosol parititioning of S in southern EA 

 

 

 
Gas-aerosol parititioning of N 

 
Figure S14 Gas-particle conversion of S and N from observation and individual models at EANET sites. The unit is 

µmole (S or N) m-3. Values are calculated by annual average data. 
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Figure S15 

 
Figure S15 Annual average PMC concentrations at surface layer of individual models (µg m-3). The value is 

calculated by subtracting PM2.5 from PM10. The values in left-bottom are domain average (Avg) and maximum 

(Max) values. 

  



Table S1 

Table S1 Multi-model performances on wet deposition (unit: mg(S or N) m-2 y-1) 

 Wet SO4
2- Deposition Wet NO3

- Deposition 

M2 M4 M6 M11 M12 MMM M2 M4 M6 M11 M12 MMM 

Mean Obs 931.3 931.3 931.3 931.3 931.3 931.3 460.9 460.9 460.9 460.9 460.9 460.9 

Mean MMM 633.7 724.2 775 1313.2 826.2 854.5 187.5 266.7 279.5 597.8 308.3 328 

S 0.3 0.3 0.3 0.3 0.2 0.3 0.1 0.1 0.1 0.2 0.1 0.1 

MB -297.7 -207.1 -156.3 381.9 -105.1 -76.9 -273.4 -194.2 -181.4 137 -152.6 -132.9 

R 0.5 0.4 0.4 0.2 0.3 0.4 0.1 0.2 0.2 0.2 0.1 0.2 

F 61.2 61.2 61.2 24.5 40.8 51 38.8 49 46.9 44.9 38.8 46.9 

NMB -32 -22.2 -16.8 41 -11.3 -8.3 -59.3 -42.1 -39.4 29.7 -33.1 -28.8 

NME 49.3 50.2 51.5 117.3 62.8 53.6 66.2 60.9 60.6 78.4 68.8 58.2 

MFB -37.4 -23.4 -15.8 4.6 -11.4 -4.6 -75.8 -49.8 -42.1 25.8 -40.9 -27.6 

MFE 57.8 55.9 53.7 93.8 66.7 57.6 84.9 71.2 69.3 61 74.6 62.3 

Number of 

Sites 
49 49 49 49 49 49 49 49 49 49 49 49 

 

Continue Table S1 

 Wet NH4
+ Deposition 

M2 M4 M6 M11 M12 MMM 

Mean Obs 558.4 558.4 558.4 558.4 558.4 558.4 

Mean MMM 459.9 349.4 497.4 505 478 337.6 

S 0.3 0.1 0.3 0.3 0.2 0.2 

MB -98.5 -208.9 -61 -53.4 -80.4 -220.7 

R 0.3 0.2 0.3 0.4 0.4 0.3 

F 40.8 44.9 44.9 51 46.9 38.8 

NMB -17.6 -37.4 -10.9 -9.6 -14.4 -39.5 

NME 64.8 65.5 64.9 58.2 57 63.6 

MFB -21.2 -42.4 -14.4 -18 -12.6 -41.9 

MFE 70.7 77.9 69.1 65.9 62.9 76.1 

Number of sites 49 49 49 49 49 49 
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