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Supplemental Material 
 

S1. Description of GOCART model and emissions used in the present study 

Details of the GOCART model are described in our previous publications (e.g., Chin et al., 2000, 

2002, 2007, 2009; Ginoux et al., 2001, 2004). For the present work, the meteorological fields 

from the Modern-Era Retrospective Analysis for Research and Applications (MERRA) 

(Rienecker et al., 2011), produced with version 5 of the Goddard Earth Observing System Data 

Assimilation System (GEOS5-DAS), are used with a GOCART configuration at a horizontal 

resolution of 2.5° longitude by 2° latitude and 72 vertical levels from the surface to 0.01 hPa. 

Aerosol simulations in GOCART include the major aerosol types of sulfate, dust, black carbon 

(BC), organic matter (OM) (or organic carbon OC, typically OM = OC!f where f =1.4 to 2.2 in 

the literature, and we use 1.4 here), and sea-salt, and the precursor gas species of SO2 and 

dimethyl sulfide (DMS). It also contains another natural aerosols specie, methanesulfonate 

(MSA, also known as methanesulfonic acid), which is formed from a branch of DMS 

atmospheric oxidation. The model accounts for emissions from fossil fuel and biofuel 

combustion, biomass burning, volcanic eruptions, vegetation, deserts, and oceans, and simulates 

atmospheric processing of aerosols including chemistry, convection, advection, boundary layer 

mixing, dry and wet deposition, and gravitational settling. The model uses the prescribed oxidant 

fields of OH, H2O2, and NO3 for sulfur chemistry that are produced from Goddard Chemistry 

Climate Model (CCM) (Oman et al., 2011) simulations conducted as part of the Atmospheric 

Chemistry and Climate Model Intercomparison Project (ACCMIP) project (Lamarque et al., 

2013). Aerosol particle sizes from 0.01 to 10 !m are included with parameterized hygroscopic 

growth, which depends on the ambient relative humidity (RH) and aerosol type. Aerosol 

extinction is calculated as the product of dry aerosol mass and the mass extinction efficiency of 

each species; the latter is calculated as a function of particle refractive index, size distribution, 

density, and ambient RH. A recent update includes dust optical properties that are calculated 

with the T-matrix code (Dubovik et al., 2006) to account for the non-spherical shape of dust 

particles (Mishchenko et al., 1997). With the same dust refractive indices (Hess et al., 1998), the 

T-Matrix calculation of spheroid dust particle shape has shown an increase of dust scattering 

efficiency by up to10% at 550 nm, and a much stronger decrease of back scattering efficiency by 

a factor of about 2.5 compared to Mie calculations for spherical particles (Chin et al., 2002, 

2009; Yu et al., 2010).  
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Emissions of SO2, BC, and OC from fossil fuel and biofuel combustions and biomass burning 

are taken from the emission dataset A2-ACCMIP (Diehl et al., 2012), which is one of the multi-

year emission datasets available from the international initiative AeroCom project 

(http://aerocom.met.no) for its second phase (A2) hindcast model experiments. Fossil 

fuel/biofuel combustion emissions in A2-ACCMIP are from a combination of the historic 

emissions developed for ACCMIP (Lamarque et al., 2010) for the time period of 1980-2000 and 

the emission projection from the Representative Concentration Pathways Scenario 8.5 (RCP8.5) 

(Riahi et al., 2011) after 2000. Annual anthropogenic emissions are generated by linear 

interpolation of the original ACCMIP and RCP8.5 emissions that were given in decadal 

increments (plus year 2005 in RCP8.5) (Diehl et al., 2012). The A2-ACCMIP biomass burning 

emissions from 1980 to 2008 are presented in Granier et al. (2011) as a part of the MACCity 

(Monitoring Atmospheric Composition & Climate/Megacity-Zoom for the Environment) project. 

They were generated by integrating the monthly emissions from the Reanalysis of the 

Tropospheric Chemical Composition (RETRO, Schultz et al., 2008) between 1980 and 1996 and 

the Global Fire Emission Dataset Version 2 (GFED v2) (van der Werf et al., 2006) between 1997 

and 2008. Biomass burning emission after 2008 is from a linear interpolation of the RCP8.5 

dataset (details of A2-ACCMIP dataset can be found in Diehl et al., 2012 and references therein). 

Unlike our previous simulations of biomass burning emissions when we applied vegetation type-

independent emission factors to dry mass burned to estimate tracer emissions from biomass 

burning (e.g., Chin et al., 2009), here we use the species emissions provided by A2-ACCMIP 

based on the emission factors from Andreae and Merlet (2001) and updates (Lamarque et al., 

2010).  

Volcanic SO2 emissions are taken from a recently compiled database that includes emission 

amounts and plume heights (Diehl et al., 2012). The database considers 1167 active volcanoes 

during 1979-2009 based on the volcanic activity database from the Smithsonian Institution’s 

Global Volcanism Program (http://www.volcano.si.edu/), the satellite observations of SO2 from 

the Total Ozone Mapping Spectrometer (TOMS) and the Ozone Monitoring Instrument (OMI), 

and ancillary information from other observations reported in the literature. Global volcanic SO2 

emissions are first calculated based on empirical relationships between the Volcanic Explosivity 

Index (VEI), the Volcanic Sulfur Index (VSI) and the emission amount (Schnetzler et al., 1997; 

Chin et al., 2000); such estimates are replaced with available TOMS or OMI observations. 
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Emissions from quasi-continuously erupting (Andres and Kasgnoc, 1998) and silently degassing 

volcanoes (Berresheim and Jaeschke, 1983; Stoiber et al., 1987) are also included. 

Dust emissions are calculated as a function of surface topography, surface bareness, 10-m wind 

speed, and ground wetness (Ginoux et al., 2001) as follows: 

E =CS s(r) u10m
2 (u10m !ut )      (1)  

where E is the dust emission flux, C is a dimensional constant, S is the dust source function (or 

erodibility) which is a product of the fraction of surface bareness and the topographic depression, 

s(r) is the fraction of each size class of effective radius r emitted, u10m is the 10-m wind velocity, 

and ut is the threshold wind velocity which is determined by the particle size and density and 

ground wetness w. The w also serves as a switch such that dust will only be mobilized when w 

from the meteorological field (MERRA in this study) is below a threshold value (i.e., the ground 

is dry enough, currently w is set to 0.35 in the current version). Recently we have incorporated a 

newly developed dynamic S into the model (Kim et al., 2013). Instead of using the “static” 

surface bareness from the land cover classification dataset as in previous GOCART simulations, 

we determine the surface bareness with the 8-km Normalized Difference Vegetation Index 

(NDVI) data from AVHRR at twice-per-month time resolution (Tucker et al., 2005; Brown et al., 

2006) from 1981 to present. NDVI is usually very low when the ground is bare and increases as 

ground is covered by more vegetation. We choose a threshold NDVI value of 0.15, below which 

the surface is considered to be bare. The percentage bareness in each model grid cell is 

determined by the ratio of the number of bare pixels to the total number of 8-km NDVI pixels 

within the grid cell. This dynamic dust source function considers the seasonal and interannual 

variations of the surface bareness, which is shown to improve simulated temporal variation of 

dust aerosols over some semi-arid areas (details in Kim et al., 2013). 

Other emissions include oceanic production of sea salt aerosol and DMS and terrestrial biogenic 

sources of OC that are converted from monoterpene emission. These sources are the same as 

described in our previous publications (Chin et al., 2002, 2009, and the references therein) with 

an update of monthly DMS seawater concentrations from a more recent study (Lana et al., 2011). 

Note that both DMS seawater concentrations and monoterpene emissions are used as 

“climatology”, i.e., inter-annual variability is not considered, even though they provide monthly 

variations of spatial distributions and intensity. 
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The GOCART model has been evaluated extensively against the remote sensing and in-situ data, 

as shown in our previous publications. The degree of agreement depends on the model 

physical/chemical/optical parameters, the input meteorological fields, and the input emission 

datasets. The overall statistics of the comparisons of GOCART with monthly AOD or 

concentration data from all AERONET, IMPROVE, EMEP, and University of Miami sites 

(regardless of measurement duration) are listed in Table S1 below. 

Table S1. Statistics* of model comparisons with ground-based observations of monthly 
averaged quantities. 

Network Quantity R E B S 
AERONET  

Land source regions: 
USA 
EUR 
EAS 
SAS 
SAM 
SEA 
SHR 
SHL 

MDE 
CAS 

Ocean regions: 
NAT 
CAT 
SAT 

WNP 
NIN 

SOU 

AOD  
 

0.571 
0.387 
0.691 
0.707 
0.720 
0.712 
0.822 
0.612 
0.756 
0.578 

 
0.546 
0.849 
0.511 
0.619 
0.750 
0.450 

 
 

0.007 
0.082 
0.210 
0.253 
0.186 
0.240 
0.092 
0.216 
0.165 
0.084 

 
0.090 
0.099 
0.105 
0.094 
0.218 
0.035 

 
 

1.040 
1.014 
0.773 
0.591 
0.485 
0.455 
1.215 
1.268 
1.355 
1.183 

 
1.189 
1.030 
0.419 
1.016 
1.146 
1.414 

 
 

0.612 
0.691 
0.536 
0.759 
0.421 
0.508 
0.838 
0.731 
0.748 
0.766 

 
0.514 
0.904 
0.514 
0.809 
0.402 
0.605 

IMPROVE (U.S.) Sulfate 
BC 
OC 

Fine dust 

0.834 
0.529 
0.466 
0.586 

1.065 
0.243 
1.266 
0.952 

1.315 
0.631 
0.564 
1.584 

0.877 
0.682 
0.575 
0.772 

EMEP (Europe) SO2 
Sulfate 

0.654 
0.534 

4.917 
0.999 

1.892 
1.223 

0.774 
0.752 

Arctic Sulfate 0.743 0.672 1.295 0.870 
Univ. Miami (islands) Sulfate 

MSA 
Dust 

Sea salt 

0.798 
0.522 
0.739 
0.410 

0.461 
0.019 
21.41 
11.43 

1.043 
0.539 
1.974 
1.272 

0.897 
0.739 
0.643 
0.664 

* The statistic quantities include the correlation coefficient R, the root-mean-square-error E, the mean 
bias B (defined as the ratio of the model results to the data), and the skill score S (a combined measure 
of correlation and standard error between observation and model, see Taylor, 2001). 

 

S2. Data quality 

In this work, we use data from three sources:  satellites, AERONET and ground-based in situ 

sampling.  The satellite products have been extensively validated in the past, with known 
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uncertainties published in the literature. For example, the published accuracy for the satellite data 

are: MODIS AOD 0.03±5% over ocean and 0.05±15% over land (Remer et al., 2008; Levy et al., 

2010), MISR AOD 0.05 or 20% (whichever is larger) globally and better over ocean (Kahn et al., 

2010), SeaWiFS AOD 0.03±15% over ocean and 0.05±20% over land (Sayer et al., 2012a, b), 

and TOMS AOD >30% (Torres et al., 2002, 2005). For AERONET the accuracy of AOD is 

0.01-0.02 (Eck et al., 1999). The IMPROVE network reported the data accuracies are 4% for 

sulfate, 15% for OC, 29% for BC, and >20% for soil dust (IMPROVE data guide, U.C. Davis, 

1995). The University of Miami data uncertainties are estimated at ±7% for sulfate, MSA, and 

Cl- and ±5% for Na+. The none-seasalt-sulfate is then calculated as [total sulfate - 0.2517xNa+] to 

take into account for the sulfate/Na+ mass ratio of 0.2517 in bulk seawater (Savoie et al., 1989). 

Dust concentration is calculated from the measured aluminum concentrations and the average 

percentage of aluminum in the mineral dust (Arimoto et al., 1995). The data accuracy from 

EMEP varies among sites and nation. For example, the reported data precision or uncertainty is 

in the range from a few percent to over 10% for SO2 and sulfate for the EMEP data quality in 

2005 (Aas, 2007). 

Since our study is focused on the 30-year trends, the degree of data accuracy is not expected to 

impact our analysis of the trends or interannual variabilities, as far as the instrument does not 

systematically drift over the measurement period.  
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Fig. S1. Global sources of fossil fuel/biofuel (FF) OC+BC (top left), biomass burning (BB) 
OC+BC (top right), FF+BB SO2+sulfate (2nd row left), DMS (2nd row right), volcanic SO2 (3rd 
row left), biogenic OC (3rd row right), dust (bottom left), and sea salt (bottom right) in 2001. The 
latter five are considered as natural sources. 

Fig. S2. Number of satellite data points of annual average AOD in 2001 for deriving the “data 
diversity” shown in Fig. 5 in the main section. 

Fig. S3a. Regional annual average AOD from 1980 to 2009 for all 15 land regions. Region 
domains are shown in Fig. 1 and names listed in Table 1 in the main section. Legends are the 
same as Fig. 6a in the main section. 

Fig. S3b. Regional annual average AOD from 1980 to 2009 for all 12 ocean regions. Region 
domains are shown in Fig. 1 and names listed in Table 1 in the main section. Legends are the 
same as Fig. 6b in the main section. 

Fig. S4. Left column: Monthly AOD from AERONET and GOCART at seven sites that have 
data for at least 12 years but are not shown in Fig. 7 in the main section (site locations are shown 
in small circles in Fig. 3a). Right column: Ratio of annual mean AOD to the 2000-2001 average 
at corresponding sites Legends are the same as Fig. 7. (Note: results over Mauna Loa are not 
shown because the AERONET sites is at 3.5 km but the model and satellite AOD contain 
significant amount PBL aerosols at their 2.5°"2° and 1°"1° spatial resolution, so the results are 
not comparable; and results over Wallops Island are also not shown because they are similar to 
GSFC for their close locations.) 

Fig. S5. Changes of surface concentration of sulfate expressed as the ratio of annual average to 
the 2000-2001 average for (left) IMPROVE and (right) EMEP measurements at sites with at 
least 15 years of data from the 1980s to 2000s. Data are shown in light blue and model results in 
dark grey. 

Fig. S6. Monthly surface concentrations (left column) and trends (right column) of sulfate and 
sea salt at American Samoa (top two panels) and sulfate and MSA at Mauna Loa Observatory. 
Data at American Samoa are from University of Miami, and that at Mauna Loa are from 
University of Hawaii. Site locations are in Fig. 3b (small red and orange circles, respectively, for 
Samoa and MLO). Legends are the same as Fig. 8. 

Fig. S7. Explanation of the criteria used for the election of the two time segments used in section 
4.4 and Fig. 11a and Fig. 11b in the main section. Criteria include: (1) excluding the years with 
large volcanic influences (not shown), (2) choosing the time with maximum satellite data sets, 
and (3) avoiding extreme ENSO years. 
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Fig. S1. Global sources of fossil fuel/biofuel (FF) OC+BC (top left), biomass burning (BB) 
OC+BC (top right), FF+BB SO2+sulfate (2nd row left), DMS (2nd row right), volcanic SO2 (3rd row 
left), biogenic OC (3rd row right), dust (bottom left), and sea salt (bottom right) in 2001. The latter 
five are considered as natural sources.  
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Fig. S2. Number of satellite data points of annual average AOD in 2001 for deriving the “data 
diversity” shown in Fig. 5 in the main section. 
  



 11 

 
Fig. S3a. Regional annual average AOD from 1980 to 2009 for all 15 land regions. Region domains are shown in 
Fig. 1 and names listed in Table 1 in the main section. Legends are the same as Fig. 6a in the main section. 

     SS     DU    OM    BC    SU 
GOCART 

SeaWiFS MODIS-Terra MODIS-Aqua MISR TOMS 

 FF+BB  
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Fig. S3b. Regional annual average AOD from 1980 to 2009 for all 12 ocean regions. Region domains are shown in 
Fig. 1 and names listed in Table 1 in the main section. Legends are the same as Fig. 6b in the main section. 

     SS     DU    OM    BC    SU 
GOCART 

AVHRR-GACP AVHRR-CDR SeaWiFS MODIS-Terra MODIS-Aqua MISR TOMS 

 FF+BB  
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Fig. S4. Left column: Monthly AOD from AERONET and GOCART at seven sites that have data for at least 
12 years but are not shown in Fig. 7 in the main text (site locations are shown in small circles in Fig. 3a). Right 
column: Ratio of annual mean AOD to the 2000-2001 average at corresponding sites Legends are the same as 
Fig. 7. (Note: results over Mauna Loa are not shown because the AERONET sites is at 3.5 km but the model 
and satellite AOD contain significant amount PBL aerosols at their 2.5°!2° and 1°!1° spatial resolution, so the 
results are not comparable; and results over Wallops Island are also not shown because they are similar to 
GSFC for their close locations.) 
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Fig. S5. Changes of surface concentration of sulfate expressed as the ratio of annual average to the 2000-
2001 average for (left) IMPROVE and (right) EMEP measurements at sites with at least 15 years of data 
from the 1980s to 2000s. Data are shown in light blue and model results in dark grey. 
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Fig. S6. Monthly surface concentrations (left column) and trends (right column) of sulfate and sea salt at 
American Samoa (top two panels) and sulfate and MSA at Mauna Loa Observatory. Data at American 
Samoa are from University of Miami, and that at Mauna Loa are from University of Hawaii. Site 
locations are in Fig. 3b (small red and orange circles, respectively, for Samoa and MLO). Legends are the 
same as Fig. 8. 
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Fig. S7. Explanation of the criteria used for the election of the two time segments used in 
section 4.4 and Fig. 11a and Fig. 11b in the main section. Criteria include: (1) excluding the 
years with large volcanic influences (not shown), (2) choosing the time with maximum satellite 
data sets, and (3) avoiding extreme ENSO years.  
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