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Abstract

A global air quality modeling system GEM-AQ/EC was developed by implementing tro-
pospheric chemistry and aerosol processes on-line into the Global Environmental Mul-
tiscale weather prediction model – GEM. Due to the multi-scale features of the GEM,
the integrated model, GEM-AQ/EC, is able to investigate chemical weather at scales5

from global to urban domains. The current chemical mechanism is comprised of 50
gas-phase species, 116 chemical and 19 photolysis reactions, and is complemented
by a sectional aerosol module CAM (The Canadian Aerosol Module) with 5 aerosols
types: sulphate, black carbon, organic carbon, sea-salt and soil dust. Monthly emission
inventories of black carbon and organic carbon from boreal and temperate vegetation10

fires were assembled using the most reliable areas burned datasets by countries, from
statistical databases and derived from remote sensing products of 1995–2004. The
model was run for ten years from from 1995–2004 with re-analyzed meteorology on a
global uniform 1×1◦ horizontal resolution domain and 28 hybrid levels extending up to
10 hPa. The simulating results were compared with various observations including sur-15

face network around the globe and satellite data. Regional features of global aerosols
are reasonably captured including emission, surface concentrations and aerosol optical
depth. For various types of aerosols, satisfactory correlations were achieved between
modeled and observed with some degree of systematic bias possibly due to large un-
certainties in the emissions used in this study. A global distribution of natural aerosol20

contributions to the total aerosols is obtained and compared with observations.

1 Introduction

The potential impacts of aerosol particles on regional air quality and climate have been
well recognized (IPCC, 2007; EPA, 1997). Aerosols, often referred to as particulate
matter (PM) in air quality issues, are particles that are suspended in the atmosphere25

with size ranging from a few nanometres (nm) to perhaps 100 micrometers (µm) and
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produced from both natural and anthropogenic sources. PM has been a pollutant of
concern in North America (NA) for nearly three decades. It is now realized that aerosols
particles influence not only air quality but also meteorology like the way they are im-
pacting the climate. The impact of global air pollution on climate and the environment is
a new focus in the atmospheric science (Akimoto, 2003; Adhikary et al., 2009; Berntsen5

et al., 1996; Jacob and Winner, 2009). The air quality issue was regarded as a local
problem only due to the emissions in a specific region. However, studies with mod-
els suggest large export of aerosols from source regions: about 70–80 % by mass of
most anthropogenic aerosol species is exported from Europe, Asia and North America
(Koch et al., 2007). South and East Asia contribute about 15 % of global sulphate and10

30 % of global black carbon (BC) pollution loads; Europe and North America each con-
tribute about 5 % of global BC and sulphate pollution loads. A recent assessment by
the Task Force on Hemispheric Transport of Air Pollutants (TF HTAP) has found that
anthropogenic emissions from one continent could contribute to the background levels
of smog and PM in another continent (HTAP, 2010). The impact levels of smog and15

PM by the intercontinental transport varies depending the species and variability of the
general circulation (Fiore et al., 2009; Reddy and Boucher, 2007; Liu et al., 2008).

Five major aerosol types are generally considered as the primary sources of partic-
ulate emissions in the atmosphere: sea salt (SS), mineral or soil dust (SD), black car-
bon (BC), particulate organic matter (POM), and sulfate (SU) (Dentener et al., 2006).20

Aerosols affect directly and indirectly Earth’s radiative balance. SS, SU, and POM tend
to cool the atmosphere by reflecting light from the sun. SD scatters and partly ab-
sorbs solar radiation, depending on the particle size and chemical compositions. On
the other hand, BC absorbs solar radiation and warms the atmosphere. The overall
radiative impact of atmospheric aerosols is difficult to assess and is highly variable25

at regional scale (Penner et al., 2001; Kaufman et al., 2002). Recently, BC has been
identified as an important contributor to radiative warming at global scale, and more
particularly in the Arctic (e.g., Flanner et al., 2007). In addition, BC deposited on snow
and ice reduces their albedo and can accelerate the melting. BC is currently the focus
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of many international studies to examine the effect of mitigating anthropogenic emis-
sion sources of the aerosol on both climate and air quality (e.g., Kandlikar et al., 2009;
Jacobson, 2010; Baron et al., 2009; Governing Council of the United Nations Environ-
ment Programme, 2011).

The issue of the inter-annual variability in both natural aerosol emissions and inter-5

continental transport has not been fully addressed in previous aerosol modeling works.
For instance, during the international AeroCom (Aerosol inter-Comparison) experiment
(Dentener et al., 2006) combined aerosol emission inventories of both anthropogenic
and natural origins for the year 2000, collected from published inventories and sim-
ulations, in order to provide harmonized global aerosol emission inputs to over 1510

transport models. Similarly, the HTAP project aims to study the hemispheric and in-
tercontinental transport of specific air pollutants including aerosols for the years 2001
only.

To adequately address this issue, the inter-annual variations in the emissions of vari-
ous aerosols as well as in the transport patterns need to be addressed. The goal of the15

present study is two folds: (1) to develop a comprehensive emission inventory of both
natural and anthropogenic aerosols for ten consecutive years from 1995 through 2004,
and hence to investigate the inter-annual variability and seasonal cycle of SS, SD, BC,
or POM emissions at continental and global scales, and (2) to evaluate the newly de-
veloped global air quality forecast model GEM-AQ/EC that uses the emissions.20

Finally, a ten-year run using GEM-AQ/EC was performed to investigate global
aerosol budgets and to capture the variability of the transboundary and intercontinen-
tal transport patterns. The ability of the model to simulate seasonal and inter-annual
variations and regional distributions of the different aerosol components was validated
with various surface station measurements and observations from satellites. Results25

from this study are presented in this paper and the companion paper published in the
same journal issue (Zhao et al., 2012) focusing on the inter-annual variability of inter-
continental transports of air pollutants and the meteorological influences.
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2 GEM-AQ/EC description

Based upon the Canadian operational weather forecast model GEM (Global Environ-
mental Mutilscale model) (Côté et al., 1998) and augmented by implementing tro-
pospheric gas phase chemistry (Venkatram et al., 1988) and aerosols (Gong et al.,
2003a), an on-line multiscale chemical weather modelling system GEM-AQ was de-5

veloped to address the impact of aerosols and other pollutants on global air quality
(Kaminski et al., 2008). A full description of the model structure and evaluation of gas
phase chemistry processes has been given by Kaminski et al. (2008). GEM-AQ is one
of the models that contributed to the HTAP assessment. GEM-AQ/EC was enhanced
from the original GEM-AQ model by adding more aerosol processes and new emis-10

sions as described below.

2.1 Aerosol processes

The aerosol processes in GEM-AQ/EC are simulated by the Canadian Aerosol Mod-
ule (CAM) (Gong et al., 2003a), which is a size-segregated multicomponent aerosol
module that includes aerosol microphysics, chemical transformation, aerosol-cloud in-15

teraction, and dry/wet depositions. The module accounts for five aerosol species: sea-
salt, sulphate, soil dust, black carbon and organic carbon in 12 aerosol size (diame-
ter) bins from 0.01 to 40.96 µm, and includes an explicit microphysical cloud module to
treat aerosol-cloud interactions. Production of secondary aerosols, i.e. airborne aerosol
mass produced by chemical transformation from their precursors together with particle20

nucleation, condensation and coagulation is also implemented. These precursors are
linked on-line with a gas phase chemistry module within the GEM-AQ (Kaminski et al.,
2008).

An aerosol optical module is developed based on the Mie theory with pre-calculated
scattering and absorbing coefficients. Dynamically coupled to the size segregated25

aerosol concentrations, the aerosol optical depth (AOD) of the five types of aerosols in
GEM-AQ/EC is computed to enable the computation of the spatiotemporal distribution
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of aerosol optical characteristics, assessing model performance against observations,
and interactively modeling the aerosol direct radiative effects (Ayash et al., 2008).

2.2 Natural aerosol emissions

The natural aerosols included in GEM-AQ/EC are sea salt produced from open oceans
(Gong, 2003) and soil dust emitted from deserts (Marticorena and Bergametti, 1995;5

Fécan et al., 1999; Gong et al., 2003b). The sea salt and soil dust emissions are on-line
calculated from the simulated meteorology in the GEM. The other natural emissions are
carbonaceous aerosol emissions from boreal and temperate vegetation fires.

A Geographic Information System (GIS) application was developed to construct
multi-year emission inventories for BC and POM from boreal and temperate vegetation10

fires. Vegetation fire emissions were calculated from the product of three components:
vegetation fuel consumption values, emission factors, and areas burned data (Seiler
and Crutzen, 1980). Fuel consumption and emission factors were previously described
in (Lavoué et al., 2000). At a given location, the fuel consumption was set to be con-
stant for the whole study period in all regions, except in Canada. Monthly area burned15

datasets were created using a composite approach combining fire statistics reported by
countries and fire hotspots and scars detected by satellite. Vectorized polygons of burn
scars available in some regions were converted into areas burned per grid cell. Next,
monthly seasonality was inferred from official fire reports. However, if this information
was not available, seasonal variability was introduced by scaling the emissions with20

MODIS (Moderate Resolution Imaging Spectroradiometer) Active Fires (USDA Forest
Service, http://activefiremaps.fs.fed.us/) and ATSR (Along Track Scanning Radiometer)
World Fire Atlas (European Space Agency, http://due.esrin.esa.int/wfa/) products. Both
space-based sensors provide fire hotspot counts, which can be used as proxy data for
assessing fire activity on a monthly basis. This method was detailed and validated in25

earlier studies (e.g., Generoso et al., 2003; Schultz, 2002). It is worthwhile noticing
that no satellite hotspot was used to derive annual areas burned in the present study.
Also, as pointed out in earlier biomass burning studies (Schultz, 2002), examining fire
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statistical databases is a very time consuming and laborious but offers the advantage of
limiting greatly the uncertainties on the areas burned. Table 1 lists the references in the
literature and the web sites relative to areas burned statistics by geographical areas.
More details for the treatment of each specific region can be found in the appendix.

2.3 Anthropogenic aerosol emissions5

Due to the limitation of the available sources for the anthropogenic aerosol emissions,
the emission inventories of SF and BC/POM produced from the tropical forest fires, sa-
vannah fire and biofuel burning were set to be constant for the ten years of simulation
with GEM-AQ/EC. The global sulphur emissions are based on the data of Global Emis-
sions Inventory Activity (GEIA). Climatological emissions representative of the end of10

1980’s were considered for the tropical forest fires and savannah fires (Liousse et al.,
1996). The vast majority of these fires are intentionally set fires for land conversion,
timber harvesting, slash-and-burn agriculture, and other socio-economic reasons (Li-
ousse et al., 1996). The original 4.4×7.5◦ inventory was interpolated onto a 1×1◦ grid
and a land-sea mask was applied to constrain emission fluxes to the land surface.15

Biofuel burning adds up to a large contribution to the global emissions of carbona-
ceous particles. Sources include agricultural waste burning, residential cooking world-
wide, burning of charcoal and dung, and charcoal making. Liousse et al.’s invento-
ries (1996), based on 1991 Food and Agriculture Organization production data, were
included in this study. A distinct seasonality to the emissions was applied accordingly20

to the hemisphere where they occur. Global emissions for BC and POM from fossil
fuel combustion (Table 2) were calculated by applying the method developed by Cooke
et al. (1999) and the United Nations fuel database (United Nations, 2007) for the years
1990–2005. This database provides consumption and transaction figures of 23 differ-
ent fuel types (e.g. hard coal, lignite brown, diesel. . . ) on an annual basis for more than25

200 countries worldwide. For every country, a specific emission factor was applied to
each fuel type consumed. Their values account for the level of development reached
by the country. Emission factors were the same as the ones proposed initially by Cooke
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et al. (1999). BC emission inventories constructed with this technique were previously
used to investigate transport pathways to the Arctic (Sharma et al., 2004) and to deter-
mine the relative contributions of circumpolar continental sources to the winter/spring
Arctic Haze phenomenon (Gong et al., 2010).

2.4 Simulation setup5

The GEM-AQ/EC used in the study was configured with 28 hybrid vertical levels with
the model top at 10 hPa. The horizontal model grid was configured as global uniform
resolution of 1×1◦. The GEM-AQ/EC was run with the fully nudged meteorology of
NCEP-reanalysis every 24 h. This nudge setup resulted in the meteorological fields
with 24-h forecast segments starting from the reanalysis meteorology with the meteo-10

rological simulation being forced to observations of the NCEP reanalysis meteorology.
Initial aerosol conditions were generated by GEM-AQ/EC running with a three-month
spin-up in the same global uniform configuration. The GEM-AQ/EC simulations were
conducted over 10 consecutive years of 1995–2004 to generate a comprehensive “cli-
matology” of global aerosol emission, concentration, column loading, dry and wet de-15

positions as well as the regional, hemispheric and global transport patterns. In the
simulations, the anthropogenic emissions are fixed with variable emissions of natural
sea-salt and soil dust aerosols calculated on-line from the modelled meteorology and
other surface parameters as well as the natural components of BC and POM. This
configuration allows the assessments of the impact of meteorology on the global distri-20

bution and transport of air pollutants as well as the contribution of natural aerosols to
the global air quality.

3 Global aerosol distributions

In order to evaluate the performance of GEM-AQ/EC for simulating global aerosols at
various regions, observational data from a number of long term monitoring networks25
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are selected, including IMPROVE (Interagency Monitoring of Protected Visual Environ-
ments) and CAPMoN (Canadian Air and Precipitation Monitoring Network) from North
America, EMEP (European Monitoring and Evaluation Program) from Europe and
CAWNET (China Atmosphere Watch Network) from China. AOD data from AeroNet,
aerosol data from GAW (Global Atmospheric Watch) stations as well as data from5

Miami University research stations are also used. Figure 1 shows the geographic dis-
tributions of the surface observational networks used to compare with the modeling
results. In addition, satellite observation of AOD by MODIS is also used in this study.

3.1 Global emissions of natural aerosols

In the following, the aerosol emissions inventories were calculated with the methods10

described in the previous section. Annual estimates are compared to inventories avail-
able in the literature. Table 2 summarizes the natural aerosol emissions of sea-salt, soil
dust and carbonaceous aerosols into various categories and hemispheres.

3.1.1 Sea salt production from open oceans

Figure 2 shows the global sea-salt emissions with a pronounced seasonality in both15

hemispheres. Monthly emissions in Southern Hemisphere (SH) reach 1.4 Pgmonth−1

in July–August during the austral winter, whereas Northern Hemisphere (NH) maximum
corresponds to 1.0 Pgmonth−1 in December–February during the boreal winter. About
two-thirds of the emissions are located in the SH and one-third in the NH (Table 2,
Fig. 3a). The annual global SS mass production during the study period corresponds to20

20.7×1012 kgyr−1. Table 2 presents total emissions by particle type at global scale and
for Northern and Southern Hemispheres. SS is one the major contributors to the mass
of particulate matter injected in the atmosphere. One order of magnitude separates
global SS to SD amounts.

The annual estimate of 20.7×1012 kg is in the upper range of the annual emis-25

sion estimates from 0.3×1012 to 30×1012 kgyr−1 found across the literature (Lewis
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and Schwartz, 2004). Gong et al. (1997b) determined a total of 11.7×1012 kgyr−1

based on the SS product flux formulation of Monahan et al. (1986) and using wind
speed observations at several locations around the globe. Later, Gong et al. (1998)
determined a much lower total of 3.33×1012 kgyr−1 applying the same mathemati-
cal formula to wind fields calculated with a global transport model. Global SS within5

the Canadian GCMIII integrating CAM (Gong et al., 2002). Chin et al. (2002) followed
a similar approach with a global transport model and calculated the annual emissions
of 5.8–7.5×1012 kg. Schulz et al. (2004) determined 19.8×1012 kg. Grini et al(2002)
determined a total of 6.5×1012 kgyr−1 based on global transport model using Mona-
han et al. (1986) for r80 < 7 µm and O’Dowd and Smith (1993) for r80 > 7 µm. For the10

AeroCom experiment, daily SS emission rates were based on year 2000 ECMWF near
surface winds and totalized 7.93×1012 kg (Dentener et al., 2006).

3.1.2 Soil dust emission from desert areas

During 1995–2004, the range of global SD emissions calculated with the CAM dust
scheme is 1880–2330 Tgyr−1, which is comparable to previous estimates of 1000 to15

2150 Tgyr−1 published in the literature (Zender et al., 2004), and the maximum is cal-
culated for 2002 with 2330 Tg of dust emitted to the atmosphere. The averaged global
emission of 2120±140 Tgyr−1 is comparable to the global mean of 2073 Tgyr−1 calcu-
lated between 1981 and 1996 by Ginoux et al. (2004). Similarly, Mahowald et al. (2003)
performed a 22-yr global dust emission study spanning the 1980’s and 1990’s.20

Figure 3b presents the spatial distribution of total SD emissions in tkm−2 for the 10 yr
of this study. This figure clearly points out the large emissions occurring in the two
prominent desertic areas of North Africa and East Asia. Figure 4 exhibits the “roller-
coaster” type-monthly variation of dust emissions at global scale and for the major
deserts. The largest sources of dust are located in North Africa and are roughly larger25

by one order of magnitude than that of Asia. More than three-quarters of global dust
emissions occur in North Africa.
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Dust emissions from Saharan desert occur all year long with a minimum in the win-
tertime and a maximum during the summer (Fig. 4). The modeling outputs suggest
that average emissions are 1600±130 Tgyr−1 with a maximum of 1750 Tg in 2002.
Kaufman et al. (2005) estimated that 240±80 Tg of African dust are transported to the
Atlantic Ocean every year by using MODIS satellite imagery. Recent studies pointed5

out that localized sources are responsible for most of the North African SD emissions.
The Bodélé region (15–20◦ E, 12–18◦ N) is considered as the most active source of dust
in the Sahara desert, and probably in the world (Koren et al., 2006; Washington and
Todd, 2005; Tegen et al., 2006). The Bodélé is an enclosed topographic depression
located between the Tibesti Mountains and Lake Chad. High velocity winds are asso-10

ciated to the particular topography of the area. Field observations pointed out that the
ground is made of very fine remains of microscopic freshwater organisms, which pop-
ulated the lake Mega-Chad thousands years ago, whereas the soil of Northern Sahara
is mostly composed of a mixture of clay aggregates. Ginoux et al. (2004) estimated that
the Bodélé is responsible for up to half of all the dust that leaves West Africa, and Todd15

et al. (2007) suggested that the region might release 1.2±0.5 Tg of dust per day during
substantial dust events. Prospero and Lamb (2003) claimed that dust emissions from
the Sahara considerably increased in past decades. Results from this study spanning
only 10 yr are not able to confirm their conclusion.

Dust emissions from East Asia have a more pronounced seasonality than those in20

North Africa. Dust events originate every spring from the Gobi desert (36–44◦ N, 100–
114◦ E), located in Southern Mongolia and Northern China. Dust episodically degrades
the air quality and reduces visibility in urban areas, as far as Beijing, during March–
April. Giant Asian dust clouds are carried eastward affecting atmosphere over Korean
and Japan (Kim et al., 2010), sometimes crossing the North Pacific to reach Western25

North America (Zhao et al., 2008). Figure 4 indicates the great year-to-year variability
in SD emissions from Asian deserts with 2001, 1995, 1998, and 2000 as high emission
years in order of decreasing amounts. On average, emissions represent 52±19 Tgyr−1

between 1995–2004, with a maximum of 89 Tg during 2001. In that year, the spring
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dust season was characterized by four major observed sand storm episodes, which
lasted about one month in total (Gong et al., 2003b). These events were the subject
of many modeling studies, field experiments, and remote sensing observations (Zhao
et al., 2006; Gong et al., 2006). Contrary to dust emissions from the Sahara desert,
dust emissions from Asian desert are very limited outside the spring window (Fig. 4).5

Finally, SD emissions from North American deserts are relatively much lower com-
pared to those occurring in the Sahara and Gobi deserts. They correspond on average
to 4±2 Tgyr−1, which contribute only to 0.2 % of the global SD emissions. Over the
10 yr of the study, a maximum of 8 Tg was reached in 1998. Modeling outputs suggest
that the 2001 “Red Bowl” dust episode in Southern US represented “only” 3 Tg (Park10

et al., 2007).

3.1.3 Black carbon from boreal and temperate vegetation fires

Figure 5a shows the high inter-annual variability of black carbon emissions from vege-
tation fires in Canada, Alaska, conterminous US, Russia, Mongolia, and all other geo-
graphical areas combined. Russian contribution is preponderant due to its large forest15

territory and nature of fires occurring with all-time high in 2003. Large emissions in
2002 and 2003 were due to extreme fire events in both North America and Siberia.
There is a factor 2 to 3 between the minimum in 2001 and the maximum in 2003 for
total BOTE emissions. Southern Europe is the predominant source region of natural
BC east of the Ural Mountains. In particular, the 2003 fires in Southern Europe were20

a large source of emissions. On average, Russia and Canada represents 36 % and
19 % of BC emissions. Conterminous US accounts for almost 10 % of total emissions
with the largest contribution located in the western part of the country.

Table 3 compares the annual BC estimates to the Global Fire Emissions Database
(GFED) v2.1 for countries which are estimated to have the largest emissions25

(van der Werf et al., 2006). Mean and standard deviation values are presented for
1995–2004, GFED time period 1997–2006, and the overlap period between the two
datasets. GFED emissions are based on areas burned derived from MODIS hotspots
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(Giglio et al., 2006) and then do not include any statistical information from agencies’
field reports. Standard deviations calculated from both datasets are shown to be high,
hence indicating great inter-annual variability of the emissions (Table 3). Both inven-
tories agree that Russia and Canada are the main contributors to BC from vegetation
fires in the Northern Hemisphere.5

Figure 5b illustrates the monthly variability of total BC emissions from vegetation fires
at boreal and temperate latitudes for each year. The seasonal cycle is clearly driven
by the boreal fire activity that ceases during wintertime. Peak usually occurs during the
summer months, expect in 1996 with a maximum in May due to Mongolian fires. In that
country, fire statistics and remote sensing indeed reveal that a large number of fires can10

occur during springtime, and spread quickly in the extensive steppe and stepped-forest
areas. However, summertime monsoon rains seriously limit the number of fires.

The variability in the number of ATSR nighttime fire counts was employed as a proxy
for determining the monthly variability in the area burned from annual AVHRR fire scars
in Siberia. Generoso et al. (2003) pointed out that ATSR fire pixels show globally a sea-15

sonal cycle consistent with diverse satellite products used in fire detection, including
daily TRMM (Tropical Rainfall Measuring Mission) products, daily AVHRR imageries,
and satellite SPOT-derived Global Burnt Area 2000 mapping (e.g., Tansey et al., 2004).

3.2 Comparisons with AOD by satellites

Hemispheric-scale differences in land area (39 % of the Northern Hemisphere is cov-20

ered by land vs. 19 % in the Southern Hemisphere) and in human population have led
to large inter-hemispheric differences in primary aerosol source strengths. This, in turn,
leads to the difference in the global aerosol distributions (Textor et al., 2006). Satellite
observation of aerosols by AOD has the advantage of displaying the main feature of
global aerosol distributions and revealing the regional characteristics. Figure 6 shows25

the global AOD from satellite observations of monthly averaged MODIS over the period
of 2000–2004 with the model simulated AOD summarizing the contributions from sul-
phate, sea-salt, black carbon, organic carbon and soil dust aerosols for four seasons.
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The main features of the global aerosol distributions are captured by the GEM-
AQ/EC. Four regions in the globe, i.e. North America, Europe, South Asia and East
Asia, have the majority of the global anthropogenic emissions and contribute to the re-
gional and global aerosol burdens. This is clearly reflected in Fig. 6 where four aerosol
plumes are observed and simulated with long range transports. The AODs predicted5

are comparable with the satellite observations.
The natural sources of aerosols are in the desert areas and over the oceans. The

aerosol regime in Africa is a good example of a primary (soil dust) aerosol mixing with
primary and secondary biomass burning aerosols. The soil dust component covers the
Saharan desert source region and extends thousands of kilometres downwind. The10

trans-Atlantic transport of African dust aerosols was clearly visible from both observed
and simulated AODs. This is also consistent with the emission patterns shown in Fig. 3
for dust aerosols.

There are seasonal variations observed and predicted, especially for the natural
components. Dust aerosols show a distinct peak in East Asia spring and transports15

over the Pacific. High summer AOD in Central Africa that is linked to the bio-mass
burning has been well simulated by the GEM-AQ/EC.

3.3 Comparisons with AOD by AeroNet

To further evaluate the model performance, monthly modeled AOD was compared with
the surface based global AeroNet AOD observations from 1995 to 2004. Due to the20

difference in the number of stations from year to year, the significance levels of the
correlation may vary slightly but the averaged correlation coefficient (r) for the 10 yr
reaches above 0.57 (Fig. 7). For each season, the percentages of underestimates,
within a factor of two and over-estimates are shown and explained in the caption. It can
be seen from the figure that the model has captured the global spatial and temporal dis-25

tributions of the AODs, which have been qualitatively illustrated by the comparison with
satellite observations (Fig. 6). More than 63 % of the simulated points are within a fac-
tor of two (shaded area in Fig. 7) compared with the observations. Overestimates for
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about 30–34 % of the points are found for the lower AOD (< 0.3) and under-estimate for
about 2–6 % of the points for higher AOD values (> 0.3). Seasonally, autumn sees the
highest under-estimate and winter the highest over-estimate. These differences could
be caused by the seasonal changes of aerosol emissions and the aerosol transport
driven by atmospheric circulations.5

This comparison yields some insights into the model performance and emissions.
The reasonable correlation coefficient indicates the acceptable skills of the model in
predicting the spatial and temporal distributions of AOD around the globe. It is inter-
esting to note that the overestimates, for 30–40 % of the points are located in the
lower AOD regions where more AeroNet sites are stationed and lower emissions of10

PM are found, such as in the North America and Europe. Conversely, underestimates
are seen over much less points (2–6 %) in the AeroNet sties and in the high AOD re-
gions. This may point to the possibility of under-estimates of emissions in the polluted
areas, e.g. Asia, and overestimates, in the relatively less polluted regions, e.g. North
America.15

3.4 Comparisons with surface observations

Speciated PM observations are available from some surface monitoring stations such
as IMPROVE and EMEP with PM10 and PM2.5 concentrations. The comparisons be-
tween observed and predicted PM concentrations are given in Fig. 8a for North Amer-
ica and Fig. 8b in Europe. Reasonable comparisons are achieved for North America20

with correlation coefficients (r) reaching 0.61 and 0.65 for the 10 yr averaged PM10 and
PM2.5, respectively. For PM10, the simulation results for spring and summer are more
than 78 % within a factor of two compared to observations with about 20 % underesti-
mates. The underestimates increase to 35–45 % in autumn and winter. It seems that
certain sources of coarse particles are missed by the modeling system.25

The model performance for Europe is not as good as for NA with correlation coeffi-
cients (r) only reaching 0.31 and 0.25 for the averaged PM10 and PM2.5, respectively.
It should be noted that the observational data for Europe has a slightly shorter time

9297

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9283/2012/acpd-12-9283-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9283/2012/acpd-12-9283-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 9283–9330, 2012

Global air quality
forecasting model

S. L. Gong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

span than the NA data. Except for winter months when large underestimates of the
model predictions are found, most of the predictions are within a factor of two from the
observations (Fig. 8b). For both NA and EU, the summer has the best performance.

To narrow down the causes for the bias of model predictions for PM in North America,
the speciated aerosol concentrations of soil dust, sulphate, BC and OC were compared5

with observations by the IMPROVE network (Fig. 9). Model performance was evaluated
by separating NA into west and east regions. For all the species, the modelled concen-
trations are correlated better with observed concentrations in the east NA than those
in the west NA. The correlation coefficients (r) for soil dust and sulphate aerosols are
about 0.73 and 0.83 in the east NA, 0.50 and 0.46 in the west NA. The model perfor-10

mance is much lower for carbonaceous aerosols with correlation coefficients around
0.40 in the east and 0.30 in the west. There are no obvious reasons for the difference
between the west and east NA but the accuracy in the emission inventory of anthro-
pogenic sulphur and carbonaceous species may have played a role in this.

Positive biases are found for NA dust and sulphate aerosols. The dust aerosols are15

over-predicted by a factor of 2 for the east NA with a slightly negative bias for the
west NA. Given the fact that most of the wind-blown sources is in the west, the over-
estimate is a little unusual. If the anthropogenic dust (i.e. fugitive dust) were added
into the model, the over-estimate in the east would be even larger. However, a detailed
analysis of the seasonal variation of the comparisons reveals that most of the over-20

estimate of dust aerosols in east NA occurs in spring and summer, which coincides
with the peak trans-Atlantic transport of African dust to North America (Fig. 10a,b).
For fall and winter (Fig. 10c,d) when the continental America is less impacted by the
African dust, the model performance is much better, indicating that the model has over-
estimated the trans-Atlantic transport of dust. Three factors are attributable for the over-25

estimate, i.e. dust emission, transport and removal processes. More observational data
is needed to identify the dominant factors and to improve the model performance.

For sulphate, the over-prediction is about 1.6 and 1.9 for the west and east NA, re-
spectively. Given the fact that the anthropogenic emission of sulphur used for the 10-yr
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simulations in this study was from GEIA for the mid-1980’s, the overestimate may be
primarily due to larger emissions in North America for GEIA than for the simulation and
observational periods of 1995 to 2004. Sterm (2005) estimated about 30 % decrease
of sulphur emissions in North America from 1985 to 2000 with further drop to 2007
(Gong et al., 2010).5

Severe negative biases are found for NA carbonaceous aerosols. The model predic-
tions only yielded about 20 % of observed concentrations with much lower correlation
coefficients compared to the soil dust and sulphate aerosols. Since nitrate aerosol was
not considered in this study, the total under-estimation of PM in NA is a consequence of
the under-prediction of carbonaceous aerosols and the ignorance of nitrate aerosols.10

The uncertainty in emissions is more obvious for the simulation in Asia. Though a rel-
atively good correlation between modeled and observed PM10 was achieved, the model
severely under-estimated the concentration for all months and stations (Fig. 11). The
sulphur emissions in Asia have increased more than 20 % from 1985 to 2000 (Stern,
2005) while Zhang et al. (2009) have shown an increasing trend during 2001–2006 for15

China: 36 % increase for SO2, 55 % for NOx, 18 % for CO, 29 % for VOC, 13 % for PM10,
and 14 % for PM2.5, BC, and OC. This changing trend in emissions has contributed
to the discrepancy between model simulated and observed aerosol concentrations in
Asia. More accurate emissions in terms of spatial and temporal resolutions are needed
to better simulate aerosol concentrations in Asia.20

3.5 Seasonal variations

Due to the seasonal variations in emissions and meteorology, aerosols also exhibit
certain degree of seasonal variations. Figure 12 shows the simulated and observed
seasonal variations of PM2.5 and PM10 averaged over the observational points in North
America and Europe. For both North America and Europe, the model predicts a sum-25

mer high of PM concentrations that are agreed well with observations in NA but not
in Europe where no obvious seasonal variations are observed for the averaged con-
centrations. For NA, the agreement for PM2.5 is rather good in terms of both seasonal
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variations and magnitudes while for PM10 the agreement is very good for the seasonal
variations but not for the magnitudes. It is noticed that the European observations have
a very large standard deviation in the first and last three months of the year when the
model and observation are deviated. Seasonal variation in the anthropogenic emission
regions is difficult to accurately predict as it requires the accurate seasonal pattern5

of emissions in addition to the realistic simulation of meteorology which controls the
deposition and transports.

Figure 13 is a comparison of simulated soil dust concentrations with observed data
from selected monitoring stations. The model reached reasonable agreement with the
observed concentrations and seasonal variations at these locations. These seasonal10

variations reflect the sources and transport changes during the year, regulated by the
global general circulation variability. The three remote stations over the Pacific, i.e.
Cheju, Midway and Oahu, have a spring peak, which is contributed from the spring soil
dust emission and transport from the Asian continent. On the other hands, the stations
in the Atlantic and its coast, i.e. Rsmas, Bermuda and Barbados, present a summer15

peak which is contributed from the trans-Atlantic transport of dust aerosols from Africa
(Fig. 10b). This seasonal variation is consistent with the observations of structure and
variability of aerosols over Africa, the Atlantic, and the Americas by CALIPSO (Cloud-
Aerosol Lidar Infrared Pathfinder Satellite Observations) (Adams, 2011). It is interesting
to note that the dust spring peaks in Asia and Pacific follow the peak emissions (Fig. 4)20

and transport in spring by westerly. However, even though the peak emission of dust
in Africa appears in spring (Fig. 4), the dust concentrations over the Atlantic and its
coast peak in summer. This is probably caused by the seasonal variations of the trans-
Atlantic transports by the easterly waves which maximize in summer (Jones et al.,
2003) to bring more dust into the Atlantic ocean and the east part of North America.25
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4 Relative contribution of natural vs. anthropogenic origins

Global aerosols consist of a much larger fraction of natural components including soil
dust, sea-salt and bio-mass burning aerosols than those from anthropogenic origins.
Natural sources of aerosols are probably 4 to 5 times larger than anthropogenic ones
on a global scale. A recent review indicates that the global annual emissions could5

reach as high as 10 130 Tg for sea-salt and 1600 Tg for soil dust. An accurate simu-
lation of these natural components is critical to obtain correct global aerosol distribu-
tions. The simulations in this study tag the natural aerosol components of soil dust,
sea-salt and BC/OC and thus enable the assessment of natural contributions to the
global aerosol background concentrations from which the anthropogenic contributions10

are superimposed. The global distribution of sea-salt aerosol has been studied ex-
tensively and reasonable results are achieved (Gong and Barrie, 2003; Gong et al.,
1997a). The model evaluations in Sect. 3, especially the spatial and temporal corre-
lations, indicated that the model is able to capture the general spatial and temporal
distributions of various aerosol properties including AOD and mass concentrations.15

The relative contribution of natural aerosols to the global background concentra-
tions are obtained from the 10 yr simulations. Over the oceans in the roaring southern
40 and mid-latitude Northern Hemisphere, sea-salt aerosol is the dominant aerosol
species. This can be seen from both satellite observations (Fig. 14a) and modeling re-
sults (Fig. 14b). In the regions where anthropogenic aerosols dominate as indicated by20

the red pixels in Fig. 14 such as in Europe, East NA and East Asia, the model predicts
less than 20 % natural contributions. Over the major continental natural source regions
such as in Northern Africa, South-West NA and Central Asia as indicated by the green
pixels in Fig. 14a, the predicted natural contributions can range from 50 % to about
100 %.25

Natural aerosols have not only inter-annual variations but also seasonal changes.
For the 10 yr simulations, the percentage contribution to the total PM can reach as high
as 10 % in some regions due to the inter-annual variability of meteorology, especially in
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the tropic and equatorial regions (Fig. 14b). The seasonal variation of natural aerosols
depends on the species and locations. Asian dust aerosols peak in the spring and are
transported over the Pacific Ocean. This is illustrated in the observed and modeled
dust concentrations at Cheju, Oahu and Midway (Fig. 13). Strong seasonal variations
are found for the global sea-salt fluxes in both Northern and Southern Hemispheres.5

A winter high with respect to each hemisphere is predicted. Sea-salt concentrations
are highest in the roaring forties of the Southern Hemisphere and over the northern
oceans from October to March, which is consistent with the emission patterns of sea-
salt aerosol (Fig. 3). Bio-mass burning aerosols from natural sources i.e. boreal forests
(Fig. 5), peak in the summer and contribute to the background aerosols in the northern10

high latitudes and in the Arctic.

5 Conclusions

A global on-line air quality modeling system with size segregated aerosol scheme was
developed and utilized to simulate the global aerosol emissions and climatology for
10 yr. The inter-annual variability and seasonal cycle of emissions of sea-salt, soil dust,15

black carbon, and organic matter for bio-mass burning was investigated from 1995–
2004. Canadian wildfire emissions for 2000–2004 integrated in the emission inventories
were calculated with a state-of-the-art modeling technique, including a semi-empirical
fire behaviour model.

Reasonable agreements, especially the spatial and temporal correlations, are20

achieved with observations, indicating that the model is able to capture the general
spatial and temporal distributions of various aerosol properties including AOD and
mass concentrations. The large discrepancy between model simulated and observed
concentrations is mainly due to the emissions used in this application. The model per-
formance is generally better in North America than in Europe and Asia with the best in25

the east North America.
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In the regions where anthropogenic aerosols dominate such as in Europe, East NA
and East Asia, the model predicts less than 20 % natural contributions. Over the major
continental natural source regions such as in Northern Africa, South-West NA and
Central Asia the predicted natural contributions can range from 50 % to about 100 %.
Natural aerosols present larger seasonal variations than the anthropogenic aerosols5

and have strong inter-annual variability associated the fluctuation in meteorology.

Appendix A

Methodology in computing the carbonaceous aerosol emissions from boreal and
temperate vegetation fires

A1 North America10

For Canada, hourly emissions were calculated with a fire growth parameterization,
a fire behavior prediction model, and modelled surface weather conditions for the years
2000–2004 (Lavoué et al., 2007; Lavoué and Stocks, 2011). From 1995 through 1999,
the large fire database (200+ hectares) of (Stocks et al., 2003) was used. This dataset
provides the start date, geographical location, and final size of every fire in the records.15

However, the extinction date is not systematically included by provincial protection
agencies. To address this issue, a statistical analysis of fifteen large fires, for which
the area growth was recorded by the agencies, was performed to determine a linear
relationship between the final size and the length of the burning time period (Table 2).
By applying a daily fire growth rate depending on the final size, it was possible to esti-20

mate an extinction date for all the fires in the large fire database.
With respect to the United States, the National Interagency Fire Center prepared

situation reports for ten geographic areas of contiguous US (http://www.nifc.gov/nicc/
index.htm) on a daily basis during the fire season and every week otherwise. Monthly
areas burned in all geographic areas were derived from this dataset. Fire regions inside25
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each area were redistributed in space according to the occurrence of ATSR fire pixels
during 1995–2001 and MODIS hotspots for the following years. Finally, the US Bureau
of Land Management makes available the Alaska fire scar location database on their
web site (Table 1). The database includes annual perimeters of fires greater than 50
hectares in the ArcINFO format easily integrated into our GIS application.5

For Mexico, the National Forestry Commission (CONAFOR) makes areas burned
in most of the 32 States available on their web site. In addition, during the task of
compiling fire data, monthly variability was given only for 1995 and 1996. Consequently,
ATSR fire counts were used to set respective seasonal cycles for all other years.

A2 Europe10

Regarding Europe, reliable fire statistics for most of the countries permit constraining
areas burned on an annual or even a monthly basis. Inventories of areas burned were
compiled from multiple sources including technical reports, statistics available on web
sites of respective Ministries of the Environment, and information compiled and dissem-
inated by the United Nation Food and Agriculture Organization. Table 1 summarizes all15

the information scrutinized by countries in Eastern, Northern, Southern, and Western
Europe. In the eastern, northern, and western regions of Europe, fire activity is rela-
tively limited and statistics are usually restricted to annual data and are provided at the
scale of a country or by jurisdiction (e.g., the Laender for Germany). However, statistics
are more complete on a monthly basis and at the administrative unit level in countries20

of Southern Europe where large vegetation fires may occur. For instance, Spain, Por-
tugal, Italy, and France have maintained comprehensive records on fire activity in their
Mediterranean ecosystems.

A3 North Africa and Middle East

Ground-based statistics related to fires occurring in the rest of the Mediterranean basin25

is much more limited. Only annual areas burned are available, sometimes as best
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guess, for most of the countries in North Africa and Middle East, with the exception
of Turkey, for which information on fire locations and seasonality by ecosystems were
published (Table 1).

A4 Boreal Eurasia

For Russia, annual areas burned for 1996 to 2002 were assessed from AVHRR (Ad-5

vanced Very High Resolution Radiometer) imagery by (Sukhinin et al., 2004a, b).
Datasets are available as GIS shape files at the Global Land Cover Facility web site
(Table 1). In addition, similar remote sensing analysis exists for subsequent years
2003 and 2004 on the Global Fire Monitoring Center web site (Table 1). Next, ATSR
fire counts were employed as proxies to derive the monthly distribution in every grid10

cell. Finally, a forest fuel map was built from the Russian vegetation mapping com-
pleted by the International Institute for Applied System Analysis (http://www.iiasa.ac.
at/Research/FOR/russia cd/for.htm).

With respect to Mongolia, the analysis of remote sensing data is currently the best
option for assessing the geographical extent of wildland fires in Mongolia since it is15

one of the scarcest inhabited countries in the world (Table 1). Burn scars from AVHRR
imagery permitted building a gridded area burned inventory for the whole 10 yr-study.
Furthermore, a 1×1◦ Mongolian vegetation fuel map was derived from the 1×1km
vegetation map of the US Geological Survey (https://research.cip.cgiar.org/gis/index.
php).20
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Table 1. Literature references and web sites visited to get areas burned by countries in different
geographical areas between 1995 and 2004.

Geographical areas Literature references and web sites for areas burned (1995-2004)

Canada Stocks et al. (2003), http://cwfis.cfs.nrcan.gc.ca/en CA/lfdb, Lavoué and Stocks (2011)

Contiguous US http://iys.cidi.org/wildfire/firearch.htm

Alaska http://agdc.usgs.gov/data/blm/fire/

Mexico http://www.conafor.gob.mx/portal/index.php/temas-forestales/incendios

Eastern Europe European Commission (2005, 2006); UN/ECE Timber Bulletin, 2002
Bulgaria, Hungary, Poland, Czech Republic, Romania, Slovakia

Northern Europe European Commission (2005, 2006); UN/ECE Timber Bulletin, 2002
Denmark, Estonia (Terep, 2004), Finland, Ireland, Latvia, Lithuania (Peleckas, 2004), Norway, Sweden, United
Kingdom

Southern Europe European Commission (2005, 2006); UN/ECE Timber Bulletin, 2002
Albania (Meta et al., 2003), Croatia, Greece (Xanthopoulos, 2000), Italy, Macedonia (Todorcevski and Milutinovic,
2003), Portugal (http://www.afn.min-agricultura.pt/portal), Slovenia, Spain (http://www.marm.es/)

Western Europe European Commission (2005, 2006); UN/ECE Timber Bulletin, 2002
Austria, Belgium, France (http://www.promethee.com), Germany (http://www.fire.uni-freiburg.de), Luxembourg,
Netherlands, Switzerland

Middle East European Commission (2005, 2006)
Cyprus, Israel, Lebanon (Bassil, 2000), Turkey (http://www.ogm.gov.tr/; Bilgili, 1997)

North Africa Algeria (Madoui, 2002), Libya (ECE/FAO Agriculture and Timber Division, 1986), Morocco (Forestry Depart-
ment/FAO, 2001), Tunisia (ECE/FAO Agriculture and Timber Division, 1986)

Russia Sukhinin et al. (2004a, b), (http://www.landcover.org/data/burned/, http://www.fire.uni-freiburg.de/)

Mongolia Erdenesaikhan and Erdenetuya (1999); Valendik et al. (1998)
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Table 2. Annual aerosol emissions by source types in the northern and southern hemispheres,
and globally over the 10 yr (SS= sea salt, SD= soil dust, BC=black carbon, POM=particulate
organic matter).

Open ocean Deserts and Boreal and temperate Global fossil fuel burning Tropical forest and savanna fires
semi-deserts vegetation fires Global crop and biofuel fires

SS SD BC POM BC POM BC POM
(1012 kgyr−1) (1011 kgyr−1) (107 kgyr−1) (109 kgyr−1) (108 kgyr−1) (108 kgyr−1) (109 kgyr−1) (1010 kgyr−1)

NH 6.9±0.2 (33%) 19.9±1.2 (94%) 21.4±6.4 3.6±1.3 65.8±6.1 (90%) 91.4±6.4 (93%) 2.9 (52%) 2.8 (52%)
SH 13.7±0.3 (67%) 1.3±0.6 (6%) n/a n/a 7.2±0.8 (10%) 7.0±0.8 (7%) 2.7 (48%) 2.6 (48%)
Global 20.6±0.3 21.2±1.4 21.4±6.4 3.6±1.3 73.0±6.7 98.4±6.8 5.6 5.4
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Table 3. Comparison of BC emissions from vegetation fires to Global Fire Emission Database
version 2.1 for countries with the largest emissions in the boreal and temperate regions (in Gg).

GFED v2.0 (van der Werf et al., 2006) This study
1997–2006 1997–2004 1995–2004 1997–2004

Canada 42.9±32.5 46.4±35.9 40.3±35.6 32.1±25.9
Alaska 7.7±11.1 6.4±10.2 17.0±23.7 20.3±25.6
Russia 220.8±155.2 243.1±166.6 82.2±62.0 94.2±62.4
Mongolia 4.7±3.4 5.3±3.5 32.4±35.5 29.2±32.0
Contiguous US 20.3±6.8 20.8±7.5 18.5±9.2 18.2±9.3
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Figure 1: Geographic locations of observational sites used in comparing with modeling 

results. The background contours are the PM10 concentrations (µg m-3) averaged from 

the ten years of modelled results. Blue dots are stations from IMPROVE and CAPMoN 

in North America, green dots are the  stations  from EMEP of Europe, black dots are 

stations from CAWNET of China and red dots are the stations are from GAW and Miami 

University research stations. 

 

Fig. 1. Geographic locations of observational sites used in comparing with modeling results.
The background contours are the PM10 concentrations (µgm−3) averaged from the ten yr of
modelled results. Blue dots are stations from IMPROVE and CAPMoN in North America, green
dots are the stations from EMEP of Europe, black dots are stations from CAWNET of China
and red dots are the stations are from GAW and Miami University research stations.
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Figure 2: Seasonality of sea salt aerosol mass production (mean±s.d.) at global scale and 

in the northern (NH) and southern hemisphere (SH) oceans (1 Pg=1012 kg). 

 

 

 

 

 

 

 

 

 

Fig. 2. Seasonality of sea salt aerosol mass production (mean± s.d.) at global scale and in the
northern (NH) and Southern Hemisphere (SH) oceans (1Pg = 1012 kg).

9318

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9283/2012/acpd-12-9283-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9283/2012/acpd-12-9283-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 9283–9330, 2012

Global air quality
forecasting model

S. L. Gong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

 

 

(a) 

(b) 

(c) 

Fig. 3. Total emission maps of global sea-salt (a), global mineral dust (b), BC from boreal and
temperate vegetation fires (c) in metric tonnes per km2 during 1995–2004.
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Figure 4: Monthly emissions of mineral dust from global deserts and for the Sahara and 

East Asia desertic areas from 1995 through 2004. 

 

 

 

 

 

 

Fig. 4. Monthly emissions of mineral dust from global deserts and for the Sahara and East Asia
desertic areas from 1995 through 2004.
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Figure 5: Inter-annual (a) and monthly variability (b) of black carbon emitted by 

wildland fires in the boreal and temperate regions. 

(a) 

(b) 

Fig. 5. Inter-annual (a) and monthly variability (b) of black carbon emitted by wildland fires in
the boreal and temperate regions.
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Figure 6: Comparisons of seasonally averaged AOD between MODIS and model simulations for 2000-2004. The filled contours are 

for MODIS and the contour lines are for model simulations. 
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Fig. 6. Comparisons of seasonally averaged AOD between MODIS and model simulations for
2000–2004. The filled contours are for MODIS and the contour lines are for model simulations.
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Figure 7: Correlation between model-simulated AOD and AeroNet observations from 

1995 to 2004. Scattered dots are grouped into four seasons, each of which shows a 

different behaviours. Dots within the gray area indicate the modeled AODs are within a 

factor of 2 from observations. The numbers in the bracket following the season are the 

percentages of modeled results with under-, within a factor of 2 and over-estimations. 

 

Fig. 7. Correlation between model-simulated AOD and AeroNet observations from 1995 to
2004. Scattered dots are grouped into four seasons, each of which shows a different be-
haviours. Dots within the gray area indicate the modeled AODs are within a factor of 2 from
observations. The numbers in the bracket following the season are the percentages of mod-
eled results with under-, within a factor of 2 and over-estimations.
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(a)

(b)

Fig. 8. Correlations of seasonally averaged PM10 and PM2.5 with network observations:
(a) North America and (b) Europe. Legend explanations are given the same as in Fig. 7.
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Fig. 9. Comparisons of model predicted concentrations of four major aerosol species in North
America with IMPROVE network observations. West and East North Americas are compared
separately. Legend explanations are given the same as in Fig. 7.
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Figure 10: Seasonal dust aerosol distributions in North America and influence of trans-

Atlantic transport of dust from Africa. 

 

Fig. 10. Seasonal dust aerosol distributions in North America and influence of trans-Atlantic
transport of dust from Africa.
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Figure 11: Comparisons of model predicted PM concentrations in China with CAWNET 

network observations in 2004. Legend explanations are given the same as in Fig. 7. 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Comparisons of model predicted PM concentrations in China with CAWNET network
observations in 2004. Legend explanations are given the same as in Fig. 7.
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Fig. 12. Comparisons of simulated monthly PM2.5 and PM10 concentrations in North America
and Europe with observations.
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Figure 13: Comparisons of monthly averaged surface soil duct concentrations for 1995-

2004 with observations at Miami University research stations. 
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Fig. 13. Comparisons of monthly averaged surface soil duct concentrations for 1995–2004 with
observations at Miami University research stations.
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Figure 14:  (a) This false color image is a map of natural aerosols (green pixels), human 

pollution (red pixels), or a mixture of both (light brown pixels). Gray areas indicate a lack 

of usable data. This map covers pollution measured between January 2001 and July 2002. 

(b) Percentage distribution of simulated natural contributions to the global PM averaged 

for 10 years and the contour lines are the standard deviations. 

 

Fig. 14. (a) This false color image is a map of natural aerosols (green pixels), human pollution
(red pixels), or a mixture of both (light brown pixels). Gray areas indicate a lack of usable data.
This map covers pollution measured between January 2001 and July 2002. (b) Percentage dis-
tribution of simulated natural contributions to the global PM averaged for 10 yr and the contour
lines are the standard deviations.
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