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Abstract
By the GEOS-Chem simulation with fixed anthropogenic and 

biomass burning emissions, this study exhibits the differences in 
interannual variations (IAVs) of surface-layer PM2.5 concentrations 
among three populated regions, the eastern United States (US), 
eastern China, and Europe driven by variations in meteorological 
parameters. In the eastern US, PM2.5 concentrations have relatively 
small IAVs with no explicit seasonality, with the absolute percent 
departure from the mean (APDM) values of 4−16% in four sea-
sons. The IAVs of PM2.5 are found to be large in North China and 
the northwestern Europe during winter and spring. The APDM 
values are 24−28% in winter and 32−36% in spring in eastern 
China, and 32−36% in winter and 20−24% in spring in Europe. 
Additionally, we obtain the key meteorological parameters that 
drive the IAVs of PM2.5 by the stepwise multiline regression model 
(SLR) containing 8 meteorological variables. The most important 
meteorological variables over the eastern US, eastern China, and 
Europe are, respectively, the westerly at 850 hPa, surface wind 
speed, and the planetary boundary layer height in winter, and pre-
cipitation, relative humidity, and surface temperature in summer. 

(Citation: Feng, J., H. Liao, and Y. Gu, 2016: A comparison 
of meteorology-driven interannual variations of surface aerosols 
in the eastern United States, eastern China, and Europe. SOLA, 12, 
146−152, doi:10.2151/sola.2016-031.)

1. Introduction

Aerosols are major air pollutants that have adverse effects on 
human health, reduce atmospheric visibility, and influence global 
climate change. Observational and modeling studies have reported 
high aerosol concentrations in the eastern United States (US) 
(Malm 2004; Park et al. 2003, 2004; Walker et al. 2012), eastern 
China (Zhang et al. 2012b; Wang et al. 2013; Mu and Liao 2014), 
and Europe (Megaritis et al. 2014; Andersson et al. 2007) as a 
result of the large anthropogenic emissions of aerosols and aerosol 
precursors in these regions (Dutkiewicz et al. 2000; Vestreng et al. 
2007; Hand et al. 2012; Mijling et al. 2013). Previous studies also 
showed that the interannual variations (IAVs) of aerosols were 
significant in the eastern US (Alston et al. 2012), eastern China 
(Yang et al. 2011; Mu and Liao 2014), and Europe (Andersson 
et al. 2007). The IAVs in aerosol concentrations were found to be 
sensitive to the IAVs in anthropogenic emissions of aerosols and 
aerosol precursors (Mylona 1996; Irie 2005; Ohara et al. 2007; 
Vestreng et al. 2007; Xing et al. 2013) and in meteorological con-
ditions, since the meteorology modulates the processes of dilution, 
transport, deposition, and chemical reaction (Andersson et al. 
2007; Zhao et al. 2012; Mu and Liao 2014).

Previous studies on the IAVs of aerosol concentrations were 

insufficient in two aspects: (1) these studies on the IAVs of aero-
sols were focused on one of the three regions, hardly compared 
the differences among the regions and seasons due to various 
dominant meteorological variables; (2) many studies were focused 
on the net effect of all meteorological variables on the IAVs of 
aerosols, other than the relative importance of different meteoro-
logical variables including temperature, precipitation, humidity, 
and surface wind speed. This study presents a comparison of 
meteorology-driven IAVs of seasonal mean PM2.5 in the eastern 
US, eastern China, and Europe by the simulations of year 1986− 
2006 aerosol concentrations using the global chemical transport 
model (CTM) GEOS-Chem. Our aims are to quantify the differ-
ences in the geographic distributions of the IAVs of PM2.5 and 
to obtain the key meteorological variables that drive the IAVs of 
aerosols in the eastern US, eastern China and Europe in different 
seasons.

2. GEOS-Chem simulation

With the GEOS-Chem model (http://acmg.seas.harvard.edu/
geos), driven by the assimilated meteorological data from the 
Goddard Earth Observing System (GEOS) of the NASA Global 
Modeling and Assimilation Office (GMAO), we simulate global 
aerosols over 1986−2006 with a horizontal resolution of 2° × 2.5°  
and a vertical resolution of 30 hybrid pressure-sigma layers from 
the surface to 0.01 hPa. The GEOS-4 meteorological fields, which 
have long time coverage for 1986−2006, are used because our 
study needs decades of simulation to get enough samples for 
interannual variation. The GEOS-Chem model has a fully coupled 
treatment of tropospheric ozone-NOx-VOC-aerosol chemistry 
including various aerosols of sulfate (SO4

2−), nitrate (NO3
−), 

ammonium (NH4
+) (Park et al. 2004), OC, BC (Park et al. 2003), 

mineral dust (Fairlie et al. 2007), and sea salt (Alexander et al. 
2005; Jaeglé et al. 2011). The model uses the advection scheme of 
Lin and Rood (1996), the deep convective scheme of Zhang and 
McFarlane (1995), the shallow convection scheme of Hack (1994),  
the wet deposition scheme of Liu et al. (2001), and the dry depo-
sition scheme of Wesely (1989) and Wang (1998). The simulated 
PM2.5 is reconstructed by the sum of SO4

2−, NO3
−, NH4

+, BC and 
OC, while mineral dust and sea salt are omitted because they are 
not the dominant components of PM2.5 in the eastern US (Eldred 
et al. 1997; Malm 2004), eastern China (Ye 2003; Duan et al. 
2006), and Europe (Querol et al. 2004). We use the anthropogenic 
emission inventories of EPA/NEI99 (http://www.epa.gov/ttn/chief/
net/1999inventory.html) in the US, Streets et al. (2003) in China, 
and EMEP (http://www.ceip.at/) in Europe. We fix anthropogenic 
emissions to the levels of year 2005 in our simulation of year 
1986−2006 aerosols in order to highlight the effects of meteorol-
ogy. The biomass burning emission is also fixed although it does 
not play a major role in the IAVs of aerosols in these three regions 
(Voulgarakis et al. 2015). In our simulation, the multi-annual  
mean PM2.5 concentrations over 1986−2006 in the eastern US 
(95°W−72°W, 30°N−45°N), eastern China (110°E−125°E, 20°N− 
42°N) and Europe (5°W−30°E, 40°N−60°N) were higher than in 
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ing Fu et al. (2012). The APDM is defined as:
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where Ci is aerosol concentration in the i-th year, and n is the 
number of years examined. APDM represents the interannual vari-
ation relative to the average concentration over the n years. Figure 
1 shows the geographic distribution of the APDM values of PM2.5 
concentrations in the eastern US, eastern China, and Europe. We 
will be focused on the APDM values in the polluted areas with the 
average PM2.5 concentrations ≥ 5 µg m−3. In the regions with low 
aerosol concentrations, the absolute variations of PM2.5 concentra-
tions are not large even though the APDM values are high.

As shown in Fig. 1, in the eastern US, the APDM values are 
4−12% in most grid cells during DJF, MAM, JJA and SON. In 
eastern China, the APDM values exhibit a spatial pattern, with 
the maximum APDM values of 24−28% in DJF and of 32−36% 
in MAM in North China (NC). In other areas of eastern China, 
the APDM values are 4−12% during DJF and MAM, far less than 

other regions in the northern mid-latitudes in December-January- 
February (DJF), March-April-May (MAM), June-July-August 
(JJA), and September-October-November (SON) (see supplemen-
tary material, Fig. S1). The magnitude and spatial distribution of 
simulated aerosols in the GEOS-Chem model have been evaluated 
extensively in previous studies for the US (Park et al. 2003, 2004, 
2006; Heald et al. 2006; van Donkelaar et al. 2006; Fu et al. 2009; 
Drury et al. 2010; Leibensperger et al. 2011; Zhang et al. 2012a), 
China (Zhang et al. 2012b; Wang et al. 2013) and Europe (Leiben-
sperger et al. 2011; Ma and Yu 2014) for different years and 
seasons between 1998 and 2008. The simulated IAVs of aerosol 
concentrations over 2004−2012 in China were evaluated by Mu 
and Liao (2014). Our simulation by GEOS-Chem also captures 
the temporal variations of PM2.5 concentrations in the eastern US, 
eastern China and Europe (see supplementary material, Fig. S2).

3. The meteorology-driven interannual variations 
of aerosols

We calculate the absolute percent departure from the mean 
(APDM) of PM2.5 and its components to quantify the IAVs follow-

NC NC

NWE NWE NWE

Fig. 1. The surface PM2.5 APDMs (%) in the eastern US, the eastern China and Europe over DJF, MAM, JJA, and SON in 1986−2006. The grey polygons 
define North China (NC) and the northwestern Europe (NWE) respectively. Only the APDMs in the grids with the multiannual averaged concentration  
> 5 µg m−3 are exhibited.
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the values in NC. In JJA and SON, the IAVs in eastern China 
have more uniform geographic distributions, with APDM values 
of 8−20% in JJA and of 4−16% in SON in most grids. In JJA, 
the IAVs in eastern China are larger than in the eastern US and 
Europe. In Europe, the APDM values are high in the northwestern 
Europe (NWE) (in the Great Britain and Ireland), with the maxi-
mum values of 32−36%, 20−24% and 24−28% in DJF, MAM and 
SON, respectively. The APDM values are low (4−12%) in other 
areas of Europe. 

In summary, we can draw conclusions that: (1) The IAVs of 
PM2.5 in the eastern US are weaker and more uniform relative 
to those in eastern China and Europe. (2) In eastern China and 
Europe, the IAVs have obvious geographic patterns, high in the 
NC and NWE but low in other areas in DJF and MAM. (3) In JJA, 
the IAVs are quite uniform spatially in the eastern US, eastern 
China and Europe. We have calculated the APDM values of the 
observed PM2.5 concentrations in the eastern US and Europe (Fig. 
S3 in supplementary material). Even though the IAVs of observed 
PM2.5 concentrations are influenced by both local emissions and 
meteorological conditions, Fig. S3 shows that the IAVs of aerosols 
in the eastern US are uniform, similar to the simulated APDM 
values in Fig. 1.

4. Key meteorological variables that drive the inter-
annual variations of PM2.5 in the eastern US, east-
ern China and Europe

4.1 Methodology
We establish empirical relationship between main meteorolog-

ical fields and aerosol concentrations by using the stepwise multi 
linear regression model (SLR) (Pratsinis 1988; Baek 1997; Lee 
et al. 2005; Yuan et al. 2006; Lin and Yeh 2007; Tai et al. 2010, 
see supplementary material). Among the 8 meteorological parame-
ters of temperature at surface (TS), precipitation rate (PR), relative 
humidity (RH), surface wind speed (WS), air divergence at sur-
face (DS), planetary boundary layer height (PBLH), and westerly 
wind at 850 hPa (U850) and southerly wind at 850 hPa (V850), the 
SLR identifies the statistically significant meteorological variables 
that have passed the F-test with 95% confidence. The WS, DS and 
PBLH are expected to modulate aerosol concentrations by vertical 
and horizontal ventilation. RH, PR and TS can impact aerosol 
concentrations by altering aerosol thermodynamics, wet deposi-
tion and chemical reaction rates (Dawson et al. 2007; Kleeman 
2008; Jacob and Winner 2009). The wind fields at 850 hPa are 
considered here because the transport by the lower troposphere 
wind is important for surface-layer aerosol concentrations in the 
three studied regions (Zhang et al. 2010; Jerez et al. 2013; Gong 
et al. 2006). 

We obtain the key meteorological parameters in the eastern 
US, eastern China and Europe by two steps: (1) In each grid cell, 
the SLR is used to get the time series of regressed PM2.5 concen-
trations on the basis of the 8 meteorological variables and the 
statistically significant meteorological variables. (2) The APDM 
values are calculated for the regressed PM2.5 concentrations (SLR 
APDM, see supplementary material). The geographic distributions 
of SLR APDM are then compared with those of the APDM values 
shown in Fig. 1. 

4.2 Key meteorological variables that drive the interannual vari-
ations of PM2.5 in the eastern US, eastern China and Europe

Figure 2 shows the SLR APDM values of PM2.5 concentrations 
in the eastern US, eastern China and Europe. The geographic dis-
tributions and magnitudes of SLR APDM are similar to those of 
the APDM values shown in Fig. 2. Importantly, the SLR APDM 
values of PM2.5 well reflect the three important features of APDM 
values mentioned in the end of Section 3. The similarity between 
the geographic distribution of APDM in Fig. 1 and that of the SLR 
APDM in Fig. 2 can be quantified by the pattern correlation coeffi-
cient (PCC, http://glossary.ametsoc.org/wiki/Pattern_correlation).  
The PCC in all four seasons and all three regions are always > 0.98 
(Fig. 2), indicating that the IAVs of PM2.5 reconstructed by SLR 

work well in all four seasons over the three regions.
Based on the SLR APDM, we also obtain the key meteoro-

logical variables in every grid cell by SLR. Then we define the 
meteorological variable importance index (MVII) for IAVs as:

MVII
the number of grids with 

a specific meteorological va= rriable
the number of all grids in the region

×100%

The MVII denotes the percentage of grid cells with a specific 
meteorological variable statistically significant in SLR. Figure 
3 shows MVII in four seasons in the eastern US, eastern China, 
and Europe. Table S1 shows the most important meteorological 
variable (the meteorological parameter with the maximum MVII) 
obtained by SLR and its APDM value for a region (eastern US, 
eastern China, or Europe) and a season. 

In the eastern US, the most important meteorological variable 
in DJF is U850, with the MVII of 55%. Another two important 
variables are PBLH (MVII is 50%) and TS (MVII is 45%). In 
JJA, the most important meteorological variable is PR, with the 
MVII of 42%. In MAM and SON, the MVII values of PBLH 
are about 40% and 45% respectively, dominating the IAVs of 
PM2.5 concentrations. The U850 drives the IAVs of PM2.5 in DJF, 
because of the importance of wide-range transport due to the 
strong westerly in the lower troposphere (Feng et al. 2016) and the 
low photochemical activity during winter (Wagstrom and Pandis 
2011a, b). The PR drives the IAVs of PM2.5 in JJA, reflecting the 
importance of wet deposition during summer in the US. Dawson 
et al. (2007) reported that the sensitivities of PM2.5 concentrations 
to precipitation were −0.02%%−1 in January but −0.2%%−1 in July 
in the eastern US because of the high PR in summer.

In eastern China, the most important meteorological variables 
in DJF and JJA are WS and RH, with the MVII values of 40% 
and 37%, respectively. The dominant effect of WS in winter over 
eastern China has been reported by many previous studies (Zhao 
et al. 2013; Mu and Liao 2014; Zhou et al. 2015; Qu et al. 2015; 
Li et al. 2015), as a result of the IAVs of the intensity of Eastern 
Asian Winter Monsoon (EAWM) (Niu et al. 2010; Zhou et al. 
2015; Li et al. 2015). In summer, the intensive influences of RH 
on variations of aerosol concentrations have also been shown by 
many studies. Fu et al. (2014) presented that, for RH > 60%, haze 
events were more likely to happen during summertime in North 
China Plain. Using the process analyses, Mu and Liao (2014) 
demonstrated that humidity was a key meteorological parameter 
that influenced the IAVs of SO4

2− in North China and NO3
− in 

eastern China during JJA, by influencing the gas-phase formation 
and gas-to-aerosol partitioning, respectively.

In Europe, the most important meteorological variable in DJF 
(JJA) is PBLH (TS) with the MVII of 74% (41%). The effect of 
TS on the IAVs of PM2.5 in summer results from the significant 
decrease of ammonium nitrate owing to the increase in tempera-
ture in Europe (Megaritis et al. 2013). In MAM and SON, the U850 
and V850 are the most important variables with the MVII values of 
about 64% and 55%, respectively. Besides, U850 is also the second 
important variable in DJF (MVII is about 47%) and JJA (MVII is 
about 40%), indicating that the circulation in the free troposphere 
plays an important role in the IAVs of PM2.5 (Fig. 3). Considering 
that the North Atlantic Oscillation (NAO) is the most important 
circulation pattern over Europe, the NAO might have contributed 
to the IAVs of surface aerosol concentrations in Europe. The 
impact of NAO on surface aerosol concentrations in Europe has 
been studied by Jerez et al. (2013) for years of 1970−1999.

5. Conclusion

Our study reveals the interannual variations (IAVs) of sur-
face-layer PM2.5 in the eastern US, eastern China, and Europe 
by using the GEOS-Chem simulation in years of 1986−2006. In 
the eastern US, IAVs are weak and uniform compared to those 
in eastern China and Europe. In eastern China, IAVs are high in 
North China in DJF and MAM. In Europe, IAVs are high in the 
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northwestern Europe especially in DJF, MAM and SON. In JJA, 
the IAVs are uniform spatially in all the regions of the eastern 
US, eastern China and Europe. It should be note that the IAVs of 
aerosols reported in this study account for the role of variations 
in meteorological parameters alone. Mu and Liao (2014) reported 
that the variations in meteorology play more important roles than 
variations in anthropogenic emissions in driving the IAVs of aero-
sols over eastern China. Further studies are required to quantify 
the relative importance of variations in emissions and in meteorol-
ogy in the IAVs of aerosols in the eastern US and Europe.

Using the stepwise multi linear regression (SLR) with 8 mete-
orological variables including temperature at surface (TS), precip-
itation rate (PR), relative humidity (RH), surface wind speed (WS), 
air divergence at surface (DS), planetary boundary layer height 
(PBLH), and westerly wind at 850 hPa (U850) and southerly wind 
at 850 hPa (V850), the key meteorological variables that drive the 
IAVs of PM2.5 are obtained for each grid cell. The IAVs of PM2.5 
reconstructed by SLR agree with those of simulated aerosols in 
all four seasons over the three regions. By defining the meteo-
rological variable importance index (MVII) based on SLR, we 
present the dominant meteorological variables for IAVs of PM2.5 

concentrations in the eastern US, eastern China, and Europe. In 
the eastern US, U850 and PR are the most important meteorological 
parameters in winter and summer, respectively. In eastern China, 
WS and RH are the most important meteorological parameters 
in winter and summer, respectively. In MAM and SON, the most 
important ones in China are RH and V850, respectively. In Europe, 
PBLH and TS dominate in DJF and JJA, respectively. Additional-
ly, U850 and V850, which denote the atmospheric circulation in free 
troposphere, are always important variables in all the year round.

This study has some hints for assessment in the effectiveness 
of air quality control strategies in different regions and seasons. 
For example, since the eastern US has weaker and more uniform 
IAVs driven by meteorology, the IAVs in PM2.5 concentrations 
can reflect well the effects of emission control strategies. On the 
contrary, in North China and the northwestern Europe in DJF and 
MAM, the effectiveness of air quality control strategies is possibly 
confused by the IAVs in PM2.5 concentrations due to meteorology. 
Therefore, the IAVs in aerosol concentrations due to the dominant 
meteorological parameters should be concerned simultaneously in 
these regions and seasons in assessment of the effectiveness of air 
quality control strategies. 

Fig. 2. Similar to Fig. 1 but for SLR APDM of PM2.5. The numbers in the top right corner present the pattern correlation coefficients (PCC, see Section 4.2) 
between corresponding figures in Fig. 1 and Fig. 2.



150 SOLA, 2016, Vol. 12, 146−152, doi:10.2151/sola.2016-031

Acknowledgements

This work was supported by the National Basic Research 
Program of China (973 program, grant no. 2014CB441202), the 
Strategic Priority Research Program of the Chinese Academy of 
Sciences (grant no. XDA05100503), and the National Natural 
Science Foundation of China under grants 41021004, 41475137, 
and 91544219. 

Edited by: O. Wild

Supplement 

Figures S1, S2, and S3, Table S1 and the description of the 
stepwise multi Linear regression (SLR) model and the SLR 
APDM are attached in the supplementary material.

Reference 

Alexander, B., R. J. Park, D. J. Jacob, Q. B. Li, R. M. Yantosca, J. 
Savarino, C. C. W. Lee, and M. H. Thiemens, 2005: Sulfate 
formation in sea-salt aerosols: Constraints from oxygen iso-
topes. J. Geophys. Res. Atmos., 110, D10307, doi:10.1029/
2004JD005659. 

Alston, E. J., I. N. Sokolik, and O. V. Kalashnikova, 2012: Char-
acterization of atmospheric aerosol in the US Southeast from 
ground- and space-based measurements over the past decade. 
Atmos. Meas. Tech., 5, 1667−1682, doi:10.5194/amt-5-1667-
2012. 

Andersson, C., J. Langner, and R. Bergström, 2007: Interannual 
variation and trends in air pollution over Europe due to cli-
mate variability during 1958−2001 simulated with a regional 
CTM coupled to the ERA40 reanalysis. Tellus B, 59, 77−98, 
doi:10.1111/j.1600-0889.2006.00196.x. 

Baek, S., 1997: A quantitative estimation of source contributions 
to the concentrations of atmospheric suspended particulate 
matter in urban, suburban, and industrial areas of Korea. 
Environ. Int., 23, 205−213, doi:10.1016/S0160-4120(97) 
00006-8. 

Dawson, J. P., P. J. Adams, and S. N. Pandis, 2007: Sensitivity of 
PM2.5 to climate in the Eastern US: a modeling case study. 
Atmos. Chem. Phys., 7, 4295−4309, doi:10.5194/acp-7-4295- 

Fig. 3. The meteorological variable importance index (MVII, %, see Section 4.2) in the eastern US, the eastern China and Europe over DJF, MAM, JJA, 
SON in 1986−2006. The 8 meteorological parameters are temperature at surface (TS), precipitation rate (PR), relative humidity (RH), surface wind speed 
(WS), air divergence at surface (DS), planetary boundary layer height (PBLH), and westerly wind at 850 hPa (U850) and southerly wind at 850 hPa (V850).



151Feng et al., Interannual Variations of Aerosol Concentrations

2007. 
Van Donkelaar, A., R. V. Martin, R. J. Park, and A. Van Donkelaar, 

2006: Estimating ground-level PM2.5 using aerosol optical 
depth determined from satellite remote sensing. J. Geophys. 
Res. Atmos., 111, D21201, doi:10.1029/2005JD006996. 

Drury, E., D. J. Jacob, R. J. D. Spurr, J. Wang, Y. Shinozuka, B. 
E. Anderson, A. D. Clarke, J. Dibb, C. McNaughton, and 
R. Weber, 2010: Synthesis of satellite (MODIS), aircraft 
(ICARTT), and surface (IMPROVE, EPA-AQS, AERONET) 
aerosol observations over eastern North America to improve 
MODIS aerosol retrievals and constrain surface aerosol 
concentrations and sources. J. Geophys. Res. Atmos., 115, 
D14204, doi:10.1029/2009JD012629. 

Duan, F. K., K. B. He, Y. L. Ma, F. M. Yang, X. C. Yu, S. H. 
Cadle, T. Chan, and P. A. Mulawa, 2006: Concentration and 
chemical characteristics of PM2.5 in Beijing, China: 2001− 
2002. Sci. Total Environ., 355, 264−275, doi:10.1016/ 
j.scitotenv.2005.03.001. 

Dutkiewicz, V. A., M. Das, and L. Husain, 2000: The relationship 
between regional SO2 emissions and downwind aerosol sul-
fate concentrations in the northeastern US. Atmos. Environ., 
34, 1821−1832, doi:10.1016/S1352-2310(99)00334-9. 

Eldred, R. A., T. A. Cahill, and R. G. Flocchini, 1997: Composi-
tion of PM2.5 and PM10 Aerosols in the IMPROVE Network. 
J. Air Waste Manage. Assoc., 47, 194−203, doi:10.1080/104
73289.1997.10464422. 

Fairlie, D. T., D. J. Jacob, and R. J. Park, 2007: The impact of 
transpacific transport of mineral dust in the United States. 
Atmos. Environ., 41, 1251−1266, doi:10.1016/j.atmosenv. 
2006.09.048. 

Feng, J., H. Liao, and J. Li, 2016: The impact of monthly variation 
of the Pacific-North America (PNA) teleconnection pattern 
on wintertime surface-layer aerosol concentrations in the 
United States. Atmos. Chem. Phys., 16, 4927−4943, doi: 
10.5194/acp-16-4927-2016.

Fu, G. Q., W. Y. Xu, R. F. Yang, J. B. Li, and C. S. Zhao, 2014: 
The distribution and trends of fog and haze in the North 
China Plain over the past 30 years. Atmos. Chem. Phys., 14, 
11949−11958, doi:10.5194/acp-14-11949-2014. 

Fu, T.-M., D. J. Jacob, and C. L. Heald, 2009: Aqueous-phase 
reactive uptake of dicarbonyls as a source of organic aerosol 
over eastern North America. Atmos. Environ., 43, 1814− 
1822, doi:10.1016/j.atmosenv.2008.12.029. 

Fu, Y., and H. Liao, 2012: Simulation of the interannual varia-
tions of biogenic emissions of volatile organic compounds 
in China: Impacts on tropospheric ozone and secondary 
organic aerosol. Atmos. Environ., 59, 170−185, doi:10.1016/
j.atmosenv.2012.05.053. 

Gong, S. L., X. Y. Zhang, T. L. Zhao, X. B. Zhang, L. A. Barrie, 
I. G. McKendry, and C. S. Zhao, 2006: A simulated clima-
tology of Asian dust aerosol and its trans-pacific transport. 
Part II: Interannual variability and climate connections. J. 
Climate, 19, 104−122, doi:10.1175/JCLI3606.1. 

Hack, J. J., 1994: Parameterization of moist convection in the 
National Center for Atmospheric Research community 
climate model (CCM2). J. Geophys. Res., 99, 5551, doi: 
10.1029/93JD03478.

Hand, J. L., B. A. Schichtel, W. C. Malm, and M. L. Pitchford, 
2012: Particulate sulfate ion concentration and SO2 emission 
trends in the United States from the early 1990s through 
2010. Atmos. Chem. Phys., 12, 10353−10365, doi:10.5194/
acp-12-10353-2012. 

Heald, C. L., D. J. Jacob, R. J. Park, B. Alexander, T. D. Fairlie, R. 
M. Yantosca, and D. A. Chu, 2006: Transpacific transport of 
Asian anthropogenic aerosols and its impact on surface air 
quality in the United States. J. Geophys. Res. Atmos., 111, 
1−13, doi:10.1029/2005JD006847.

Irie, H., 2005: Evaluation of long-term tropospheric NO2 data 
obtained by GOME over East Asia in 1996−2002. Geophys. 
Res. Lett., 32, L11810, doi:10.1029/2005GL022770. 

Jacob, D. J., and D. A. Winner, 2009: Effect of climate change 
on air quality. Atmos. Environ., 43, 51−63, doi:10.1016/

j.atmosenv.2008.09.051. 
Jaeglé, L., P. K. Quinn, T. S. Bates, B. Alexander, and J.-T. Lin, 

2011: Global distribution of sea salt aerosols: New con-
straints from in situ and remote sensing observations. Atmos. 
Chem. Phys., 11, 3137−3157, doi:10.5194/acp-11-3137-2011. 

Jerez, S., P. Jimenez-Guerrero, J. P. Montávez, and R. M. Trigo, 
2013: Impact of the North Atlantic Oscillation on European 
aerosol ground levels through local processes: A season-
al model-based assessment using fixed anthropogenic  
emissions. Atmos. Chem. Phys., 13, 11195−11207, doi: 
10.5194/acp-13-11195-2013. 

Kleeman, M. J., 2008: A preliminary assessment of the sensitiv-
ity of air quality in California to global change. Climate 
Change, 87, 273−292, doi:10.1007/s10584-007-9351-3. 

Lee, C.-G., C.-S. Yuan, J.-C. Chang, and C. Yuan, 2005: Effects of 
aerosol species on atmospheric visibility in Kaohsiung City, 
Taiwan. J. Air Waste Manage. Assoc., 55, 1031−1041, doi: 
10.1080/10473289.2005.10464683. 

Leibensperger, E. M., L. J. Mickley, D. J. Jacob, and S. R. H. 
Barrett, 2011: Intercontinental influence of NOx and CO 
emissions on particulate matter air quality. Atmos. Environ., 
45, 3318−3324, doi:10.1016/j.atmosenv.2011.02.023. 

Li, Q., R. Zhang, and Y. Wang, 2015: Interannual variation of the 
wintertime fog-haze days across central and eastern China 
and its relation with East Asian winter monsoon. Int. J. 
Climatol., 346−354, doi:10.1002/joc.4350. 

Lin, C.-W., and J.-F. Yeh, 2007: Estimating dust emission from a 
sandbank on the downstream Jhuoshuei River under strong 
wind conditions. Atmos. Environ., 41, 7553−7561, doi: 
10.1016/j.atmosenv.2007.05.056. 

Lin, S.-J., and R. B. Rood, 1996: Multidimensional flux-form 
semi-Lagrangian transport schemes. Mon. Wea. Rev., 124, 
2046−2070, doi:10.1175/1520-0493(1996)124<2046:MFFS
LT>2.0.CO;2.

Liu, H.-Y., D. J. Jacob, I. Bey, and R. M. Yantosca, 2001: Con-
straints Pb-210 and Be-7 on wet deposition and transport in 
a global three-dimensional chemical tracer model driven by 
assimilated meteorological fields. J. Geophys. Res. Atmos., 
106, doi:10.1029/2000JD900839.

Malm, W. C., 2004: Spatial and monthly trends in speciated fine 
particle concentration in the United States. J. Geophys. Res. 
Atmos., 109, D03306, doi:10.1029/2003JD003739.

Megaritis, A. G., C. Fountoukis, P. E. Charalampidis, C. Pilinis, 
and S. N. Pandis, 2013: Response of fine particulate matter 
concentrations to changes of emissions and temperature in 
Europe. Atmos. Chem. Phys., 13, 3423−3443, doi:10.5194/
acp-13-3423-2013.

Megaritis, A. G., C. Fountoukis, P. E. Charalampidis, H. A. C. 
Denier van der Gon, C. Pilinis, and S. N. Pandis, 2014: 
Linking climate and air quality over Europe: Effects of me-
teorology on PM2.5 concentrations. Atmos. Chem. Phys., 14, 
10283−10298, doi:10.5194/acp-14-10283-2014. 

Mijling, B., R. J. van der A, and Q. Zhang, 2013: Regional 
nitrogen oxides emission trends in East Asia observed from 
space. Atmos. Chem. Phys., 13, 12003−12012, doi:10.5194/
acp-13-12003-2013.

Mu, Q., and H. Liao, 2014: Simulation of the interannual varia-
tions of aerosols in China: Role of variations in meteoro-
logical parameters. Atmos. Chem. Phys., 14, 11177−11219, 
doi:10.5194/acp-14-9597-2014. 

Mylona, S., 1996: Sulphur dioxide emissions in Europe 1880− 
1991 and their effect on sulphur concentrations and deposi-
tions. Tellus B, 48, 662−689, doi:10.1034/j.1600-0889.1996.
t01-2-00005.x. 

Niu, F., Z. Li, C. Li, K.-H. Lee, and M. Wang, 2010: Increase of 
wintertime fog in China: Potential impacts of weakening 
of the Eastern Asian monsoon circulation and increasing 
aerosol loading. J. Geophys. Res. Atmos., 115, D00K20, doi: 
10.1029/2009JD013484. 

Ohara, T., H. Akimoto, J. Kurokawa, N. Horii, K. Yamaji, X. Yan, 
and T. Hayasaka, 2007: An Asian emission inventory of 
anthropogenic emission sources for the period 1980−2020. 



152 SOLA, 2016, Vol. 12, 146−152, doi:10.2151/sola.2016-031

Atmos. Chem. Phys., 7, 4419−4444, doi:10.5194/acp-7-4419- 
2007.

Park, R. J., D. J. Jacob, M. Chin, and R. V. Martin, 2003: Sources 
of carbonaceous aerosols over the United States and impli-
cations for natural visibility. J. Geophys. Res. Atmos., 108, 
4355, doi:10.1029/2002JD003190. 

Park, R. J., D. J. Jacob, B. D. Field, and R. M. Yantosca, 2004: 
Natural and transboundary pollution influences on sulfate- 
nitrate-ammonium aerosols in the United States: Implica-
tions for policy. J. Geophys. Res. Atmos., 109, D15204, doi: 
10.1029/2003JD004473. 

Park, R. J., D. J. Jacob, N. Kumar, and R. M. Yantosca, 2006: 
Regional visibility statistics in the United States: Natural and 
transboundary pollution influences, and implications for the  
regional haze rule. Atmos. Environ., 40, 5405−5423, doi: 
10.1016/j.atmosenv.2006.04.059.

Pratsinis, S. E., 1988: Simultaneous nucleation, condensation, 
and coagulation in aerosol reactors. J. Colloid Interface Sci., 
124, 416−427, doi:10.1016/0021-9797(88)90180-4. 

Qu, W., J. Wang, X. Zhang, Z. Yang, and S. Gao, 2015: Effect 
of cold wave on winter visibility over eastern China. J. 
Geophys. Res. Atmos., 120, 2394−2406, doi:10.1002/2014JD 
021958. 

Querol, X., A. Alastuey, C. R. Ruiz, B. Artiñano, H. C. Hansson, 
R. M. Harrison, E. Buringh, H. M. ten Brink, M. Lutz, P. 
Bruckmann, P. Straehl, and J. Schneider, 2004: Speciation 
and origin of PM10 and PM2.5 in selected European cities. 
Atmos. Environ., 38, 6547−6555, doi:10.1016/j.atmosenv. 
2004.08.037. 

Streets, D. G., 2003: An inventory of gaseous and primary aerosol 
emissions in Asia in the year 2000. J. Geophys. Res. Atmos., 
108, 8809, doi:10.1029/2002JD003093. 

Tai, A. P. K., L. J. Mickley, and D. J. Jacob, 2010: Correlations 
between fine particulate matter (PM2.5) and meteorological 
variables in the United States: Implications for the sensitivity 
of PM2.5 to climate change. Atmos. Environ., 44, 3976−3984, 
doi:10.1016/j.atmosenv.2010.06.060. 

Vestreng, V., G. Myhre, H. Fagerli, S. Reis, and L. Tarrasón, 2007: 
Twenty-five years of continuous sulphur dioxide emission 
reduction in Europe. Atmos. Chem. Phys., 7, 3663−3681, 
doi:10.5194/acp-7-3663-2007. 

Voulgarakis, A., M. E. Marlier, G. Faluvegi, D. T. Shindell, K. 
Tsigaridis, and S. Mangeon, 2015: Interannual variability of 
tropospheric trace gases and aerosols: The role of biomass 
burning emissions. J. Geophys. Res. Atmos., 120, 7157− 
7173, doi:10.1002/2014JD022926.

Wagstrom, K. M., and S. N. Pandis, 2011a: Contribution of long 
range transport to local fine particulate matter concerns. 
Atmos. Environ., 45, 2730−2735, doi:10.1016/j.atmosenv. 
2011.02.040. 

Wagstrom, K. M., and S. N. Pandis, 2011b: Source-receptor 
relationships for fine particulate matter concentrations in the 
Eastern United States. Atmos. Environ., 45, 347−356, doi: 
10.1016/j.atmosenv.2010.10.019. 

Walker, J. M., S. Philip, R. V. Martin, and J. H. Seinfeld, 2012: 
Simulation of nitrate, sulfate, and ammonium aerosols over 
the United States. Atmos. Chem. Phys., 12, 11213−11227, 
doi:10.5194/acp-12-11213-2012.

Wang, Y., J. A. Logan, and D. J. Jacob, 1998: Global simulation 
of tropospheric O3-NOx-hydrocarbon chemistry: 2. Model 

evaluation and global ozone budget. J. Geophys. Res., 103, 
10727, doi:10.1029/98JD00157. 

Wang, Y., Q. Q. Zhang, K. He, Q. Zhang, and L. Chai, 2013: 
Sulfate-nitrate-ammonium aerosols over China: response 
to 2000−2015 emission changes of sulfur dioxide, nitrogen 
oxides, and ammonia. Atmos. Chem. Phys., 13, 2635−2652, 
doi:10.5194/acp-13-2635-2013. 

Wesely, M. L., 1989: Parameterization of surface resistances to 
gaseous dry deposition in regional-scale numerical models. 
Atmos. Environ., 23, 1293−1304.

Xing, J., J. Pleim, R. Mathur, G. Pouliot, C. Hogrefe, C.-M. Gan, 
and C. Wei, 2013: Historical gaseous and primary aerosol 
emissions in the United States from 1990 to 2010. Atmos. 
Chem. Phys., 13, 7531−7549, doi:10.5194/acp-13-7531-
2013. 

Yang, F., L. Huang, F. Duan, W. Zhang, K. He, Y. Ma, J. R. Brook, 
J. Tan, Q. Zhao, and Y. Cheng, 2011: Carbonaceous species 
in PM2.5 at a pair of rural/urban sites in Beijing, 2005−2008. 
Atmos. Chem. Phys., 11, 7893−7903, doi:10.5194/acp-11-
7893-2011. 

Ye, B., 2003: Concentration and chemical composition of PM2.5 in 
Shanghai for a 1-year period. Atmos. Environ., 37, 499−510, 
doi:10.1016/S1352-2310(02)00918-4. 

Yuan, C. S., C. G. Lee, S. H. Liu, J. cheng Chang, C. Yuan, and 
H. Y. Yang, 2006: Correlation of atmospheric visibility with 
chemical composition of Kaohsiung aerosols. Atmos. Res., 
82, 663−679, doi:10.1016/j.atmosres.2006.02.027. 

Zhang, G. J., and N. A. McFarlane, 1995: Sensitivity of climate 
simulations to the parameterization of cumulus convection 
in the Canadian climate centre general circulation model. 
Atmosphere-Ocean, 33, 407−446, doi:10.1080/07055900. 
1995.9649539.

Zhang, L., H. Liao, and J. Li, 2010: Impacts of Asian summer 
monsoon on seasonal and interannual variations of aerosols 
over eastern China. J. Geophys. Res. Atmos., 115, D00K05, 
doi:10.1029/2009JD012299. 

Zhang, L., D. J. Jacob, E. M. Knipping, N. Kumar, J. W. Munger, 
C. C. Carouge, A. van Donkelaar, Y. X. Wang, and D. Chen, 
2012a: Nitrogen deposition to the United States: Distribu-
tion, sources, and processes. Atmos. Chem. Phys., 12, 4539− 
4554, doi:10.5194/acp-12-4539-2012. 

Zhang, Y., X.-Q. Yang, Y. Nie, and G. Chen, 2012b: Annular 
mode–like variation in a multilayer quasigeostrophic model. 
J. Atmos. Sci., 69, 2940−2958, doi:10.1175/jas-d-11-0214.1.

Zhao, T. L., S. L. Gong, P. Huang, and D. Lavoué, 2012: Hemi-
spheric transport and influence of meteorology on global 
aerosol climatology. Atmos. Chem. Phys., 12, 7609−7624, 
doi:10.5194/acp-12-7609-2012.

Zhao, X. J., P. S. Zhao, J. Xu, W. Meng, W. W. Pu, F. Dong, D. 
He, and Q. F. Shi, 2013: Analysis of a winter regional haze 
event and its formation mechanism in North China Plain. 
Atmos. Chem. Phys., 13, 5685−5696, doi:10.5194/acp-13-
5685-2013. 

Zhou, W., X. Tie, G. Zhou, and P. Liang, 2015: Possible effects of 
climate change of wind on aerosol variation during winter 
in Shanghai, China. Particuology, 20, 80−88, doi:10.1016/
j.partic.2014.08.008. 

Manuscript received 17 March 2016, accepted 7 June 2016
SOLA: https://www. jstage. jst.go. jp/browse/sola/


