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ABSTRACT

We interpret satellite, aircraft, and ground-based measurements using the GEOS-Chem
Chemical Transport Model (CTM) to better understand the global transport and distribution
of fine aerosol (PM,s). Using satellite retrievals of Aerosol Optical Depth (AOD) from the
Moderate Resolution Imaging Spectroradiometer (MODIS) and the Multiangle Imaging
Spectroradiometer (MISR), we estimate an annual growth in Chinese sulfur emissions of 6.2-
9.6% between 2000-2006, in agreement with bottom-up inventories. Using aircraft
measurements from the Intercontinental Chemical Transport Experiment (INTEX-B) with a
CTM, we calculate that 56% of measured sulfate between 500-900 hPa over British
Columbia is due to East Asian sources. We find evidence of a 72-85% increase in the relative
contribution of East Asian sulfate to the total burden in spring off the northwest coast of the
United States since 1985.

We interpret retrievals AOD from MODIS and MISR using GEOS-Chem to estimate global
long-term (2001-2006) mean PM, s concentrations at a resolution of 0.1° x 0.1°. Evaluation
of the satellite-derived estimate with ground-based in-situ measurements indicates
significant spatial agreement with North American measurements (r = 0.77, slope = 1.07, n =
1057) and with non-coincident measurements elsewhere (r = 0.83, slope = 0.86, n = 244).
The one standard deviation uncertainty in the satellite-derived PM, s is 25%, inferred from
the AOD retrieval and aerosol vertical profiles errors and sampling. The global population-
weighted mean uncertainty is 6.7 pg/m>. We find a global population-weighted geometric
mean PM,s concentration of 20 ug/m3. The World Health Organization Air Quality PM, s
Interim Target-1 (35 pg/m® annual average) is exceeded over central and eastern Asia for
38% and 50% of the population, respectively. Annual mean PM, s concentrations exceed 80
ug/m? over Eastern China.

We test the capability of remotely-sensed PM, s to capture extreme short-term events
by examining the major biomass burning event around Moscow in summer 2010. We find
good agreement (r’=0.85, slope=1.06) between daily estimates of PM,s from in-situ and
satellite-derived sources in the Moscow region during the fires. Both satellite-derived and
in-situ values have peak daily mean concentrations of approximately 600 pg/m?® on August
7, 2010 in the Moscow region.

Xi
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Chapter 1. INTRODUCTION

1.1 AerosoL

Aerosol have a large impact on the earth’s atmosphere. The effects of these small,
suspended particles and droplets are varied. They enhance cloud formation (e.g. Lohmann and
Feichter, 2005). They can transport microbes around the world (e.g. Price et al., 2009). In some
cases, they are the nutrients that sustain rainforests (e.g. Herrmann et al., 2010), in others, they
are the cause of destructive acid rain (e.g. Huo et al., 2011). A clear understanding of aerosol
sources, their transport and concentration, provides insight into both our health and climate.

The composition of atmospheric aerosol has changed significantly since the start of the
industrial revolution (Tsigaridis et al., 2006) and anthropogenic aerosol presently exceeds
natural concentrations in many populated regions (e.g. Waheed et al., 2011; Weijers et al.,
2011). While human proximity and the size, composition and radiometric properties of
anthropogenic aerosol make them of great interest, natural sources still dominate globally by
mass (see Table 1-1). Natural aerosol are directly produced through processes such as volcanic
eruptions, forest fires, breaking waves and wind-lifted desert dust.

Globally, combustion dominates anthropogenic aerosol sources, although the contribution
from agricultural practices (Ying and Kleeman, 2006) and road dust from vehicles (Karanasiou et
al., 2011) can be locally significant. Aerosol can also be produced indirectly, through
photochemical reactions of natural and anthropogenic gases in the atmosphere.

Aerosol have a typical atmospheric lifetime of about a week. They are removed from the
atmosphere by either wet or dry deposition. Dry deposition is the settling of aerosol in the

absence of precipitation. Wet deposition refers to the scavenging of particles by hydrological



Table 1-1: Global emission estimates for major aerosol species and their precursors

Source Estimated Reference
Flux, Tgyr
Mineral dust Fairlie et al. (2007)
0.1-1.0 um 178
1.0-1.8 um 368
1.8-3.0 um 469
3.0-6.0 um 439
Seasalt 5,370 Alexander et al. (2005)
Black carbon
Fossil fuels 3° Bond et al. (2004)
Biomass 3.4° Bond et al. (2004)
Biofuel 1.6° Bond et al. (2004)
Organic carbon
Fossil fuels 2.4° Bond et al. (2004)
Biomass 25.1° Bond et al. (2004)
Biofuel 6.4° Bond et al. (2004)
biogenic VOC 150 Heald et al. (2010)
Sulfur (SO, and SO,)
DMS 15 Park et al. (2004)
Biomass 1.3 Park et al. (2004)
volcanic SO, 13 Andres and Kasgnoc (1998)
Anthropogenic activity 57° Park et al. (2004)
*Tg C.
*Tg S.

processes, involving rain, cloud or snow. The relative effectiveness of dry deposition relates to
local turbulence, precipitation rates and surface properties, as well as particle size and density.
Wet deposition of aerosol takes many forms, one of which is the washout of particles by
falling raindrops. As a raindrop falls, it collides with large particles (>1 um) in its path and
transports them to the ground. Smaller particles can be swept away without collision by the air
current that surrounds a falling raindrop. These particles may still make contact with the
raindrop, however, due to the random movements of Brownian motion. The effect of Brownian
motion diminishes rapidly with size, making this effect most prominent on the smallest of
particles (<0.1 um). Between 0.1 to 1 um neither direct collision nor Brownian motion allow for

effective washout. This size range is known as the Greenfield gap (Seinfeld and Pandis, 2006).




A second form of wet deposition occurs when particles act as nucleation sites for cloud
formation, and are ultimately rained out. The ability of aerosol to act as cloud condensation
nuclei and affect cloud growth/lifetimes is the dominant cause of their net cooling of the earth’s
climate and is referred to as the aerosol indirect effect. The aerosol direct effect, which refers
to the scattering and absorption of radiation is also significant. Both are subject to high
uncertainties, resulting from the complexity of these interactions and uncertainties in the total
aerosol burden (IPCC, 2008).

Chronic exposure to aerosol, particularly that with aerodynamic diameter less than 2.5 um
(PM,5) is associated with deleterious health impacts such as morbidity and mortality (e.g.
Dockery et al., 1993; McDonnell et al., 2000). Pope et al. (2009) estimated that an increase of
10 pg/m? in long-term exposure to PM, s results in a 0.61 + 0.30 year loss in life expectance over
the United States. Due to these effects, the World Health Organisation (WHO) recommends a

maximum annual mean exposure not exceeding 10 pg/m? (See Table 1-2).

Table 1-2: Air quality guideline and interim targets for PM: annual mean (from WHO, 2005)

Annual mean level PMyo PM, 5 Basis for the selection

(ng/m’) | (ng/m’)

WHO interim target 70 35 These levels are estimated to be associated with
1(IT-1) about 15% higher long-term mortality than at ADG
levels

WHO interim target 50 25 In addition to other health benefits, these levels
2 (IT-2) lower risk of premature mortality by approximately

6% (2-11%) compared to IT-1 levels

WHO interim target 30 15 In addition to other health benefits, these levels

3(IT-3) reduce mortality risk by approximately another 6%
(2-11%) compared to IT-2 levels.

WHO air quality 20 10 These are the lowest levels at which total

guidelines (AQG) cardiopulmonary and lung cancer mortality have

been shown to increase with more than 95%
confidence in response to PM, 5 in the ACS study.
The use of the PM, 5 guideline is preferred.




1.2 MONITORING OF ATMOSPHERIC AEROSOL

The health and climatic effects of aerosol have motivated the creation of national and
international monitoring networks and campaigns. In-situ gravimetric, filter-based
measurements, known as dichotomous samplers or the Federal Reference Method (FRM),
remain the most robust and reliable of methods. In this approach, air flow causes aerosol to be
collected on a filter which can be subsequently analysed for its mass and composition
(Winberry, 1999). FRM measurements are typically limited to no more than daily frequency due
to their manual nature. Tapered Element Oscillating Monitors (TEOMs) are also common.
Though less reliable, these automated instruments provide continuous, unattended aerosol
measurement by monitoring the change in resonance frequency caused by the addition of

aerosol mass to an internal oscillating member (Allen, 2010).

1.3 SCATTERING OF RADIATION BY ATMOSPHERIC AEROSOL AND AEROSOL OPTICAL DEPTH

Aerosol can interact with incoming radiation in a variety of ways. An understanding of these
interactions allows for the monitoring of aerosol remotely. Radiation can be absorbed by
particles or scattered via reflection, refraction or diffraction.

The scattering and absorption of light by a particle is proportional to the amount of incident
intensity, Fy, and is defined by the single-particle scattering cross section, oscqt (m? particle™),

and the single-particle absorption cross section, g, (m? particle™):

Fscat = OscatFo 1-1

Faps = OapsFo 1-2

The combined effect of scattering and absorption is referred to as extinction:



Oext = Oscat T Oabs 1-3
and the scattering, absorption and extinction efficiencies are defined as their respective cross-

sections per unit area (e.g. Qpyt = %), such that:

Qext = Uscat + Qans 1-4

The extinction coefficient, b,,, gives the combined extinction for a group of particles per
inverse length (m™):

bext = OextN 1-5

or,

D3
bext = TpNQext 1-6

where N is the total number concentration (particles per m?) and D, is the particle diameter

and can be related to the loss of radiation over a path length, z, via the Beer-Lambert Law:

dF
E = _bextFO 1-7

The aerosol optical depth (AOD), 7, is a dimensionless parameter defined as:
T= fZZTOA bgytdz 1-8
Therefore the loss of light passing through the atmosphere can be described as,
Fio = exp(—71) 1-9

Determination of scattering properties can be complex. Mie theory describes the scattering
and absorption of light by spherical particles. According to this theory, these effects are
dominated by the wavelength, A, of the incident radiation and the size of the particle (D,). This

parameters are usually combined into the dimensionless size parameter, a:



a=— 1-10

Figure 1-1 demonstrates the extinction efficiency for a water droplet of varying size with
constant radiation of wavelength 500 nm. When the particle is small compared to wavelength
(a0 << 1), Mie theory can be greatly simplified and approximated as Rayleigh scattering in which
scattering is proportional to A* and absorption to A. When a particle is large compared to
wavelength (o >> 1) geometric optics can describe its interaction with radiation.

AQOD is one of the most prominent remotely sensed metric of aerosol. By monitoring
incoming solar radiation at multiple angles, ground-based sun photometers can measure AOD
with minimal assumption and high accuracy (Holben et al., 1998). Modifying equation 1-9 above

to account for an off-zenith viewing angle gives:

Qext

Figure 1-1: Extinction efficiency, Q. for a water droplet at A = 0.5 um (adapted from
Seinfeld and Pandis, 2006).



F = Fyexp (_71) 1-11

where u = cos(0), and 6 is the viewing angle. By taking the ratio of two observations at

separate viewing angles, 8; and 0,, it can then be shown that:

t=lIn (%) (costh) - cost@l)) 1-12

AOD can also be directly related to column aerosol mass, ():

Q= 220t 1-13
3 Qext

Where 1,5 is the effective radius and p is the density of the aerosol. It is possible to relate AOD
to near-surface PM, 5 given a knowledge of the near-surface AOD contribution and hygroscopic

effects (van Donkelaar et al., 2006):

1.4 SATELLITE RETRIEVALS OF AEROSOL OPTICAL DEPTH

Satellite retrievals have allowed unprecedented observational coverage of our planet.
Under cloud-free conditions, instruments such as the Moderate Resolution Imaging
Spectroradiometer (MODIS) can provide daily global AOD retrievals at a resolution of 10 km x 10
km. Unlike ground-based observations, however, space-borne retrievals must account for the
contribution of surface-reflected solar radiation to the observed radiance from their position
looking down from the top of the atmosphere. At visible wavelengths over the ocean this
contribution is typically small in the absence of sun-glint or heavy sediment (Remer et al., 2005).
Over land, however, surface-reflected radiation can be both large and uncertain, requiring
assumptions that can reduce AOD retrieval quality (Levy et al., 2007) or more complex
instrument design, such as the Multiangle Imaging Spectroradiometer (MISR; Diner et al., 2005)

which capture views of each scene at multiple angles during each overpass. Despite these



challenges, satellite-based AOD have opened up new possibilities in air quality monitoring,

providing observationally-based estimates of aerosol around the world.

1.5 CHEMICAL TRANSPORT MODELS

Concentrations of aerosol (and other atmospheric constituents) can also be estimated
without the direct use of observations through modelling. Chemical Transport Models (CTMs)
solve for the temporal and spatial evolution of aerosol and gaseous compounds using
meteorological data sets, emission inventories, and equations that represent the physics and
chemistry of atmospheric constituents. The concentrations calculated by these models have
proven to be a valuable source of information for atmospheric monitoring, providing complete
horizontal and vertical global coverage at high temporal resolution, albeit at a relatively coarse

resolution.

1.6 GOALS OF THIS PRESENT WORK

In-situ, remote sensed and modelled aerosol monitoring have each provided important
insight into the state of the atmosphere. This work brings together these sources, drawing on
their individual strengths, to globally investigate aerosol transport and concentrations.

Anthropogenic emissions in China have grown rapidly over the past decade (Streets et al.,
2009). Such changes affect not only local air quality, but have the potential to affect North
America through long-range transport. The first part of this thesis investigates both this recent
growth in emissions and the impact of aerosol transport from eastern Asia within the context of
the Intercontinental Chemical Transport Experiment (INTEX-B; Singh et al., 2009), which took
place during spring 2006. We interpret in-situ aerosol measurements from the INTEX-B aircraft

and ground-based monitors with satellite retrievals of AOD and the GEOS-Chem chemical



transport model (Bey et al.,, 2001) to better understand the impact of east Asian aerosol on
western Canada. This work was published in Atmospheric Chemistry and Physics in 2008.

There remains much uncertainty about global exposure to PM,s, whether from local or
transported sources. Even the reliable, relatively dense networks of Canada and the United
States, have gaps of hundreds of kilometers without monitoring stations. Globally, sparse
available measurements suggest the highest concentrations of PM,s occur in developing
countries where the in-situ monitoring is least (e.g. Gupta et al., 2006a). The second part of this
thesis interprets the high resolution, column-integrated AOD retrievals from the MODIS and
MISR instruments using a chemical transport model to globally estimate long term mean PM, 5
concentrations at 0.1° x 0.1°. This work was published in Environmental Health Perspectives in
2010.

Both acute and chronic exposure to aerosol are of interest to epidemiologists who study the
impacts of PM, s on human health. Extreme events, such as the major fires that occurred near
Moscow during summer 2010, challenge both in-situ and remotely sensed monitoring. In this
final section, the ability of remote sensing to monitor air quality daily during major biomass
burning events is explored by investigating the fires that occurred near Moscow in the summer
of 2010. This section builds on the previous chapter, employing a chemical transport model to
relate MODIS-retrieved AOD to surface PM,;, but at a higher temporal resolution and in more
detail than feasible with a global analysis. The effects of cloud-screening and emission accuracy

is explored. This work has been submitted to Atmospheric Environment.
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2.1 ABSTRACT

We interpret a suite of satellite, aircraft, and ground-based measurements over the North
Pacific Ocean and western North America during April-May 2006 as part of the Intercontinental
Chemical Transport Experiment Phase B (INTEX-B) campaign to understand the implications of
long-range transport of East Asian emissions to North America. The Canadian component of
INTEX-B included 33 vertical profiles from a Cessna 207 aircraft equipped with an aerosol mass
spectrometer. Long-range transport of organic aerosols was insignificant, contrary to
expectations. Measured sulfate plumes in the free troposphere over British Columbia exceeded
2 ug/m>. We update the global anthropogenic emission inventory in a chemical transport model
(GEOS-Chem) and use it to interpret the observations. Aerosol Optical Depth (AOD) retrieved
from two satellite instruments (MISR and MODIS) for 2000-2006 are analyzed with GEOS-Chem
to estimate an annual growth in Chinese sulfur emissions of 6.2% and 9.6%, respectively.
Analysis of aircraft sulfate measurements from the NASA DC-8 over the central Pacific, the NSF
C-130 over the east Pacific and the Cessna over British Columbia indicates most Asian sulfate
over the ocean is in the lower free troposphere (800-600 hPa), with a decrease in pressure
toward land due to orographic effects. We calculate that 56% of the measured sulfate between
500-900 hPa over British Columbia is due to East Asian sources. We find evidence of a 72-85%
increase in the relative contribution of East Asian sulfate to the total burden in spring off the
northwest coast of the United States since 1985. Campaign-average simulations indicate
anthropogenic East Asian sulfur emissions increase mean springtime sulfate in Western Canada
at the surface by 0.31 ug/m?® (~30%) and account for 50% of the overall regional sulfate burden
between 1 and 5 km. Mean measured daily surface sulfate concentrations taken in the

Vancouver area increase by 0.32 pg/m?® per 10% increase in the simulated fraction of Asian
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sulfate, and suggest current East Asian emissions episodically degrade local air quality by more

than 1.5 pg/m”.

2.2 INTRODUCTION

The transport of Asian emissions to North America has been well documented (e.g. Bertschi
et al., 2004; Jaffe et al., 1999; Liang et al., 2004; Park et al., 2004; Parrish et al., 1992). Andreae
et al. (1988) measured sulfate (SO,°) concentrations off the northwest coast of the United States
in May 1985, and attributed enhancements in the free troposphere to Asian sources. Asian
emissions of sulfur oxides (SO, = SO, + SO,7) are dominated by SO, and have grown substantially
over the last two decades (Streets and Waldhoff, 2000). They increasingly impact North
America, affecting both regional air quality (Heald et al., 2006; Park et al., 2004) and climate (Liu
et al., 2008). Additional analysis of in-situ and remote-sensed observations are needed to

guantify this long-range transport and its implications.

A growing body of evidence exists for long-range transport to Canada. During the Polar
Sunrise Experiment in 1992 at Alert concentrations of SO, were well correlated with long-range
transport of fine anthropogenic aerosol (Barrie et al., 1994). Sirois and Barrie (1999) analyzed
aerosol composition between 1980 and 1995 to infer the presence of Eurasian SO, in the
Canadian Arctic. Asian pesticides have been observed in the Yukon Territory as a result of
transpacific flow (Bailey et al., 2000). The influence of long-range transport to Canada is not
limited to remote regions, and is especially relevant in populated areas. Asian pesticides have
been transported to the Fraser Valley, British Columbia (Harner et al., 2005). Chinese dust has
been observed in British Columbia’s Lower Fraser Valley (McKendry et al.,, 2001) and can be
linked to SO, transport through the uptake of sulfur dioxide (SO,) on dust (Jordan et al., 2003;

Song et al., 2007). Dust transport to western Canada has also been observed from as far as the
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Sahara Desert (McKendry et al., 2007). Although aerosol in the Asian boundary layer may be
readily scavenged near its source by wet deposition, SO, emissions can escape to the free
troposphere prior to SO, conversion and be subsequently transported across the Pacific Ocean
(Brock et al.,, 2004; Dunlea et al.,, 2009). Elevated aerosol concentrations, attributed to East
Asian combustion sources, have been observed reaching North America near the Canadian

border at Cheeka Peak (Jaffe et al., 1999).

Satellite observations offer a top-down constraint on emissions. Previous work includes
absolute emissions of nitrogen oxides (Jaegle et al., 2005; Leue et al., 2001; Martin et al., 2003a;
Muller and Stavrakou, 2005), volatile organic compounds (Palmer et al., 2003; Fu et al., 2007),
and carbon monoxide (Arellano et al., 2004; Heald et al., 2004; Petron et al., 2004), as well as
trends in nitrogen oxide (Richter et al., 2005; van der A et al., 2006; Zhang et al., 2007)
emissions. The clearest signals in current SO, retrievals are of volcanic activity (Khokhar et al.,
2005), although anthropogenic activity has also been detected (Carn et al., 2007; Eisinger and
Burrows, 1998; Krotkov et al., 2006). In some regions satellite-retrieved Aerosol Optical Depth
(AOD) is closely related to SO, emissions through production of SO,” (Dubovik et al., 2007;

Massie et al., 2004).

Springtime weather patterns generally produce the strongest seasonal outflow from Asia
(Jacob et al.,, 2003; Liu et al., 2005a), and can result in a pronounced influence of Asian
emissions upon the North American continent. During April and May 2006, the Intercontinental
Chemical Transport Experiment, Phase B (INTEX-B) set out to assess this influence using a
combination of aircraft and satellite measurements throughout the northeastern Pacific (Singh
et al., 2009). This NASA-driven initiative constituted the second half of the INTEX project, and
was designed to improve the understanding of gas and aerosol transformation and transport on

transcontinental and intercontinental scales.
13



In this paper we investigate the long-range transport of East Asian SO, to Canada. Section 2
presents the aircraft component of the Canadian contribution to INTEX-B and outlines the other
instruments, platforms and the model used in this study. In section 3, we estimate the recent
growth in East Asian SO, emissions based upon remote sensing measurements. Section 4
combines data from a chemical transport model with in-situ measurements to characterize the
Asian sulfur transport to Canada during INTEX-B. This section goes on to assess the
development of East Asian SO, influx to North America between 1985 and INTEX-B using
aircraft data from both periods. A case study of an Asian plume is presented in section 5, along

with the implications for Canadian air quality. Conclusions are in section 6.

2.3 INTEX-B PLATFORMS

Here we introduce the aircraft, surface and satellite measurements, and the model used for

interpretation.

2.3.1 IN-SITU MEASUREMENTS

Figure 2-1 provides an overview of the measurement platforms and regions examined
throughout this manuscript. Several aircraft participated in INTEX-B, including the NASA DC-8,
the NSF C-130 and a Canadian Cessna 207 described below. Throughout this manuscript, we
limit the DC-8 and C-130 measurements to within the boxed regions of Figure 2-1 to focus on
long-range transport of Asian aerosol to Canada. The DC-8 aircraft utilized both a mist chamber
(Cofer et al., 1985) and bulk aerosol filters to characterize the SO,™ aerosol load, during 10 flights
between April 17, 2006 and May 15, 2006. The size cutoff of the onboard mist chamber system
is ¥1 um (based on estimated particle transmission efficiency through the inlet and sampler)
while that of the bulk aerosol filters has been empirically determined to be ~4.5 um

(McNaughton et al.,, 2007). Mist chamber sampling periods are less than two minutes and
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Figure 2-1: Spatial domain of observations used to characterize Asian SO, emissions and their
impact. The domains and flightpaths of the DC-8, C-130 and Cessna aircraft are shown in blue,
red and green, respectively. The domain of the MODIS and MISR satellite observations used to
estimate emissions is shown in yellow. Figure 2-2 shows a detailed plot of the Cessna flight
tracks.

aerosol filters are not exposed longer than 10 to 20 minutes, depending upon altitude.
Uncertainties in the reported SO,” mixing ratios are ~20% from the mist chamber and ~25 pptv
(~110 ng/m?) from the filters. A chemical ionization mass spectrometer (CIMS) instrument

(Huey et al., 2004; Kim et al., 2007) was also onboard the DC-8 and used for the measurement of

SO, with a sampling frequency of approximately 3 seconds.

The C-130 platform included a high-resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS) (Canagaratna et al., 2007; DeCarlo et al., 2006; Dunlea et al., 2009) with ~12 second
sampling frequency and a particle-into-liquid sampler (PILS) (Peltier et al., 2008; Weber et al.,
2001) of one minute sampling frequency during its 11 flights between April 21, 2006 and May
15, 2006. AMS particle transmission is approximately PM; in vacuum aerodynamic diameter
(Jayne et al., 2000) with particle transmission efficiency rapidly decreasing for aerosols larger
than 0.7 um (e.g. Liu et al., 2007a; Rupakheti et al., 2005). A collection efficiency (CE) of 0.5 is

used for the AMS on the C-130 and is based on many previous intercomparisons (Canagaratna
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et al., 2007, and references therein), with a correction for increased CE under high acidity
conditions (Quinn et al., 2006) as discussed by Dunlea et al. (2009). PILS measurements were
restricted to particles less than 1 um (at 1 atm. pressure) aerodynamic diameter via a single-
stage micro-orifice impactor (Model 100, MSP Corp.). AMS and PILS sulfate measurement

uncertainties are estimated at 25% and 10%, respectively.

Whistler Peak Station (50.1° N, 122.9° W, 2182 m) is operated by Environment Canada and
has provided continuous measurements of meteorological data, CO and Oz since its
establishment in 2002 (Macdonald et al., 2006). Inorganic filter packs of SO,-, NO; and Ca" are
also routinely collected and analyzed. In addition to these regular measurements, a HR-ToF-
AMS (Sun et al., 2009) and a Micro-Orifice Uniform Deposit Impactor (MOUDI) were operated at
the site for the duration of INTEX-B. The MOUDI was operated with three stages to isolate

particles into three nominal size bins of < 1 um, 1-3 um and > 3 um.

A Cessna 207 aircraft, supplied by Environment Canada during INTEX-B, contained a suite of
instruments designed to capture both trace gases and aerosol pollutants (Leaitch et al., 2009).
Aerosol instrumentation included number concentrations of ultra-fine aerosol (PMS7610),
aerosol size distribution (FSSP300: <18 um and PCASP: <2.5 um) and aerosol composition by way
of a quadrupole aerosol mass spectrometer (Q-AMS) (Jayne et al., 2000; Jimenez et al., 2003;
Rupakheti et al., 2005). The Q-AMS detection limits are 40 ng/m3 for SO, and nitrate, and 600
ng/m? for organic aerosol for each one-minute average measurement. The CE used with the
Cessna AMS is discussed by (Leaitch et al., 2009). Walker et al. (2010) describe and interpret O3

and CO measurements on the Cessna.

All Cessna 207 flights, shown in Figure 2, originated outside Pemberton, B.C., 35 km north of

Whistler, with the exception of one inter-comparison flight with the C-130, conducted on May 9,
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2006 along the Canada-US border and related transit. Most Cessna flight tracks consisted of an
ascent and descent near Whistler Peak Station before returning to the takeoff site. Thirty-three
flights occurred between April 22, 2006 and May 17, 2006, with most extending from the
surface to approximately 5 km (550 hPa) altitude and those with valid Q-AMS data occurring
mid-late morning to late afternoon. Q-AMS data from the May 9 inter-comparison and several
other flights were lost due to radio frequency interference, resulting in a total of 21 flights with

successful Q-AMS measurements.

The right panel of Figure 2-2 shows the flight paths for the May 3 inter-comparison flight
between the Cessna and the C-130. The inter-comparison zone is outlined in grey. The Cessna

descent was not completed within the comparison region until approximately 50 minutes after
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Figure 2-2: Flight paths of the Cessna 207 aircraft during the INTEX-B campaign over April 22,
2006 to May 17, 2006. The left panel shows all Cessna 207 flights, with colors representing
individual flights. The right panel highlights the May 3, 2006 inter-comparison flight between
the Cessna and C-130 aircraft. The flight track of the Cessna is shown in red, and of the C-130 in
blue. The grey box defines the inter-comparison region.
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Figure 2-3: Aerosol Mass Spectrometer (AMS) measurements from the May 3, 2006 inter-
comparison flight over Whistler Peak Station (50.1° N, 122.9° W). Cessna data are shown in red.

C-130 data are shown in blue. All data at STP. No scaling for the upper size cut of the AMS has
been applied to these data.

the C-130 had left the inter-comparison zone. To minimize the effect of sampling time
differences, we compare only measurements taken during the Cessna upward spiral against

those from the C-130.

Figure 2-3 shows the speciated aerosol profiles from both aircraft during this
intercomparison. All measurements are converted to concentrations at standard temperature
and pressure of 1013 hPa and 0 °C. Significant agreement is found between the AMS
measurements, with respective Root Mean Square Differences (RMSD) and mean bias of, 0.9

and 0.3 pug/m? for SO,7, 0.3 and 0.2 ug/m? for organics, 0.03 and 0.003 pg/m? for nitrate, and 0.2
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and -0.0007 pg/m? for ammonium. The largest disagreement is found in SO,” at approximately
625 hPa, likely representative of a change in air mass, as indicated by significant and abnormal
disagreement (~30%) between the relative humidity measurements on the two aircraft.
Measurements at this particular pressure were sampled ~35 minutes apart. Removal of points
between 600 and 650 hPa, decreases the RMSD and bias in SO, to 0.6 and -0.01 ug/m3
respectively, leaving other species largely unchanged. This is considered good agreement for

these sampling conditions.

MOUDI measurements of the SO, size distribution at Whistler Peak during INTEX-B indicate
a mean ratio of total SO,™ aerosol to SO,” below 1 um in aerodynamic diameter of 1.4. This
value is likely more appropriate for lower tropospheric SO, , which is the focus of this study,
than for upper tropospheric SO,. We scale the submicron SO, measurements by this
correction factor, which is further justified in section 4, to better represent total SO, mass.
Airborne measurements off the west coast of Washington State and Oregon in May 1985 found
that up to half of the non-seasalt SO, mass was above 1.5 um (Andreae et al., 1988) suggesting
either the use of a larger scale factor may be appropriate, or that a change in the SO, size
distribution has occurred between these flight periods. MOUDI measurements of the NOj" size
distribution indicate that total NOs™ aerosol is eight times larger than submicron NOs. However,
we do not apply a correction factor to nitrate measurements due to concerns about such a large

scale factor.

Figure 2-4 shows average vertical profiles of Cessna Q-AMS and water (H,0) concentration
data obtained during four separate enhancement periods. SO, concentrations of 1-3 pg/m?
dominate in the free troposphere and tend to increase with altitude, implying long-range
transport. In contrast, organic concentrations typically decrease with altitude and dominate at

the surface, implying a local source. These opposing trends suggest that the amount of organics
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Figure 2-4: Cessna Q-AMS vertical profiles of sulfate, organics and nitrate during four
enhancement periods. Sulfate (SO,") data have been scaled by multiplying with a factor of 1.4
to account for particle size restrictions as inferred from MOUDI measurements at Whistler
summit. Aerosol data are at STP. Water (H,0) concentration profiles are in cyan. Date ranges
are indicated in the bottom right of each plot. Error bars represent one standard deviation of
the data.

transported with SO, is small and that long-range transport of organic aerosols is not a
significant contributor to the organic concentration in the region studied. Leaitch et al. (2009)
find a high level of mass closure with Cessna Q-AMS measurements, suggesting that the
relatively high Q-AMS detection limit for organics (0.4 - 0.6 pg/m’) has not impacted this
conclusion. They also show that the occurrence of increased sulfate usually accompanies an

increase in the number and mass concentrations of coarse particles. Dunlea et al. (2009) find
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that SO, concentrations exceed those of organics for all Asian plume intercepts in the C-130,
with older air masses being characterized by a larger SO, /organics ratio than younger ones
having undergone more rapid transport, presumably due to additional production of SO, during
their extended transport time. The organic enhancement over May 15 - May 17 is likely fuelled
by an unusually high mixed layer depth, as indicated by the water concentration profile, and can
be attributed to local sources. This period is further examined by Sun et al. (2009) and
McKendry et al. (2008). The contribution of nitrate to particulate mass is relatively insignificant,
in part reflecting AMS size restrictions. We focus on long-range transport of SO,  for the

remainder of the manuscript.

2.3.2 MODEL DESCRIPTION

We use the GEOS-Chem chemical transport model v7-04-09 (Bey et al., 2001) (http://www-
as.harvard.edu/chemistry/trop/geos/index.html) to interpret  the aforementioned
measurements. GEOS-Chem is driven by assimilated meteorological data from the Goddard
Earth Observing System (GEOS-4) at the NASA Global Modeling Assimilation Office (GMAO), with
30 vertical levels and degraded to the model’s horizontal resolution of 2° latitude by 2.5°

longitude.

The aerosol simulation in GEOS-Chem includes the sulfate-nitrate-ammonium system (Park
et al., 2004; Park et al.,, 2006), carbonaceous aerosols (Liao et al., 2007; Park et al., 2003),
mineral dust (Fairlie et al., 2007) and sea-salt (Alexander et al., 2005). The aerosol and oxidant
simulations are coupled through formation of sulfate and nitrate (Park et al.,, 2004),
heterogeneous chemistry (Jacob, 2000) and aerosol effects on photolysis rates (Martin et al.,
2003b). Wet and dry deposition are based upon Liu et al. (2001), including both washout and

rainout. GEOS-Chem captures both the timing and distribution of Asian dust outbreaks during
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TRACE-P and ACE-Asia (Fairlie et al., 2007). It exhibits no significant bias in Asian SO, (SO, +
SO,’) outflow during spring 2001 as part of the TRACE-P campaign (Park et al., 2005), although
modeled SO, concentrations were 50% high during ACE-Asia, which may suggest an error in SO,

oxidation rates (Heald et al., 2005).

The global emission inventory in the standard GEOS-Chem model is based on GEIA
(Benkovitz et al., 1996) for the base year of 1985 with scale factors to 1998. We implement here
the EDGAR 3.2FT2000 emission inventory based upon the year 2000 (Olivier et al., 2002) to
provide a more current estimate of global emissions of NO,, SO, and CO. The global inventory is
replaced by regional inventories from NEI99
(http://www.epa.gov/ttn/chief/net/1999inventory.html) over the United States for 1999,
BRAVO (Kuhns et al., 2005) over Mexico for 1999 and Streets et al. (2003; 2006) for 2000 (NO,
and SO,) and 2001 (CO) for eastern Asia. EMEP emissions (http://www.emep.int) of NO, and CO
are used over Europe for up to 2000. We update the eastern Asia emissions to 2006 from Zhang
et al. (Zhang et al., 2009) and implement CAC emissions (http://www.ec.gc.ca/pdb/cac/) over

Canada for 2005 and EMEP SO, emissions (Vestreng et al., 2007) over Europe for the year 2004.

We scale all regional and global inventories from their respective base year to 2003, the last
year of available statistics, unless its base year is after 2003. Our approach follows Bey et al.
(2001) and Park et al. (2004). Emissions are scaled according to estimates provided by individual
countries, where available. These countries/regions include the United States, Canada, Japan
and Europe. NO, emissions of remaining countries are scaled proportional to changes in total
CO, emissions. SO, emissions are similarly scaled to solid fuel CO, emissions and CO emissions
to liquid fuel CO, emissions. A scale factor of 4.1% per year is used for ship emissions (Corbett
et al.,, 2007). CO, emission data are obtained from the Carbon Dioxide Information Analysis

Center (CDIAC).
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In addition to annual scale factors, diurnal scale factors are also applied to NO, emissions. Here,
the intra-day variation of each grid cell is based upon the diurnal variation of each source type,
as provided with the EDGAR inventory, and its relative contribution to total NO, emissions

within that cell.

2.3.3 SATELLITE INSTRUMENTATION

Aerosol Optical Depth (AOD), a measure of light extinction, has been retrieved since 2000
from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Multi-angle Imaging
Spectroradiometer (MISR), onboard the NASA satellite Terra. The MODIS retrieval of AOD is
based on scene brightness over dark surfaces, using empirical relationships in the spectral
variation in surface reflectivity (Kaufman et al., 1997; Remer et al., 2005). We use the MODIS
collection 5 dataset (Levy et al., 2007). The MISR algorithm uses observed differences in the
spatial variation of backscattered radiation with changing viewing angle to self-consistently
retrieve surface reflectivity and AOD (Kahn et al.,, 2005; Martonchik et al.,, 2002). Global

coverage in the absence of clouds is achieved daily from MODIS and in 6 to 9 days from MISR.

2.4 ESTIMATE OF SULFUR EmMISSION GROWTH FROM CHINA

Significant increases in AOD retrieved from the Total Ozone Mapping Spectrometer (TOMS)
over China between 1979-2000 and the Advanced Very High Resolution Radiometer (AVHRR) off
the east coast of China between the periods 1988-1991 and 2002-2005 are attributed to
increased aerosol sources (Massie et al., 2004; Mishchenko and Geogdzhayev, 2007). Here we
investigate recent retrievals of AOD from MODIS and MISR and assess their relationship with
Chinese sulfur emissions growth. We first use GEOS-Chem, with East Asian anthropogenic

emissions held at year 2000 levels, to investigate meteorologically induced changes to AOD.

23



The top row of Figure 2-5 shows mean AOD for 2000-2006 over East Asia from MODIS, MISR
and GEOS-Chem. Simulated AOD includes all major aerosol types (mineral dust, sulfate-nitrate-
ammonium, carbonaceous, and sea-salt). A region of pronounced enhancement, designated as
Region 1, is apparent in all three datasets. MODIS AOD exceeds MISR AOD by 12% over this
region, consistent with comparisons by Abdou et al. (2005). Simulated AOD exceeds MISR AOD
by 22% and exhibits a smoother distribution than both retrievals, with a more centralized
maximum that reflects the temporally static emissions used. The middle panel of Figure 2-5
presents monthly average AOD within the Region 1. All three datasets contain a distinct
seasonal variation with a spring maximum and a fall minimum that reflects the seasonal
variation in dust as noted by Prospero et al. (2002). Simulated AOD generally captures the
retrieved monthly variation and magnitude as compared to both instruments (MODIS: r* = 0.46,
RMSD = 0.09; MISR: r* = 0.36, RMSD = 0.12), although the simulation tends to overestimate
springtime AOD. Simulated AOD contributions from dust (green) and SO,~ (magenta) indicate
that dust comprises the largest fraction of springtime AOD, whereas SO, dominates during
other periods. We focus on the periods between July and December, as indicated by yellow
bars, when an average 56% of total AOD results from the presence of SO, , compared to 17%

from dust.

The bottom left panel of Figure 2-5 shows the annual mean difference over July - December
between simulated and retrieved AOD for Region 1, expressed as a percentage of the mean
retrieved AOD from each instrument over the six-year, low-dust period. We find a significant
trend in the satellite-model AOD difference for both MODIS (+4.1%/year, r’ = 0.72) and MISR
(+3.4%/year, r’ = 0.54). We associate this trend with increased SO, emissions, as SO,~ dominates
simulated AOD in this comparison, simulated SO, emissions are held at 2000 levels and

interannual changes of non-anthropogenic aerosols, such as dust and sea salt, are accounted for
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Figure 2-5: Aerosol Optical Depth (AOD) from the MODIS and MISR satellite instruments and a
GEOS-Chem simulation. The top row shows mean AOD over 2000-2006 and defines Region 1 as
used in the lower panels. The middle panel shows monthly mean for Region 1 retrieved and
simulated AOD with simulated SO, emissions held at 2000 levels. Simulated contributions of
dust and SO, to total AOD are also shown. Highlighted areas indicate time periods used in the
lower panels. The bottom left panel shows the Region 1 difference between retrieved and
simulated AOD averaged between July and December of each year expressed as a percentage of
mean retrieved AOD. Dashed line indicates best linear fit, error bars represent the 20" and 80"
percentile. The bottom right panel shows the simulated relationship in Region 1 between total
AOD and SO, emissions over July-December 2000-2006 as calculated with 5 simulations with SO,
emissions increased by 0%, 5%, 10%, 15% and 20%. The red and blue stars respectively indicate
the observed change in difference of simulated AOD between MISR and MODIS. Error bars
denote one standard deviation of the data.

in the simulation. Trends in other aerosols could play a role, but would be less apparent due to

their smaller AOD over this region during July - December.
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The quantitative relationship between AOD and SO, emissions depends on a number of
factors including SO, oxidation rates, dynamics and aerosol deposition (Dubovik et al., 2008).
We quantify the relationship by conducting sensitivity simulations with increased SO, emissions,
and examining the change in simulated AOD. The bottom right panel of Figure 2-5 shows the
calculated relationship between SO, emissions and AOD over Region 1. The calculated ratio of
AAOD(%) / ASO, emissions (%) is nearly linear over this region during July to December. The
annual trends in the difference between simulated and retrieved AOD correspond to simulations
with an annual growth in SO, emissions of 6.2 %/yr for MISR and 9.6 %/yr for MODIS. In general
agreement, a comparison of the two bottom-up SO, emission inventories for 2000 (Streets et al.,
2003) and 2006 (Zhang et al., 2009) over Region 1 yields an annual growth of 9.9%. Beyond
actual emission growth, changes between the 2000 and 2006 inventories include the addition of
local inventories not present in, and improvement and corrections made to, the original 2000
inventory. These factors may account for the slight discrepancy between the growth estimates.
We adopt the 2006 bottom-up inventory for our standard simulation, as it provides additional

information on the spatial distribution of these SO, emissions.

2.5 CAMPAIGN AVERAGE ANALYSIS OF TRANSPACIFIC TRANSPORT

The top row of Figure 2-6 shows campaign average SO, concentrations for the DC-8 over the
domain in Figure 2-1. Filter pack and mist chamber measurements of SO,” have been combined
with corresponding CIMS SO, measurements. Both filter pack and mist chamber based
measurements show a maximum around 700 hPa. Heald et al. (2006) attribute the SO,
maximum in the lower free troposphere to preferential scavenging during transport either in the
boundary layer or during lifting to the upper troposphere. Our standard simulation of total SO,

captures the relative vertical profile of filter pack based measurements over the domain of the
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Figure 2-6: Campaign average aircraft measurements of SO, and SO,~ during INTEX-B, within the
boundaries shown in Figure 2-1. Simulated cases include our standard simulation, no East Asian
emissions, and no global anthropogenic emissions. All measured and modeled data are at STP.
Mist Chamber, AMS and PILS SO, data are increased by a factor of 1.4 to account for particle
size restrictions. Error bars denote one standard deviation. A small vertical offset is included
between datasets for visibility.

DC-8, but overestimates their magnitude between 500-900 hPa with a RMSD of 0.32 pg/m?®
(mean bias = 15%). Mist chamber SO,~ measurements are scaled by 1.4 to account for
supermicron aerosol as described in Section 2.1. Over 500-900 hPa, the campaign average filter
pack measurements are 33% higher than the unscaled mist chamber measurements, lending
support to this scale factor. Mist chamber based SO, measurements are well captured over the
same range (RMSD = 0.20 pg/m®, mean bias = 7.5%). Direct comparison of filter pack and mist
chamber SO,” with simulated values show weaker agreement (Filter Pack: RMSD = 0.47 pg/m?,

mean bias = 42%; Mist Chamber: RMSD = 0.42 ug/m3, mean bias = 42%) than for SO,, likely
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reflecting an overestimate in the SO, oxidation rate (Heald et al., 2005). However, the bias in
SO, found here for the East Pacific is lower than found by Heald et al. (2005) for the West
Pacific, suggesting a decrease with air mass age as continued SO, production during transport

decreases the ratio of SO, to SO,.

The bottom panels of Figure 2-6 show campaign average SO, measurements on the C-130
and Cessna, sampled coincidently in time and space with simulated concentrations. Campaign
average SO, concentrations for the C-130 measurements generally increase with altitude,
reaching a maximum at 600 hPa. The C-130 HR-ToF-AMS measurements consistently exceed
the PILS measurements, indicative of current uncertainties in aerosol measurement
technologies. During a blind intercomparison conducted May 15, 2006 during a period of DC-8
and C-130 formation flying, the DC-8 Mist Chamber and C-130 PILS sulfate were in close
agreement (slope = 1.00, 1 sigma = 0.03 ug/m°, range 0.15 to 1.15 pg/m?, r* = 0.95). The C-130
had considerable freedom to chase individual events. Despite this, simulated total SO,
between 500-900 hPa has an RMSD of 0.40 ug/m? (mean bias = 34%) versus C-130 HR-ToF-AMS
measurements and an RMSD of 0.54 pg/m? (mean bias = 59%) versus C-130 PILS measurements.
The simulation exhibits the weak enhancement at 600 hPa, although fails to represent the lower

concentrations at lower altitudes.

The sampling strategy for the Cessna was to conduct frequent profiles over Whistler Peak.
Such a sampling strategy facilitated comparison with simulated results, provided context for the
measurements at Whistler summit, and accommodated the range and duration of the Cessna.
Cessna measurements indicate a fairly uniform vertical profile, with a large standard deviation in
the free troposphere that reflects an oscillation between clean conditions and plumes. The
simulation agrees significantly with size-correction scaled measured SO,” (RMSD = 0.13 pg/m°,

mean bias = 2.5%). While recognizing the potential influence of both measurement uncertainty
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and the limitation of applying a constant size-correction factor across both altitude and aircrafts,
the eastward decrease in the bias between the DC-8 and Cessna aircraft may indicate an

increasing SO, /SOy ratio in the measurements.

Figure 2-6 also shows simulations without anthropogenic East Asian and all anthropogenic
sources for all three aircraft flight tracks. Anthropogenic East Asian SO, dominates throughout
the DC-8 profiles, comprising 60% of the simulated mass between 500-900 hPa, with the largest
contribution in the lower free troposphere. Other anthropogenic SO, sources comprise an
additional 17%. For the C-130 flight track, closer to North America, the sensitivity simulation
attributes 67% of SO, to be of Asian origin, with a peak at 600 hPa. For the Cessna profiles over
Whistler, local sources are most significant below 850 hPa, with the influence of East Asian
anthropogenic emissions increasing with altitude. We calculate that 56% of the measured SO,
between 500-900 hPa is from East Asia. Model analysis indicates the influence of East Asian
sources at higher altitudes in both C-130 and Cessna versus the DC-8 measurements. This
orographic effect is induced by rising air masses on approach to North American mountain

ranges.

Of interest is the evolution of Asian sulfate over the last two decades. Figure 2-7 shows the
mean non-seasalt sulfate profile observed by Andreae et al. (1988) during 4 flights in May 1985
using the NCAR King Air, covering a part of the C-130 INTEX-B flight domain. SO,
concentrations (adjusted to STP at 273 K, sum of coarse and fine fractions) increased with
altitude below 5 km, from 0.3-0.6 pug/m? in the marine boundary layer to 0.6-0.8 ug/m? in the
cloud convection layer and free troposphere. The 1985 measurements thus showed lower
concentrations, but a similar trend with increased altitude as was seen in the C-130
measurements. Mean C-130 measurements between 500-900 hPa are higher than the 1985

data by 60% from the PILS and by 90% from HR-ToF-AMS.
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Figure 2-7: Average aircraft measurements of SO,  during 1985 King Air flights, within the
boundary shown in Figure 2-1. Simulated cases of total SO,™ include our standard simulation, no
East Asian emissions, and no global anthropogenic emissions. All measured and modeled data

are at STP. Error bars denote one standard deviation. A small vertical offset is included
between datasets for visibility.

Differences in measurement techniques, flight tracks and meteorology could contribute to
the apparent trend. Therefore we further interpret these observations by conducting a GEOS-
Chem simulation using 1985 emissions and meteorology and sampling along the 1985 flights
tracks. Global emissions for 1985 are taken from GEIA (Benkovitz et al., 1996), except for East
Asia which are based on Streets et al. (2003; 2006) and scaled following Streets et al. (2000;
2006). The simulation reproduces the measurements with an RMSD of 0.25 pug/m?® (mean bias =
21%) over 500-900 hPa. A sensitivity simulation without anthropogenic East Asian emissions
reveals that this source contributes 0.14 pg/m’® (20%) to the measured values in 1985,

significantly reduced compared to the 67% along the C-130 flights in 2006.
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To account for meteorological variation between 1985 and 2006, we also simulate the 2006
INTEX-B period using 1985 emissions. The relative contribution of East Asian SO, to the C-130
area (April-May, 34-55° N, 123.75-141.25° W, 500-900 hPa) between 1985 and 2006 increased
72% under identical meteorological conditions. The relative contribution in the King Air (April-
May, 45-49° N, 123.75-126.25° W, 500-900 hPa) and Cessna (April-May, 49-51° N, 123.75-

121.23° W, 500-900 hPa) flight regions increase similarly by 74% and 85%, respectively.

2.6 ASIAN PLUME DEVELOPMENT AND INFLUENCE

Figure 2-8 examines the development of an Asian plume from April 18, 2006 to April 25,

2006. MODIS AOD retrievals from both the Aqua (1:30 overpass) and Terra (10:30 overpass)

MODIS

GEOS-Chem

0.6
AQOD [unitless]

Figure 2-8: The development of an Asian plume between April 18-25, 2006 as retrieved from
MODIS and as simulated by GEOS-Chem. White spaces indicate regions of less than 10 cloud
free scenes within a 2° x 2.5° area.
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satellites are plotted with simulation results from the same period. The GEOS-Chem simulation
successfully captures many of the features associated with the influx event, which is dominated
by dust, and also carries SO,~. Both retrieval and simulation show this plume beginning from
China on April 18 and stretching across the Pacific Ocean through April 21, and finally sweeping
down from the north while moving eastward over the North American coast. This event is

further discussed by McKendry et al. (2008).

Figure 2-9 shows individual Cessna and GEOS-Chem SO, profiles taken between April 22
and 25, during the arrival of this Asian plume. The accuracy of individual simulated profiles,

shown in the left panel cluster, varies with RMSD ranging between 0.39-0.87 pg/m?>. Simulations
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Figure 2-9: Cessna Q-AMS SO, profiles taken April 22-25, 2006. The left-hand panels show
individual flight profiles. The right panel shows a mean profile of the same data. Error bars
represent one standard deviation of the data. Q-AMS data are at STP and scaled a factor of 1.4
to account for particle size restrictions.
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can fail to produce accurate plumes (e.g. Dunlea et al., 2009), but in this case the simulated
plume has been transported too quickly, with simulated concentrations exceeding
measurements on April 24, but the opposite on April 25. During long range transport events,
small errors in the meteorological fields used by chemical transport models can compound to
create offsets in time and space, making individual model profiles less representative than
average comparisons. The right panel shows a mean profile comparison during this period.
Significant agreement (RMSD = 0.25 pg/m?) suggests this event was well represented, despite

the weaker agreement of individual profiles.

Figure 2-10 shows simulated average conditions during April and May 2006. The top panel
shows mean concentrations at 2 km, where DC-8 SO, enhancements were observed. Simulated
SO, along the North American Pacific coast show increased concentrations relative to western
continental regions. Major regional anthropogenic sources produce a large increase in SO,
concentrations over eastern United States and Canada. The middle and bottom panels show
vertical cross-sections of SO, and percentage of SO, originating from East Asia, respectively,
averaged between the blue lines of the top panel. The highest overall magnitude (>1 ug/m?) is
again simulated in eastern North America and is predominately from regional emissions.
Nonetheless, a narrow band of Asian influence in excess of 40% prevails over the continent at
4.5 km, where overall concentrations are ~0.3 pg/m>. Along coastal regions, the largest East
Asian influence is found between 1 and 5 km, where 40% of the overall SO,” burden originated
in East Asia. Interaction with the planetary boundary layer is facilitated by a combination of
plume subsidence and mountain-induced mixing processes typical of southern British Columbia
(McKendry et al., 2001). We calculate that surface concentrations of SO,” along the southern
Pacific Canadian coast are increased by 0.31 pg/m® (~30%) as a result of Asian emissions in

spring. We take the mean model bias as compared to the C-130 and Cessna aircraft to estimate
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Figure 2-10: Average simulated conditions for April and May 2006. The top panel shows total
SO,~ concentrations at ~2 km altitude. Middle and bottom panels display the mean cross-
sectional total concentration and East Asian influence, respectively, between the blue lines in
the top panel.

an error of approximately 25% in this calculation. Heald et al. (2006) found a 0.16 pg/m’

enhancement in SO, over the northwest United States during periods of Asian influence. Yu et
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al. (2008) used MODIS observations to access the seasonal variation in transpacific pollution

aerosol and conclude that springtime transport is about twice as large as during other seasons.

We go on to explore the surface SO, measurements from the National Air Pollution
Surveillance (NAPS) Network in the Vancouver area for evidence of Asian influence. Figure 2-11
shows surface SO, concentrations between April and May 2006 in the Vancouver area as a
function of the modeled percent SO, originating in Asia. The two measurement sites in the
Vancouver area, Abbotsford and Vancouver, reside in the same model grid box. Black circles

correspond to measurement averages, binned at intervals of 5% simulated East Asian influence.
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Figure 2-11: The influence of Asian SO,” on coastal western Canadian surface concentrations
during April-May 2006. Black circles denote mean filter pack sulfate measurements from
Canada’s National Air Pollution Network sites in Vancouver and Abbotsford as averaged at 5%
intervals of percent Asian SO,”. Dashed line shows linear best fit. Percent Asian sulfate is
simulated using the GEOS-Chem model.
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Individual measurements show substantial scatter, but linear regression of the binned
measurements show a significant correlation (r* = 0.82). Binned measurements indicate that an
additional 0.32 pg/m® reaches the surface with each 10% increase in modeled Asian SO,
corroborating that current levels of Asian sulfur emissions are impacting surface SO,
concentrations in Canada. Aerosol transport events are episodic and the daily influence of East
Asian SO, varies dramatically. Figure 2-11 suggests that during plumes East Asian SO, can
contribute more than 1.5 pg/m? to coastal western Canadian concentrations. This is of similar
magnitude to enhancements observed by the Cessna Q-AMS during plume events shown in

Figure 2-4.

2.7 CONCLUSIONS

We interpreted a suite of satellite (MODIS and MISR), aircraft (DC-8, C-130 and Cessna 207)
and ground-based measurements (Whistler Peak, NAPS) over the North Pacific Ocean and
western North America in April-May 2006 as part of the INTEX-B campaign to understand the

implications of long-range transport of Asian aerosol to Canada.

The Canadian component of INTEX-B included 33 flights from a Cessna 207 aircraft. We
compare the Cessna quadrupole Aerodyne Mass Spectrometer (Q-AMS) measurements with a
high resolution time of flight AMS (HR-ToF-AMS) onboard the C-130 during an intercomparison
flight, yielding an overall bias of -0.01 pg/m?® with appreciable scatter (RMSD = 0.6 ug/m?) for
sulfate (SO,7) and similar agreement for organics (bias = 0.2 pg/m?, RMSD = 0.3 pg/m?).
However, there was a small systematic difference (<20%) between the C-130 HR-ToF-AMS
sulfate and a co-located PILS measurement of SO,~ (Dunlea et al., 2009). We use ground-based
measurements (MOUDI) of the SO, size distribution at Whistler Peak to estimate the mass in

the super-micron range and use a factor of 1.4 to compensate for this loss. Cessna profiles over
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Whistler, B.C. show SO, enhancements of 1-2 ug/m3 over 600-700 hPa, indicative of long-range
transport, whereas organic enhancements are largest near the surface, suggesting a local
emission source. We did not detect long-range transport of significant organic aerosol from the

Cessna data, contrary to expectations.

We interpret these observations with a global chemical transport model, GEOS-Chem, to
simulate the implications of anthropogenic activity. We implement a more recent global
bottom-up inventory (EDGAR) and develop updated scale factors, bringing global anthropogenic
emissions from 1998 to at least the year 2003. We also implement current bottom-up

inventories for East Asia for 2006 (Zhang et al., 2009), Canada for 2005 and Europe for 2004.

Retrieved Aerosol Optical Depth (AOD) from MISR and MODIS during low dust periods (July-
Dec) are used to evaluate the growth of SO, emissions between 2000-2006. We find a growth in
the difference between simulated and retrieved AOD of 3.4%/yr (MISR) and 4.1%/yr (MODIS)
using constant anthropogenic emissions sources as represented by GEOS-Chem. GEOS-Chem
calculations of the change in AOD for a change in SO, emissions indicate a near-linear
relationship with a ratio of approximately 0.4 over East Asia. We estimate the average annual
growth in East Asian SO, emissions to be between 6.2% using MISR and 9.6% using MODIS,
supporting the bottom-up estimate of an annual increase of 9.9% from 2000 (Streets et al.,

2003) to 2006.

We use this simulation to understand the characteristics of East Asian outflow as measured
by the INTEX-B aircraft. Over the Pacific Ocean, Asian outflow of SO, is strongest in the lower
troposphere, with enhanced SO, concentrations of 1-1.5 pg/m?® observed by the DC-8 between
700-800 hPa. The mean C-130 and Cessna aircraft SO, measurements of 1-1.5 pug/m?> over 600-

800 hPa indicate that Asian plumes are often elevated by orographic effects along coastal North
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America. The simulation generally captures the campaign mean profile shape of DC-8 SO,, and
C-130/Cessna SO,~ measurements, with RMSD of 0.13-0.54 ug/m® (mean bias of 2.5-59%). Bias
in simulated SO, oxidation likely contribute to the lower agreement found with respect to the C-
130 measurements. Simulations without Asian emissions reveal that long-range transport of

SO,” dominates campaign-mean aircraft measurements in the free troposphere.

We compare the INTEX-B measurements with aircraft measurements in May 1985 over a
similar domain as the C-130. Measured free tropospheric SO,~ concentrations increase by 60-
90% from 1985 to 2006. Sensitivity simulations for 1985 and without East Asian emissions
indicate that their relative contribution to SO, concentrations during April and May between
500-900 hPa increased by 72-85% due to emission changes as compared to 1985 depending on

the specific region.

Comparison of individual plumes with aircraft profiles and MODIS AOD reveals a general
consistency, but offsets in time and space. Campaign-mean simulations show that 50% of the
SO,” burden between 1 and 5 km over Whistler is of anthropogenic Asian origin. These
emissions increase surface concentrations along the western Canadian coast by an average 0.31
pg/m? (~30%) in spring. This effect is corroborated with surface measurements, where we find
an increase of 0.32 pg/m’ with each 10% increase in simulated fraction of Asian SO,” during

INTEX-B, with episodic enhancements of more than 1.5 pg/m?.

A better understanding of SO, oxidation is still needed. Previous work (Heald et al., 2006)
and our analysis indicate an overestimate in the simulated SO, oxidation rate. Development of
size-resolved aerosol simulations and SO, instruments that sample larger particles with high
time resolution would facilitate model-measurement comparison. Improved understanding of

inter-instrument SO, measurements would be valuable.
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3.1 ABSTRACT

Background: Epidemiologic and health impact studies of fine particulate matter (PM,;s) are
limited by the lack of monitoring data, especially in developing countries. Satellite-observations

offer valuable global information about PM, 5 concentrations.

Methods: Global ground-level PM, s concentrations were mapped using total column aerosol
optical depth (AOD) from the MODIS and MISR satellite instruments and coincident aerosol

vertical profiles from the GEOS-Chem global chemical transport model.
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Results: Global estimates of long-term average (2001-2006) PM, 5 concentrations at ~10 km x 10
km resolution indicate a global population-weighted geometric mean PM, s concentration of 20
pg/m>. The World Health Organization Air Quality PM,s Interim Target-1 (35 pg/m® annual
average) is exceeded over central and eastern Asia for 38% and 50% of the population,

respectively. Annual mean PM, s concentrations exceed 80 pug/m? over Eastern China.

Evaluation of the satellite-derived estimate with ground-based in-situ measurements indicates
significant spatial agreement with North American measurements (r = 0.77, slope = 1.07, n =
1057) and with non-coincident measurements elsewhere (r = 0.83, slope = 0.86, n = 244). The
one standard deviation uncertainty in the satellite-derived PM, 5 is 25%, inferred from the AOD
retrieval and aerosol vertical profiles errors and sampling. The global population-weighted

mean uncertainty is 6.7 pg/m>.

Conclusions: Satellite-derived total-column AOD, when combined with an aerosol transport

model, provides estimates of global long-term average PM, s concentrations.

3.2 INTRODUCTION

Chronic exposure to airborne fine particulate matter with diameter less than 2.5 pum (PM,s)
is associated with adverse human health impacts including morbidity and mortality (e.g. Dockery
et al., 1993; McDonnell et al., 2000; Pope et al., 2009). Several national environmental agencies
in North America and Europe monitor PM, 5 concentrations at numerous sites throughout their
jurisdictions, but even these relatively dense networks have limited geographical coverage. Few
long-term measurement sites exist elsewhere in the world, particularly in rapidly developing
countries where concentrations and estimated health impacts are greatest (Cohen et al., 2003).
Point measurements collected at monitoring sites are not necessarily representative of regional

concentration, and regional variability is difficult to assess from point measurements alone.
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Application of satellite observation to surface air quality has advanced considerably in recent
years (Hoff and Christopher, 2009; Martin, 2008). Global aerosol observations from satellite

could substantially improve estimates of population exposure to PM, s.

The Moderate Resolution Imaging Spectroradiometer (MODIS) and Multiangle Imaging
Spectroradiometer (MISR) instruments onboard the Terra satellite have provided since mid-
2000 global observations of aerosol optical depth (AOD), a measure of light extinction by aerosol
in the atmospheric column above the Earth’s surface. Terra’s Sun-synchronous orbit encircles
the Earth approximately 15 times each day, with each pass crossing the Equator at
approximately 10:30, local time. Observations of AOD from Terra provide daily insight into the
global distribution of column-integrated aerosol. However, the applicability of AOD to surface
air quality depends upon several factors, including the vertical structure, composition, size

distribution and water content of atmospheric aerosol.

Many studies have investigated the relationship between total-column AOD and surface
PM, s measurements. Most have developed simple empirical relationships between these two
variables (e.g. Engel-Cox et al., 2004a; Wang and Christopher, 2003), while more recent works
often used local meteorological information to improve agreement (e.g. Koelemeijer et al.,
2006; Liu et al., 2005b) or to filter the data (e.g. Gupta et al., 2006b). Some studies have
employed LIDAR instruments to capture the vertical aerosol distribution at specific locations
(e.g. Engel-Cox et al., 2006; Schaap et al.,, 2008). As noted by Schaap et al. (2008), locally
derived AOD-PM, 5 relationships cannot be easily extended to other regions due to variation in
meteorology and aerosol composition. Unique, local, time-dependent AOD-PM, 5 relationships
are necessary to infer global estimates of PM,s. Ground-based measurements of aerosol
vertical profiles and properties have insufficient coverage to estimate global AOD-PM,;

relationships.
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Global chemical transport models (CTMs) resolve atmospheric composition at a resolution
of hundreds of kilometres horizontally by hundreds of meters vertically, with a temporal
frequency of tens of minutes. Liu et al. (2004) first estimated surface-level PM, s from MISR
observations by using CTM output to represent local AOD-PM, s conversion factors over the
contiguous United States. Van Donkelaar et al. (2006) extended the approach of Liu et al. (2004)
to estimate PM,s from both MODIS and MISR observations and investigated the factors
affecting the agreement between AOD and surface-level PM,s. Statistical models have also
been used to relate AOD to PM,s, using MISR-retrieved spherical vs. non-spherical particle
fraction, in addition to model-derived vertical distribution, to separate mineral dust from other
aerosol species (Liu et al., 2007b). Some recent work also probed the limitations of using AOD
without accounting for vertical distribution or speciation, and concluded that agreement with
ground-based monitors based on this approach might depend on factors other than satellite

observations (Paciorek and Liu, 2009).

In this paper, we develop a global satellite-based estimate of surface PM,; at a spatial
resolution of 0.1° x 0.1°, or approximately 10 km x 10 km at mid-latitudes. The methods section
develops an approach for combining MODIS and MISR AOD into a single, improved estimate of
AOD. AOD-PM,;s conversion factors, calculated with a global chemical transport model, are
produced and applied to these AOD in the results section. We present a global estimate of
PM, s concentrations and validate this with ground-based (in-situ) observations. We estimate
global exposure to outdoor ambient PM, s using our satellite-derived product to demonstrate

potential application for global health studies. We then examine sources of error.
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3.3 METHODS

3.3.1 SATELLITE OBSERVATIONS

The MODIS instrument measures a wide range of spatial and spectral information from its
orbit aboard the Terra satellite. The near-daily global coverage from the MODIS AOD retrieval
(Levy et al., 2007) is advantageous. The MISR instrument, also aboard Terra, offers smaller
spatial and spectral ranges, but views each scene on the Earth from nine different angles. This
additional angular information allows the MISR AOD retrieval (Diner et al., 2005; Martonchik et
al., 2009) to reduce algorithmic assumptions and retrieval bias, as well as obtain information
about microphysical properties, and plume heights in aerosol source regions (Kahn et al., 2007).

Neither instrument can retrieve AOD in cloudy conditions.

We use the MODIS BRDF/Albedo product (MOD43, Collection 5) to distinguish surface types
and, in conjunction with ground-based retrievals of AOD, to identify regions of high bias in both
MODIS and MISR AOD. We define these surface types for each month according to the ratio of
surface albedo for different wavelengths, similar to assumptions inherent in the MODIS AOD
retrieval. We remove AOD retrieved from either instrument with an anticipated bias greater
than the larger of +(0.1 or 20%), based on comparison with AERONET sun photometer
measurements of AOD. Remaining MODIS and MISR AOD are averaged to produce a single
value at a given grid cell. The supplemental material describes in detail the satellite retrievals,
and this bias filtration. We restrict our subsequent analysis to locations with at least 50
successful satellite retrievals over 2001-2006, to yield near-complete (95%) global geographic

coverage.
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3.3.2 ESTIMATING PM, s FROM AEROSOL OPTICAL DEPTH

Estimating ground-level concentrations of dry 24-h PM,s (in pg/m®) from satellite
observations of total-column AOD (unitless) requires a conversion factor that ccounts for their

spatially and temporally varying relationship.
PM2.5 = n-AOD 3-1

n is a function of the factors that relate 24-h dry aerosol mass to satellite observations of
ambient AOD: aerosol size, aerosol type, diurnal variation, relative humidity and the vertical
structure of aerosol extinction (van Donkelaar et al., 2006). Following Liu et al. (2007b; 2004)
and van Donkelaar et al. (2006), we use a global 3-D chemical transport model (GEOS-Chem;

Supplemental Material) to calculate the daily global distribution of n.

The GEOS-Chem model solves for the temporal and spatial evolution of aerosol (sulfate,
nitrate, ammonium, carbonaceous, mineral dust and sea salt) and gaseous compounds using
meteorological data sets, emission inventories, and equations that represent the physics and
chemistry of atmospheric constituents. The model calculates the global 3-D distribution of
aerosol mass and AOD with a transport timestep of 15 minutes. We apply the modelled
relationship between aerosol mass and relative humidity for each aerosol type to calculate PM, 5
for relative humidity values that correspond to surface-measurement standards (35% for U.S.
and Canada; 50% for Europe) We calculate daily values of n as the ratio of 24-h ground-level
PM,s for a relative humidity of 35% (U.S. and Canadian surface-measurement gravimetric
analysis standard), and at 50% (European surface-measurement standard), to total-column AOD
at ambient relative humidity. The AOD is averaged between 10 a.m. and 12 p.m. local time,
corresponding to the Terra overpass period. We interpolate values of n from 2° x 2.5°, the

resolution of the GEOS-Chem simulation, to 0.1° x 0.1° for application to satellite AOD values.
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We compare the original MODIS and MISR total-column AOD with coincident ground-based
measurements of daily mean PM,s. Canadian sites are part of the NAPS Network, maintained
by Environment Canada (http://www.etc.cte.ec.gc.ca/NAPS/index_e.html). U.S. data are from
the IMPROVE network (http://vista.cira.colostate.edu/improve/Data/data.htm) and the U.S.
Environmental Protection Agency Air Quality System Federal Reference Method sites
(http://www.epa.gov/air/data/index.html). Validation of global satellite-derived PM,s
estimates is hindered by the lack of available surface-measurement networks in many parts of
the world. We collect 244 annually representative, ground-based PM,s data from both
published and unpublished field measurements outside the United States and Canada, as

described in the supplemental material.

3.4 RESULTS

The top and middle panels of Figure 3-1 show mean AOD for 2001-2006 over North America
from MODIS and MISR. Both datasets exhibit similar AOD values of 0.15-0.25 over the eastern
United States, reflecting a combination of anthropogenic and biogenic sources. Several
individual cities can be clearly identified in mean MODIS AOD for the Great Lakes region. A large
AOD enhancement over the southwestern United States appears in the MODIS retrievals, but is

absent from the MISR retrievals. The bottom panel of Figure 3-1 shows the mean combined

Table 3-1: Comparison of coincidently sampled six-year mean measurements® of daily 24h
average PM, s with AOD and satellite-derived PM, s.

slopeb intercept r n
MODIS AOD 0.020 0.10 0.39 1218
MISR AOD 0.010 0.11 0.39 353
Average AOD 0.015 0.06 0.44 1236
Combined AOD 0.017 0.10 0.61 1057
Satellite-derived 1.066 -1.75 0.77 1057

PM,.s

® A minimum of 50 measurements are required for each point.

® calculated with reduced major-axis linear regression (Hirsh and Gilroy, 1984)
46



MODIS

0.3

-10.25

02 @
m 9
0 5
= 3
015 3
0.1
g 0.05
£
o]
IS
S
O
0

Figure 3-1: Mean aerosol optical depth (AOD) over 2001-2006 from the MODIS and MISR
satellite instruments. The bottom panel indicates data from the combined product developed
here. White space denotes water or fewer than 50 measurements.

MODIS and MISR AOD over North America. Our combination of these two AOD products
removes the biased AOD observed by MODIS over the western United States. The combined

product is dominated by MODIS in the east due to finer temporal sampling. MISR dominates in

the west due to its accuracy.
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Table 3-1 gives statistics comparing the spatial variation in six-year mean AOD retrievals
with measurements of daily 24-h average PM, s sampled on the same days as successful satellite
observations. Both the MODIS and MISR instruments indicate some relationship between
retrieved total-column AOD and in-situ PM, s, both with spatial correlation coefficients of 0.39.
A simple average of the daily AOD from both instruments yields a correlation of 0.44.
Combining retrievals from these instruments as described in the methods section increases the
correlation to 0.61. Additional information is required to quantitatively estimate PM,;;

concentrations from AOD as presented below.

Figure 3-2 shows the annual mean distribution of daily n values used to relate satellite-
observed total-column AOD to PM, s at 35% relative humidity. Average values of n are typically
20-130 pg/m?>. High values of n over regions of large dust concentration (Prospero et al., 2002)
reflect in part its low hygroscopicity. Values of n are lower for hygroscopic aerosols as their dry
volume is significantly smaller than under ambient conditions. Ground-level aerosol sources in

industrial regions lead to vertical profiles that peak near ground, and moderate values of n.

1 [ug/m?]

Figure 3-2: Annual mean n (ratio of PM,s to AOD) for 35% relative humidity. White space
indicates water.
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Figure 3-3: Satellite-derived PM, s and comparison with surface measurements. The top panel
shows mean satellite-derived PM, 5 between 2001-2006. White space denotes water or fewer
than 50 AOD measurements. The bottom right panel shows positions and mean values of
coincidently measured surface sites. The bottom left panel compares average coincident values
of both measured and satellite-estimated PM, s in ug/m3. The solid black line denotes unity.
Thin dotted lines show uncertainty of (1 pg/m> + 15%). The line of best fit (Hirsh and Gilroy,
1984) is dashed.

Western North America is characterized by low n, providing additional insight into the poor
AOD-PM, 5 correlations (Engel-Cox et al., 2004b; Hu, 2009) associated with this region, and in
agreement with Liu et al. (2007b) who found that transported dust aloft affects the western
North America AOD-PM, s relationship. n is related to land types only insomuch as these are
typified by particular aerosol types, meteorology and vertical structures. Temporal variation in

n is considerable.
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The top panel of Figure 3-3 shows the six-year mean of 24-h average satellite-derived
surface PM, s over North America as calculated from equation 3-1 at a daily timescale. A large-
scale PM, s enhancement is apparent over the eastern United States. The western and northern
parts of the continent are generally characterized by low concentrations, with a few exceptions.
Geographic mean PM, 5 concentrations over eastern and western North America are 6.9 ug/m3
and 6.2 pg/m?, respectively. Application of n (Figure 3-2) increased the spatial contrast relative
to Figure 3-1, reflecting ground-level aerosol sources in the east and aerosols aloft in the north

and west.

We evaluate the satellite-derived PM, s with surface monitors. The bottom right panel of
Figure 3-3 shows the annual mean of 24-h PM,; concentrations measured with the surface
monitors and sampled on the same days as the satellite-derived PM,s. Ground-level
measurements show similar features to our satellite-derived product. The bottom left panel of
Figure 3-3 quantitatively compares satellite-derived and ground-level measured PM,;. We find
significant cross-sectional correlation between average coincidently sampled satellite-derived
and ground-based PM, s across North America (r = 0.77, slope = 1.07, bias = -1.75 pg/m®). Many
factors contribute to the scatter of points, including differences between what satellite and in

situ measurements represent that do not necessarily indicate errors in either measurement.

3.5 GLOBAL ESTIMATES OF PM;.5 CONCENTRATIONS

Figure 3-4 presents the six-year mean of our global satellite-derived PM,s. This figure, and
all subsequent, are at 50% RH in agreement with European ground-based measurements. We
reject points created with less than 50 values, enabling 95% global geographic coverage. The
satellite-derived PM, 5 include an adjustment for discontinuous sampling as described in the

error analysis. Annual mean PM,s concentrations vary spatially by more than an order of
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Figure 3-4: Global satellite-derived PM, s averaged over 2001-2006. White space indicates
water or locations containing less than 50 measurements. Circles correspond to values and

locations of comparison sites outside Canada and the United States. The black rectangle
outlines European sites.

magnitude. Values are less than 10 ug/m3 for large regions of the earth. In contrast, PM,s
concentrations of 60-90 pug/m? are found over eastern China, with values in excess of 100 pg/m’
for its major industrial regions. The Indo-Gangetic plain, from New Delhi eastward contains the
highest PM, s concentrations in India, with values of 80-100 pg/m?, especially in winter (e.g. Di
Girolamo et al., 2004). Concentrations elsewhere in northern India are 15-60 pg/m>. Biomass
burning effects on PM, s levels are visible in central South America and central Africa, where
concentrations of 10-17 pg/m® are estimated. Dust transport in the fine mode is substantial
(Jones and Christopher, 2007), contributing to large-scale PM,s in the Middle East of

approximately 20-50 ug/ma.

Figure 3-4 also shows locations of ground-based measurements and values outside North
America that were used for comparison. Despite increased uncertainty due to temporal

sampling differences, significant overall agreement exists (r = 0.83, slope = 0.86, intercept = 1.15
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Figure 3-5: Regional satellite-derived PM,s concentrations. Columns show mean satellite-
derived PM, 5 for 2001-2006 at locations containing at least 50 measurements. Contours denote
population density in the left column and surface elevation in the right. The color scale varies by
region. Crosses indicate city centers in both columns. Altitude data are from the United States
Geological Survey.

pg/m>, n = 244). Similar agreement is obtained when all sites except Europe and North America

are considered (r = 0.83, slope = 0.91, intercept = -2.64 pg/m?>, n = 84).

Figure 3-5 overlays contours of population density and surface elevation onto satellite-
derived PM,; for regions of major anthropogenic sources: eastern North America, western

Europe and eastern Asia. Some relationships are apparent between PM,s, topography and
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population. Heavily populated and highly polluted, low-lying regions of eastern China and the
Po Valley of northern Italy contrast sharply with neighbouring higher altitude regions. The
Appalachian Mountains in eastern North America emerge as a relatively clean region. Many
PM, s enhancements are associated with urban or industrial areas, but these relationships are

complex.

3.6 ERROR ANALYSIS

The dominant sources of error in satellite-derived PM, s arise from uncertainties in both
AOD retrieval and aerosol vertical structure (van Donkelaar et al., 2006). The residual AOD bias
after data filtering is within the larger of +(0.1 + 20%), as evaluated with ground-based AERONET
measurements. We evaluate the GEOS-Chem simulation of the aerosol vertical profile using
observations from the CALIPSO satellite. The GEOS-Chem simulation generally captures to
within 5% the fraction of AOD within the boundary layer (Supplemental Material). We estimate
the error in satellite-derived PM, s as the change in PM,; that occurs when n and AOD are

adjusted by their uncertainty, approximated as the GEOS-Chem vertical profile bias and residual

-100 -40 -25 -10 10 25 40 100
Pl\/l2 . Bias Estimate [%]

Figure 3-6: Estimate of the satellite-derived PM, 5 bias, defined as (satellite-derived PM, s - truth)
/ truth. Boxed areas define the regions used in Figure 3-8.
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satellite AOD bias, respectively.

Figure 3-6 shows the error distribution of coincidently sampled satellite-derived PM,s. Arid
regions are typically over-predicted, and populated regions of East Asia under-predicted. We
find that one standard deviation of the global error distribution is within +15% of the satellite-
derived value. We test this uncertainty estimate by comparison with coincident PM,;;
observations for North America (Figure 3-2) and find that one standard deviation of the data lies
within +(1 ug/m® + 15%). The necessary inclusion of a small absolute term suggests that our
uncertainty estimate may be underestimated at low PM, s values, and supports the presence of
a small negative bias, as indicated by the line of best fit, shown in the lower left panel of Figure

3-3.

Non-uniform and incomplete sampling by satellites have the potential to create bias in long-
term mean observations (Levy et al., 2009; Paciorek and Liu, 2009). Here we investigate how
non-random sampling of AOD by satellite observations affect the representation of annual mean
PM,s. The total number of successful satellite retrievals are shown in the top panel of Figure 3-
7 and summarized regionally as population-weighted mean in Table 3-2. Lower sampling is

Table 3-2: Regional PM, s statistics, number of observations and population in excess of WHO Air
Quality Guideline (AQG) and Interim Targets (IT)°. Regions are defined in Figure 3-6.

Population-weighted

Region statistics [yg/m’] W:;E.ted Population (million people)
ave std 5% B®% ioralobs.  Total AQG 3 IT-3 3 IT-2 3 -1 3
ave  std. (10 pg/m’) (15 pg/m’) (25 pg/m’) (35 pg/m’)
World 27 23 20 2.3 297 6,400 5,100 (81%) 4,000 (63%) 2,300 (37%) 1,600 (25%)
E. Asia 4 29 34 2.2 270 1,900 1,800 (93%) 1,600 (83%) 1,200 (65%) 940 (50%)
C. Asia 31 16 27 1.8 230 1,500 1,400 (94%) 1,300 (86%) 780 (54%) 560 (38%)
N. Africa 26 10 24 1.5 195 540 530 (98%) 450 (85%) 250 (47%) 8.7 (17%)
S. Africa 11 6 9 1.9 368 540 240 (47%) 110 (21%) 7.7 (1.5%) 0.1 (0.0%)
E. Europe 15 5 14 1.4 437 450 400 (88%) 210 (47%) 14 (3.0%) 1.8 (0.4%)
S. America 7 4 5 2.0 361 400 52 (13%) 18 (4.5%) 5.3(1.3%) 0.0 (0.0%)
E. Nofth 13 5 12 1.5 476 350 250 (72%) 110 (32%) 17 (4.7%) 0.0 (0.0%)
America
S. Asia/
! 12 6 10 1.8 304 310 180 (58%) 72 (24%) 13 (4.4%) 1.3 (0.4%)
Australia
W. Europe 17 5 16 1.4 311 260 250 (94%) 170 (63%) 15 (5.9%) 3.7 (1.4%)
\zlr.nNecr)i::t: 11 5 10 1.6 366 120 56 (46%) 22 (18%) 0.3 (0.2%) 0.0 (0.0%)

# (WHO 2005) 54
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Figure 3-7: Satellite-derived PM, s sampling and its estimated induced uncertainty. The top
panel shows the annual average number of values used from satellite. The bottom panel shows
the percent change in average coincidently-sampled simulated PM, s concentrations relative to a
full year average.

fortuitously collocated with lower population. The global population-weighted mean number of

observations per 0.1° x 0.1° box is 297. The bottom panel of Figure 3-7 shows the percent
difference between a GEOS-Chem simulation of PM, 5 sampled coincidently with daily satellite-
derived PM, s versus a complete annual mean of the simulated values. Most regions exhibit a
sampling-induced uncertainty (one standard deviation) within £20% of simulated PM,s. Regions
of low sampling do not necessarily demonstrate enhanced uncertainty and vice versa. Sampling
error of satellite-derived PM, s is larger in regions influenced by biomass burning, mineral dust,
or persistent cloud due to a combination of large seasonal variability and non-representative
sampling. We apply the ratio of complete to coincident mean simulated PM,s to reduce

uncertainty from sampling variability.
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Validation of this is inhibited by the lack of in-situ measurements in the regions most
significantly affected by intermittent sampling. Statistical comparison over the United States
and Canada of non-coincident satellite-derived and in-situ PM,s decreases the agreement
relative to a coincident comparison (non-coincident: slope = 1.13, r = 0.70 versus coincident:
slope = 1.07, r = 0.77), supporting the need for sampling error correction. Uncertainties derived
from both the PM, 5 estimate and sampling can vary substantially on the regional scale. Testing
the combined uncertainty of £25% from both sources reveals that approximately one standard
deviation of the North American data falls within this overall error envelope. Globally, the

population-weighted mean uncertainty in satellite-derived PM, s is 6.7 ug/m°.

3.7 GLOBAL AMBIENT PM, 5: APPLICATION TO POPULATION EXPOSURE

Pope et al. (2009) estimate that a long-term PM, s exposure decrease of 10 pg/m? increases
life expectancy by 0.61 + 0.30 years for the United States. We estimate global long-term
exposure to ambient PM, s at a spatial resolution of 0.1° using our satellite-derived values for
2001-2006 and the Gridded Population of the World (Tobler et al., 1997) data for 2005 from the
Socioeconomic Data and Applications Center (SEDAC; GPW v3;
http://sedac.ciesin.columbia.edu/). Figure 3-8 shows the global and regional distributions of
long-term ambient PM, 5 exposure. Table 3-2 summarizes these results. All regions exhibit non-
linear relationships between population and PM, s concentrations. Eastern and central Asia
have the highest levels of PM,s concentrations with 38-50% of the regional population
exceeding the WHO Air Quality Interim Target-1 (WHO, 2005) of 35 ug/m>. According to the
WHO Guidelines, concentrations at this level and higher are associated with approximately a
15% increased mortality risk, relative to the Air Quality Guideline of 10 ug/m®. Globally 80% of

the population lives in regions that exceed the Air Quality Guideline. These PM,; estimates
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Figure 3-8: Cumulative distribution of regional, annual mean PM, s estimated from satellite-
derived PM,s at a resolution of 0.1° x 0.1° for 2001-2006 per 0.1° grid box. The top axis
identifies WHO Air Quality Guidelines (AQG) and Interim Targets (IT-#) associated with each
concentration level. Regions are defined in Figure 3-6.

should be of considerable value for assessing the chronic health impacts of air pollution,

especially in regions with sparse ground-based monitoring.

3.8 DiscussioN

A major challenge for global epidemiological studies and assessments of air pollution health
impacts is the lack of representative exposure estimates (Cohen et al., 2003). While extensive
ground-based monitoring networks exist in some parts of the world, major portions of the globe
are not covered. The situation is especially acute in developing countries with large populations
and high pollution levels, but limited monitoring with traditional ground-based sampling
techniques. While measurements from ground monitors are currently the “gold-standard” for
epidemiological studies, these are not only sparse, but may represent only a small spatial extent
in heterogeneous regions (Chen et al., 2006). Satellite observations offer area-integrated values

with global coverage, providing valuable additional information for global health studies.
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In this work, we produced a satellite-derived climatology of PM, s concentrations. These
estimates should facilitate studies of chronic exposure to particulate matter, similar to those
already conducted in Europe and North America (e.g. Beelen et al., 2008; Dockery et al., 1993;
Pope et al., 2002; Pope et al., 2009), in regions of the world currently without extensive ground-
based monitoring networks. Although there are a growing number of studies of the impacts of
short-term exposure to particulate matter have in previously under-represented regions of the
world (e.g. Romieu et al.,, 2009; Wong et al., 2008), studies of long-term exposure also
incorporate impacts related to chronic disease and therefore provide a more comprehensive
estimate of overall health effects (Kunzli et al., 2001). Our estimates suggest the global
population-weighted geometric mean PM,s concentration is 20 pg/m*® and that 80% of the
global population resides in locations where ambient concentrations exceed the WHO Air
Quality Guideline of 10 pg/m>. Application of the satellite-derived PM, s dataset also identifies
global regions and areas of specific concern; half (50%) of the eastern Asian population lives in
regions that exceed the WHO Air Quality Interim Target 3 of 35 pg/m°, and are therefore at
increased risk from air pollution-related health impacts. These results highlight the potential of
satellite aerosol observations to contribute to chronic effects studies at regional and global

scales.

Several notable developments over previous work were included in these estimates.
Combining AOD from two satellite instruments (MODIS and MISR) improved the correlation of
AOD versus ground-based PM,s measurements. Extending the satellite data over six years
(2001-2006) reduces sampling issues. The unprecedented global spatial resolution of 0.1° x 0.1°
retains variation relevant to population distribution. A chemical transport model (GEOS-Chem)
was applied to account for aerosol vertical distribution, a key factor affecting the relationship

between satellite-retrieved, total column AOD and near-surface PM,s. We found significant
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spatial agreement between mean coincident satellite-derived and ground-based PM, s for North
America (slope = 1.07, r = 0.77, n = 1057), as well as evidence of global agreement with non-
coincident measurements from published and unpublished data (slope = 0.86, r = 0.83, n = 244).
Notably, this level of agreement with ground-based PM,;s is significantly better than that
obtained using a global chemical transport model (GEOS-Chem) without satellite data
(Supplemental Material). Detailed spatial structure in the satellite-derived PM, 5 concentrations

reflect multiple influences.

We assessed the uncertainty in the satellite-derived product through comparison with
independent observations and error propagation. We estimated our coincident satellite-derived
PM, s to be accurate at the one standard deviation level to within 15% of the satellite-derived
value using the relative AOD vertical profile measured by the CALIPSO satellite and the total
column AOD from ground-based measurements (AERONET). We found evidence that the effect
of non-uniform satellite sampling typically biases annual mean satellite-derived PM, s by less
than £20% of the satellite-derived value. Larger effects are expected over regions influenced by
substantial seasonal variation, by persistent cloud, or for individual, severe pollution events.
The overall combined PM, s uncertainty of £25% indicates a mean global, population-weighted

uncertainty in PM, s concentration of 6.7 ug/m3.

Additional developments could continue to reduce error in the satellite-derived PM,;
estimates presented here. Increased satellite coverage would reduce sampling concerns and
may allow for satellite-derived PM, s to be applied to studies of temporal or spatiotemporal
variation. Further improvements to the AOD retrieval (e.g. Drury et al., 2008) would improve
accuracy and reduce sampling bias by reducing data rejection. Simulating the AOD-PM,
conversion factors at finer spatial resolution would better capture their variability, which is

especially important in regions of sharp topographic or emissions gradients. Further
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development of aerosol speciation capability (e.g. Liu et al., 2007b) and satellite-based
estimates of additional species, such as NO, (Lamsal et al., 2008) would be valuable to more

specifically estimate pollutant concentrations.
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3.10 SupPPLEMENTAL MATERIAL: GLOBAL ESTIMATES OF AMBIENT FINE PARTICULATE MATTER
CONCENTRATIONS FROM SATELLITE-BASED AEROSOL OPTICAL DEPTH: DEVELOPMENT AND
APPLICATION

3.10.1 COLLECTION OF GLOBAL GROUND-BASED PM, 5 MEASUREMENTS

Satellite-derived and simulated global PM,s concentrations require validation against
surface measurements. We combine values from numerous sources for the purpose of
comparison. We use European data from a combination of the European Monitoring and
Evaluation Programme (EMEP; http://www.emep.int/) and the European Air quality dataBase
(AIRBASE; http://air-climate.eionet.europa.eu/databases/airbase/). Australian data were
collected from the Environment Protection and Heritage Council (http://www.ephc.gov.au/).
New Zealand data were collected from the New Zealand Ministry for the Environment website
(http://www.mfe.govt.nz/). Mexican data are from the ESCALA project (Gouveia et al., 2008;
Romieu et al., 2009). Columbian data were provided by Victor Miranda and Isabelle Romieu and
from the Instituto de Hidrologia Meteorologia y Estudios Ambientales (www.ideam.gov.co).
Some Brazilian data for Sao Paulo are from the secretary of State for the Environment, Sao Paulo
(http://www.cetesb.sp.gov.br/). Chilean data were provided by CENMA, the Chilean National
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Environment Center (http://www.cenma.cl/). Additional sources are described in Table 3-3. We

exclude sites from all sources that are suspected to be spatially or temporally biased.

We combine measurements onto the same 0.1° x 0.1° grid as the satellite dataset. We
average colocated studies/sites, weighted by the product of their temporal range (years) and
number of monitors (to a maximum of 5), such that long-term, multi-monitor studies have
greater influence on final comparison values. Any surface PM, s grid cell with an overall weight
of less than 1 monitor-year is considered unrepresentative and is not used for evaluation of

satellite-derived PM,s.

3.10.2 DESCRIPTION OF THE GEOS-CHEM MODEL

We use v8-01-04 of the GEOS-Chem chemical transport model
(http://acmg.seas.harvard.edu/geos/index.html). The GEOS-Chem model is driven by
assimilated meteorology from the Goddard Earth Observing System (GEOS-4) at the NASA
Global Modeling Assimilation Office (GMAQ). Our simulation is run at 2° x 2.5° with 42 vertical
levels ranging between the surface and approximately 80 km. The thickness of the lower layer is

approximately 100 meters. The model timestep for transport is 15 minutes.

The GEOS-Chem aerosol simulation includes the sulfate-nitrate-ammonium system (Park et
al., 2006), primary (Park et al., 2003) and secondary (Liao et al., 2007) carbonaceous aerosols,
mineral dust (Fairlie et al., 2007) and sea-salt (Alexander et al., 2005). Formation of sulfate and
nitrate (Park et al., 2004), heterogeneous chemistry (Jacob, 2000) and photolysis rates (Martin
et al., 2003b) are all coupled with oxidant simulation. Dry and wet deposition are described in
Liu et al. (2001), and include both washout and rainout. The emission inventory has been

recently updated to 2005, following van Donkelaar et al. (2008). We use the eight day Global
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Table 3-3: Additional PM, 5 surface measurements used for comparison and their combined values. Source indicates all sources used to
determine location value.

Sat-
In-situ derived Num.
PM; s PM, 5 of
City/Site Country (ng/m?)  (ng/m’) Lat Lon Study Period  Station Source
2002- (Hopke et al., 2008);Environment Protection and
LIVERPOOL AUSTRALIA 8.2 5 -33.9° 150.9° 1;1;1 Heritage Council;Environment Protection and
2005;2005;2005 : )
Heritage Council
LUCAS HEIGHTS AUSTRALIA 5.7 3.1 34°  151°  2002-2005;2005 1,1 (Hopkeetal, 2008);Environment Protection and
Heritage Council
DHAKA BANGLADESH 337 239 23.8°  90.4°  2000-2003;2005 11,1 (Begum et al., 2006); (Begum et al., 2008)
DHAKA BANGLADESH 28.7 26.2 237°  90.4° 2002-2005 (Hopke et al., 2008)
CUIABA BRAZIL 10.5 10.7 156°  -56.1° Jul 1?3;?; Feb 1 (Artaxo et al., 1994)
RIO DE JANEIRO BRAZIL 17 7.1 229° 310 O 11999989' Sep 1 (Mariani and de Mello, 2007)
RIO DE JANEIRO BRAZIL 10 5 229° 4340 P 220005’4' Sept 10 (Soluri et al., 2007)
SAO PAULO BRAZIL 226 8.8 235 -aes U lgfgs;gMarCh 2 (Castanho and Artaxo, 2001)
SERRA DO NAVIO BRAZIL 9.9 6.4 1° 52° Nov 1199991?" Apr 1 (Artaxo et al., 1994)
. . 2001-2004;Feb . .
BANGKOK CHINA 36.6 23.6 13.8 100.5 2002 - Jan 2003 1;3 (Oanh et al., 2006);(Chuersuwan et al., 2008)
Aug 2001-Sep . .
BEING CHINA 114.1 97.3 39.9°  1164°  2002:2000;2001- 2,51  \ouanetal, 2006);(Zheng etal, 2005); (Oanh et
al., 2006)
2004
BEUING CHINA 121 99.6 39.8°  116.5° ul 1333(; Sep 2 (He et al., 2001)
BENING CHINA 35.6 96.1 39.9°  116.3° 2002-2004 1 (Hopke et al., 2008)
BEIING CHINA 127.5 97 39.9°  116.5° unknown 8 (Zhang et al., 2010)
BEIING CHINA 87.7 90.4 39.9°  116.3° 2005-2007 1 (Zhao et al., 2009)
BEIING CHINA 54.2 296 40.6°  117.1° 2005-2007 1 (Zhao et al., 2009)
BEIJING-SUBURBAN CHINA 42.1 87.2 39.7°  116° 2003-2004 1 (Hopke et al., 2008)
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Sat-

In-situ derived Num.
PM2_5 Pszs Of
City/Site Country (ng/m?)  (pg/m?) Lat Lon Study Period  Station Source
GUANGZHOU CHINA 97.3 79.3 23.1° 113.1° unknown 2 (zhang et al., 2010)
Nov 2000-Feb
HONG KONG CHINA 42.8 45.4 22.3°  1142°  2001; Jun-Aug 2 (Ho et al., 2006)
2001
HONG KONG CHINA 47.4 445 252° 115.1° unknown 2 (Zhang et al., 2010)
SHANGHAI CHINA 92.9 95.8 31.3°  121.3° 2005-2006 2 (Feng et al., 2009)
SHANGHAI CHINA 59.6 65.9 31.2°  121.5° 1999 2 (Ye et al., 2003)
SHANGHAI CHINA 78.6 98.1 31.1°  121.3° unknown 3 (Zhang et al., 2010)
CAIRO EGYPT 67.4 51.8 30° 3140  Fall/Winter 1999 3 (Abu-Allaban et al., 2007)
Summer 2002
CAIRO EGYPT 79.3 41.6 30° 31.3° 2001-2002 14 (Zakey et al., 2008)
2001-2004;2002-
CHENNAI INDIA 42.2 18 13.1° 80.3° 00 2%%3’ 00 11 (Oanh et al., 2006);(Kumar and Joseph, 2006)
Mar 2001 - Jan
DELHI INDIA 97 56.8 284°  77.1° 2002;Jul-Dec 1,1;113  (The World Bank 2004); (Chowdhury,
2004);(Kumar et al. 2007)
2003
KOLKATA INDIA 107.8 26.2 18.7°  72.8° Mar 22%%12' jan 11 (The World Bank 2004); (Chowdhury, 2004)
MUMBAI INDIA 43 26.2 19° 72.8° Apr 2200052 Mar 1 (Kumar et al. 2007)
MUMBAI INDIA 40.5 23 19.1°  72.9° 2002-2005 1 (Hopke et al., 2008)
MUMBAI INDIA 52.5 38.8 22.6°  88.3° Mar 22%%12' Jan 11 (The World Bank 2004); (Chowdhury, 2004)
NAVI MUMBAI (VASHI) INDIA 44 26.2 18.8° 73° Annual 1 (Kothai et al., 2008)
BANDUNG INDONESIA 29.2 16.8 65°  107.4° 2001'22%%‘;2002' 11 (Oanh et al., 2006); (Hopke et al., 2008)
LEMBANG INDONESIA 129 196 62°  107.2° 2002-2005; 1 (Hopke et al., 2008)
TOKYO JAPAN 23 23.2 357°  139.7° 2001-2004 1 (Minoura et al., 2006)
DAEJEON KOREA 10.8 20.3 36.4° 127.4° 2002-2005 1 (Hopke et al., 2008)
SEOUL KOREA 443 30 37.4° 126.8° 2002-2004 2 (Kim et al., 2006)
SEOUL KOREA 37.2 395 37.6°  126° 2005-2006 1 (Park et al., 2008)
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Sat-

In-situ derived Num.
PM; 5 PM, 5 of
City/Site Country (ng/m?)  (pg/m?) Lat Lon Study Period  Station Source
KUWAIT KUWAIT 38 375 29.3° 48° Feb ;ggi -l 3 (Brown et al., 2008)
Feb-May . .
BEIRUT LEBANON 355 24 33.9°  355°  2003;2004;Feb 111 gsnhdeggl?;:g%g;‘fg’aﬂgg ZeOthll),(ggg;/)o umdjian
2004-Jan 2005 ' ' v
KUALA LUMPUR MALAYSIA 293 171 32°  101.7° 2005 1 (Hopke et al., 2008)
KATHMANDU VALLEY NEPAL 30.7 228 27.7°  85.5° Dec ;333'0“ 2 (Carrico et al., 2003)
CABAUW NETHERLANDS 18.2 19.1 52° 4.9° Aug 2285’7' May 1 (Schaap et al., 2008)
ISLAMABAD PAKISTAN 14.4 30.8 337°  73.3° 2002-2004 1 (Hopke et al., 2008)
2002-2005;2001- _ .
ATENEO DE MANILLA PHILIPPINES 353 15.9 14.6°  121.1°  2004;Apr - Dec 1,17  (Hopkeetal, 2008); (Oanh etal, 2006); (Cohen
etal., 2002)
2001
SINGAPORE SINGAPORE 27.2 25.7 1.3° 104° Jan-Dec 2000 1 (Balasubramanian et al., 2003)
BOTSALANAO SOUTH AFRICA 10.5 4.9 255°  258° Jjﬂ}’yéggg' 1 (Laakso et al., 2008)
AEA SRI LANKA 28.4 121 6.9°  79.9° 2002-2005 1 (Hopke et al., 2008)
KAOHSIUNG TAIWAN 68 326 226° 1203°  NOY izzg-Apr 6 (Lin, 2002)
BANGKOK THAILAND 238 24.1 13.8°  100.5° 2002-2005 1 (Hopke et al., 2008)
PATHUM THANI THAILAND 20 19.4 14°  100.5° 2003-2005 1 (Hopke et al., 2008)
ISTANBUL TURKEY 208 17.6 41°  286° ul 220(?023' Jul 1 (Karaca et al., 2005; Karaca et al., 2008)
Jan - Dec
HANOI VIETNAM 53.3 495 21°  105.8° 2001;2001- 1,11  (Cohenetal, 2002); (Oanh etal,, 2006); (Hopke

2004,2002-2005

et al., 2008)
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Fire Emission Database version 2 (GFEDv2) biomass burning emissions (van der Werf et al.,

2006), as implemented by Nassar et al. (2009).

The GEOS-Chem aerosol simulation has been extensively evaluated with ground-based
measurements (e.g. Fairlie et al.,, 2007; Park et al., 2006; Pye et al., 2009) and aircraft

measurements (e.g. Dunlea et al., 2009; Heald et al., 2005; van Donkelaar et al., 2008).

3.10.3 DESCRIPTION OF SATELLITE RETRIEVALS

The MODIS instrument provides near-daily global AOD coverage in the absence of clouds.
The MODIS AOD retrieval algorithm over land (Levy et al., 2007) applies three spectral bands at
0.47 um, 0.66 um and 2.1 um plus those used for cloud masking, and requires that surface-
reflected radiation makes little contribution to total radiation leaving the top of the atmosphere.
Dark surfaces are first detected using the infrared (2.1 um) spectral band, where atmospheric
absorption and scattering from aerosols is generally weak. Surface reflection at visible
wavelengths (0.47 um and 0.66 um) is then estimated through specified relationships with the
2.1 um reflectivity. Pre-computed seasonally and spatially varying lookup tables (LUT) that
combine likely aerosol scenarios with surface reflectivities are then matched with top-of-
atmosphere observations to determine AOD values representing 10 km x 10 km retrieval
regions. Quality assured collection (version) 5 MODIS AOD over land has been validated such
that at least two-thirds of retrievals are within +(0.05 + 15%) using Aerosol Robotic Network
(AERONET, Holben et al., 1998) measurements of AOD (Remer et al., 2008). The ratio of two
spectral bands is used estimate the contribution of non-dust (fine) aerosol to total AOD, but this
product is highly uncertain (Remer et al., 2005), especially over land, where it is considered an

algorithm diagnostic rather than a retrieval quantity (Anderson et al., 2005; Levy et al., 2009).
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The MODIS BRDF/Albedo product (MOD43 V5, Lucht et al., 2000) estimates 16-day average
land surface albedo through an algorithm that is separate from the surface reflectivity estimate
used by the MODIS AOD retrieval. Albedo, the hemispheric integration of directional surface
reflectance, is separated into black-sky and white-sky albedo, where these refer to the albedo
under purely direct and diffuse conditions, respectively. The true albedo varies between these

two extremes.

The MISR instrument observes radiation leaving the top of the atmosphere in four spectral
bands (0.446, 0.558, 0.672 and 0.866 um), each at nine viewing angles (+70.5°, +60.0°, +45.6°,
+25.1° and nadir). MISR takes 9 days for complete global coverage at the equator, and two days
near the poles, in the absence of clouds. The MISR AOD retrieval algorithm (Diner et al., 2005;
Martonchik et al., 2002; Martonchik et al., 2009) uses same-scene, multi-angle, multi-spectral
observations to infer AOD and aerosol microphysical property information over 18 km x 18 km
retrieval regions, assuming only approximate spectral invariance of the surface angular
reflectance, via pre-calculated LUTs. MISR AOD has been validated such that two-thirds of
retrievals fall within the maximum of +(0.05 or 20%) of ground truth observations (Kahn et al.,
2005). The MISR aerosol product also provides estimates of AOD contribution according to
aerosol size, dividing AOD into the fraction of particles of radius < 0.35 um, between 0.35-0.7
pm and > 0.7 um. The aerosol-size retrieval is most reliable when AOD is greater than 0.2 (Kahn

et al., 2009a).

We explored using satellite retrievals of aerosol fine mode fraction (FMF) in lieu of the
GEOS-Chem simulation of this quantity in the calculation of n, but found that simulated FMF was
more accurate for our application due to retrieval uncertainties, temporal coverage and

consistency of fine mode definition. We determine FMF from the GEOS-Chem simulation as the
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ratio of fine AOD (sulfate, organic carbon, black carbon, and fine dust and fine sea salt) to total

AOD (fine AOD + coarse dust and coarse sea salt).

3.10.4 ComsINING MODIS AND MISR OBSERVATIONS

Here we describe our approach to combine AOD retrievals from both MODIS and MISR. We
translate daily AOD measurements between Jan. 1 2001 and Dec. 31 2006 from MODIS level 2,
version 5, best quality and MISR level 2 (FO9_0017-F11_0021, best estimate) onto a global 0.1° x
0.1° grid. MODIS AQOD retrievals exhibit a high bias over deserts and coastal sites due to surface
brightness and subpixel water contamination (Abdou et al., 2005) partially explaining the poor
agreement between MODIS AOD and surface PM,; observed the western United States (Engel-

Cox et al., 2004b; Hu, 2009; Liu et al., 2007b). Systematic regional differences between MODIS
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Figure 3-9: Sample of albedo ratio zones, or surface types, used for AOD filtration. The top
panel shows zone definitions for July. Marker positions and colors indicate AERONET locations
and zones. Acceptable agreement (within 0.1 or 20%) of AERONET and MODIS (+), MISR (x) or
both (*) AOD retrievals is shown at each site. An ‘0’ indicates neither satellite retrieval meets
this criteria. The bottom row compares AERONET and unfiltered satellite AOD for all months
within the predominant zones. MODIS AOD are denoted by blue ‘+' and MISR AOD by red ‘x’.
Agreement of 0.1 or 20% lie within the black dotted lines.
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Figure 3-10: Number of months of MODIS and MISR AOD included in satellite-derived PM, 5
estimate. Points denote AERONET stations used for bias identification.

and MISR AOD are also found over north-central Africa, northern India and Bangladesh, and the

Patagonia Desert region of South America (Kahn et al., 2009a).

We use the MODIS BRDF/Albedo product to distinguish surface types and identify regional
error in AOD retrieval. Two ratios of six-year monthly mean black-sky albedo (0.47 um / 0.66
pum and 0.66 pm / 2.1 um) are used to divide the Earth’s surface into nine albedo-based
domains, as defined by the combinations of each ratio being < 0.4, 0.4 - 0.6, and > 0.6. Four
surface types dominate, as shown for July in the top panel of Figure 3-9. MODIS and MISR AOD
are then compared against ground-based retrievals of AOD from the AERONET to calculate an
average monthly bias for each instrument within each domain. Local AERONET comparisons are
combined according to surface type. We reject all satellite AOD retrievals with a local estimated

monthly bias in excess of the maximum of £(0.1 or 20%). Data from regions that cannot be
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confirmed to be within these bounds are rejected. Nearby AERONET sites are weighted more
heavily in the comparison to allow more representative measurements to dominate the
filtration process. The bottom row of Figure 3-9 compares unfiltered satellite and AERONET
AOD by zone for all months. MODIS AOD over zone 2 (470/660: >0.6; 660/2100: 0.4-0.6) and
zone 9 (470/660: >0.6; 660/2100: >0.6) show more scatter than other zones. Figure 3-10 shows
the total number of months included from each instrument after this filtration process. MODIS
AOD are frequently rejected over bright surfaces, such as deserts, and are more heavily filtered
than MISR. Regions with few months are more susceptible to sampling bias as discussed in the
main text. Fortunately most of the regions with poor seasonal sampling tend to have low

population.

To reduce the influence of large particles, we also exclude individual MODIS and MISR AOD
with less than 20% fine mode fraction based upon their respective retrievals of this quantity.
The albedo-filtered, fine-mode-filtered AOD from MODIS and MISR are averaged to produce

daily of AOD at 0.1° x 0.1°.

3.10.5 CompARISON OF GEOS-CHEM VERTICAL STRUCTURE WITH CALIPSO MEASUREMENTS

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite
has been providing aerosol backscatter and extinction profiles from orbit since June 2006
(Vaughan et al., 2004). Extinction profiles obtained from CALIPSO are presently unvalidated,
beta-quality products. This dataset, however, is the most complete measurement-based
representation of global aerosol profiles currently available and a valuable source of information
for the validation of simulated vertical profiles and their impact on satellite-derived PM,s. We
therefore compare simulated and measured AOD relative vertical profiles from GEOS-Chem and

CALIPSO.
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Figure 3-11 shows average relative vertical profiles from CALIPSO for various land regions, for
June-December 2006, the period of overlap with GEOS-4 meteorological fields. The fraction of
AOD within the simulated lower mixed layer ranges from about 30% over Europe to 50% over

North Africa. This represents a lower bound for fully sampled mean conditions, as profiles taken

during high pollution events are unlikely to reach the ground due to attenuation of the CALIPSO

beam. Figure 3-11 also shows the mean of coincidently sampled profiles from the GEOS-Chem
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Figure 3-11: Vertically-resolved aerosol optical depth (AOD) from the top of the atmosphere to
the given altitude (z). Red lines show values retrieved from the CALIPSO (CAL) satellite
instrument over June-December 2006. Blue lines show values simulated with GEOS-Chem (GC)
and sampled coincidently with CALIPSO. Cyan lines denote simulated mixed layer height.
Percentages give fraction of AOD within the mixed layer. Regions are defined in Figure 3-6 of
the main article. Error bars give one standard deviation.
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Table 3-4: Comparison of simulated and satellite-derived PM, 5 with ground-based
measurements.®

Sampling bias
Region Data Source  Resolution slope [ug/m?’] r n
North America™® Satellite 0.1°x0.1° 1.07 -1.75 0.77 1057
2°x2.5° 0.94 0.38 0.82 190
Simulation 2°x2.5° 1.26 -3.14 0.87 190
E. North America® Satellite 0.1°x0.1° 1.20 -3.40 0.74 798
2°x2.5° 1.04 -1.54 0.83 117
Simulation 2°x2.5° 1.34 -3.80 0.92 117
W. North America™® Satellite 0.1°x0.1° 0.69 1.39 0.67 259
2°x%2.5° 0.83 0.76 0.53 73
Simulation 2°x2.5° 0.49 2.40 0.40 73
Global“® Satellite 0.1°x0.1° 0.86 1.15 0.83 244
2°x2.5° 0.59 4.37 0.75 244
Simulation 2°x2.5° 0.54 8.89 0.63 244
Global (non-EU)*® Satellite 0.1°x0.1° 0.91 -2.64 0.83 84
2°x2.5° 0.64 0.78 0.76 84
Simulation 2°x2.5° 0.60 2.45 0.72 84

® All PM, 5 data are averaged within the sampling resolution. A minimum of 50

measurements for each point.

® North American ground measurements are coincidently sampled with both satellite and
simulated values.

“ Global excludes North American sites.

4 Global (non-EU) additionally excludes European sites.

® NA and Global comparisons are conducted at 35% and 50% relative humidity, respectively,

for appropriate comparison with ground measurements.

simulation. Simulated and retrieved profiles are consistent. The largest regional differences

occur at approximately 5 km. The fraction of AOD in the mixed layer typically differ by less than

5%, with the exception of South America and Polynesia, where this difference is within 15%.

There are concerns about an error in the CALIPSO data below 800 m (Ray Hoff, personal
communication). Differences in the mixed layer fraction of simulated and observed AOD remain

within the above percentages when excluding these values.
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3.10.6 COMPARISON OF SIMULATED AND SATELLITE-DERIVED PM 5

Of interest is whether the satellite-derived PM, s improves over the GEOS-Chem simulation
of PM,s. Table 3-4 compares satellite-derived and simulated PM, s with ground-based PM, s
over North America and the rest of the world. PM, s data are sampled coincidently over North
America. Annual average measurements are used for the rest of the world. The slope between
ground-based measurements and satellite-derived PM, 5 at 0.1° x 0.1° is consistently nearer to
unity as compared to the simulation. The bias is also smaller between the satellite-data and
ground-based measurements. Much of the global improvement in slope is driven by the finer
resolution of satellite-derived PM, 5 (0.86 for 0.1° x 0.1° versus 0.59 for 2° x 2.5°), but correlation
is higher with the satellite product than for the simulation regardless (satellite-derived: 0.75-
0.83 versus simulated: 0.63). By contrast, coarse resolution comparisons over western North

America have an improved slope relative to simulation (0.83 versus 0.49), but a poorer

Satellite-Derived

Simulated

Figure 3-12: Comparison of coincidently sampled satellite-estimated and simulated PM, s.
Satellite-estimated PM, 5 has been degraded to a resolution of 2° x 2.5°.
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correlation than at 0.1° x 0.1° (0.67 versus 0.53).

Figure 3-12 shows global coincidently sampled satellite-derived and simulated PM, 5 at the
simulation resolution of 2° x 2.5°. Both PM, s estimates agree with each other (r = 0.77), with
major enhancements associated with dust, biomass burning and industrial activities. The
magnitude of the concentrations, however, have pronounced differences. Simulated values of
PM, s over the Sahara exceed satellite-derived estimates by 20-150 ug/ma. Satellite-derived
PM, s deviate from simulated concentrations over east Asia and northern India by as much as 30
ug/ma. Satellite-derived PM, s over Mexico has an enhancement of 5-10 ug/m3 relative to
simulation The large population present in the latter three regions make differences of
particular epidemiological significance and may indicate regional bias in current emission

inventories.
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4.1 ABSTRACT

We estimate fine particulate matter (PM,s) concentrations daily using satellite observations
of a major biomass burning event around Moscow during summer 2010. We increase the
coverage of aerosol optical depth (AOD) retrieved from the MODIS satellite instrument by
relaxing the operational cloud screening criteria which can mistake extreme aerosol events for
cloud. This relaxed product has excellent agreement with coincident operational retrievals
(r’=0.994; slope = 1.010) and increases coverage during the fires by 21.3%. We relate MODIS
AOD to PM, 5 using a chemical transport model (GEOS-Chem) and find good agreement with
PM, s values estimated from in-situ PMyo (r’=0.85, slope=1.06). We find that the relationship
between AOD and PM,;s is insensitive to uncertainties in biomass burning emissions. Both
satellite-derived and in-situ values have peak daily mean concentrations of approximately 600
pg/m?® on August 7, 2010 in the Moscow region. We estimate that exposure to air pollution

from the Moscow wildfires may have caused hundreds of excess deaths.

4.2 INTRODUCTION

Extensive fires occurred in the Moscow region starting in late July 2010. No estimates of the
health impacts of the Moscow fires have been published to date, but it is reasonable to assume
that these extreme, short-lived excursions in ambient air pollution resulted in serious adverse
health effects. Large short-term increases in air pollution, or air pollution episodes, in the mid-
twentieth century were associated with rapid and pronounced increases in mortality from
respiratory and cardiovascular disease (Anderson, 1999). More recent evidence links massive
biomass burning from agricultural burning and forest fires to adverse health effects that range
from minor irritation of the eyes and respiratory system to increased rates of hospital
admissions for respiratory disease and mortality (Naeher et al., 2007). However, ground-level
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monitors are often sparse or unavailable in regions affected by fires. Additional observations
are needed to assess pollutant concentrations and possible health impacts.

Satellite remote sensing of atmospheric aerosol provides a rich data source about
particulate matter concentrations. Algorithmic developments continue to improve the accuracy
with which ground-level fine aerosol mass (PM,s) can be estimated from satellite remote
sensing. These estimates use aerosol optical depth (AOD), a measure of the total extinction by
aerosol of light passing through the atmospheric column, to estimate PM, s through physical,
statistical or hybrid relationships developed from ground-level PM, s measurements (e.g. Gupta
et al., 2006b; Koelemeijer et al., 2006; Liu et al., 2007b; Liu et al., 2005b; Wang and Christopher,
2003). Local observations of PM, s, vertical structure and relative humidity have all be used to
improve the accuracy of remotely sensed PM, ;s (e.g. Di Nicolantonio et al., 2009; Engel-Cox et
al., 2006; Schaap et al., 2008).

Chemical transport models, which calculate the four-dimensional distribution of
atmospheric aerosol mass, can accurately relate AOD to ground-level PM,, allowing estimates
in locations without nearby ground-based observations (Drury et al., 2010; Liu et al., 2004; van
Donkelaar et al., 2010; van Donkelaar et al., 2006; Wang et al., 2010). Here we apply this
approach to the Moscow wildfires to test its performance during major short-term pollution
events.

The next section describes our approach to estimate PM,s by interpreting AOD retrievals
from the Moderate Resolution Imaging Spectroradiometer (MODIS) using the GEOS-Chem
chemical transport model. Results are given and compared with in-situ PM,s estimates.
Developments to the operational MODIS aerosol retrieval algorithm for extreme events and the

sensitivity of the AOD to PM,;s relationship to local emissions are also discussed. The
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subsequent section extends previous studies of extreme PM, s events to estimate the excess

mortality in Moscow during this period.

4.3 ESTIMATING GROUND-LEVEL AEROSOL POLLUTION FROM SATELLITE OBSERVATIONS

The MODIS instrument obtains near daily global coverage at 32 spectral bands at a
resolution of 250-1000 m, depending on the channel. Two MODIS instruments are currently in
operation. The first, onboard the NASA Terra satellite, was launched in 1999 with a 10:30 a.m.
local equatorial overpass time. The second, onboard the NASA Aqua satellite, was launched in
2002 with a 1:30 p.m. local equatorial overpass time. The wide spectral range and swath width
of these versatile instruments has allowed for an AOD retrieval (Levy et al., 2007) at 10 km x 10
km with good accuracy (0.05+0.15xA0D; Remer et al., 2008) that has proven valuable for both
daily and long-term observations of aerosol.

Detection and removal of clouds is an important part of the MODIS AOD retrieval, since AOD
is not retrieved in the presence of cloud. The operational MODIS AOD product (MODO04 and
MYDO04) detects cloud-contaminated pixels at 500m resolution using spatial variability and
brightness at 0.47 um and 1.38 um (Remer et al., 2006). The center pixel of each 3 x 3 group of
pixels is designated as cloudy if the standard deviation of the group’s reflectance is >0.0025 at
0.47 um or >0.025 at 1.38 um. These criteria use the small-scale variability that is typical of
clouds but abnormal in aerosol to identify cloudy pixels. The 1.38 um channel is sensitive to
cirrus clouds. Any pixel with a 0.47 um reflectance >0.4 is also considered cloudy, since clouds
are highly reflective at this wavelength. Pixels on the granule perimeter are masked according
to their neighbour. In addition to cloud masking, any retrieved AOD greater than 5.0 is
removed. These criteria are typically effective, yet during extreme events aerosol plumes may

be mistaken for cloud or AOD may exceed 5.0.
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Figure 4-1: The MODIS Terra granule from August 8, 2010 08:50 UTC. From left to right, the
RGB image, the operational AOD retrieval and the relaxed criteria AOD retrieval are shown. The
black crosshair and box identify Moscow and the Moscow Region, respectively, and are enlarged
within the lower right subplot of each panel.

The left panel of Figure 4-1 shows a MODIS Terra RGB image from August 8, 2010 at 08:50
UTC. Dense forest fire smoke is visible as gray plumes over the Moscow region, in contrast with
white clouds to the east and west. The operational MODIS AOD retrieval, shown in the middle
panel, correctly removes pixels affected by cloud, but also removes much of the dense aerosol
plume over Moscow.

We explore the effects of relaxing the cloud screening criteria to increase coverage of the
AOD retrieval. The maximum allowed spatial variability at 0.47 um is doubled to 0.005.
Additionally, if this 0.47 um threshold is exceeded, but the 2.1 um variability is < 0.025, a pixel is
classified as aerosol. The latter criterion reflects the transparency of fine aerosol at long
wavelengths relative to cloud or dust (Kaufman et al., 1997). Finally, we increase the maximum
allowed AOD to 10.0 to allow for dense smoke.

The result of this relaxed cloud filter is shown in the right panel of Figure 4-1. A pronounced
aerosol plume becomes evident, but the cloud screening on the edge of the region remains
intact. The coverage is increased over Moscow although some peaks of the plume remain
unretrieved. The relaxed filter has significant agreement (r’=0.995) with the operational
product and negligible bias (slope = 1.017; offset = 0.009), yet retains an additional 2275 10 km

x 10 km pixels for a range of AOD levels. We reprocess MODIS Aqua and Terra granules using
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Figure 4-2: Comparison of MODIS AOD from the operational and relaxed criteria. Both panels
compare all pixels from the 238 reprocessed granules. The right panel plots both the total
number of retrievals (bars) and the percent change in number of AOD retrievals (pluses).

our relaxed criteria between 30°E - 60°E and 50°N - 65°N between July 26, 2010 to August 20,
2010.

Figure 4-2 compares MODIS AOD retrieved using the operational and relaxed criteria. On
average the relaxed criteria retained an additional 21.3% of pixels from the 238 granules
processed, generally with an increasing amount of additional coverage at higher AOD. The
agreement between the relaxed and operational retrievals is high (r> = 0.994; slope = 1.010;
offset = 0.004), and both show similar distributions.

The accuracy of the MODIS AOD retrieval algorithm can be affected by the local applicability
of its assumptions about aerosol scattering and surface reflectivity (e.g. Abdou et al., 2005;
Drury et al., 2008; Kahn et al., 2009b). Figure 4-4 compares temporally and spatially coincident
summertime AOD from the Moscow Aerosol Robotic Network (AERONET; Holben et al., 1998)
sun photometer with operational MODIS AOD retrievals between 2004-2009, prior to this
biomass burning event. AERONET provides a more direct measurement of AOD, relying on
fewer assumptions than satellite retrievals and accurate to within 0.01 (Holben et al., 1998).

The operational MODIS AOD data from both Aqua and Terra are well correlated with AERONET
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observations at this site(r = 0.71-0.82), but have a small bias (slope =0.89-1.08). We correct our
Aqua and Terra relaxed MODIS AOD retrievals by their respective slopes to reduce the bias.

We use the GEOS-Chem chemical transport model (Bey et al., 2001; v8-03-01; http://geos-
chem.org) to relate AOD to ground-level PM, 5 concentrations. The GEOS-Chem model solves
for the temporal and spatial evolution of aerosol and trace gases using meteorological data sets,
emission inventories, and equations that represent the physics and chemistry of atmospheric
composition. The GEOS-Chem aerosol simulation includes the sulphate-ammonium-nitrate-
water system (Park et al., 2004), primary carbonaceous aerosols (Park et al., 2003), secondary
organic aerosols (Henze et al., 2008), sea-salt (Alexander et al., 2005), and mineral dust (Fairlie
et al., 2007). Gas-aerosol equilibrium is computed using ISORROPIA Il (Pye et al., 2009). The
aerosol and oxidant simulations are coupled through formation of sulphate and nitrate (Park et
al., 2004), heterogeneous chemistry (Evans and Jacob, 2005; Jacob, 2000; Thornton et al., 2008),
and aerosol effects on photolysis rates (Lee et al., 2009; Martin et al., 2003b).

This GEOS-Chem simulation uses assimilated meteorology from the Goddard Earth
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Figure 4-3: Comparison of summertime AOD from AERONET and MODIS over Moscow between
2004-2009. MODIS AOD are shown in blue for Aqua and green for Terra.
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Observing System (GEOS-5), degraded to 2° x 2.5° horizontal resolution and 47 vertical levels.
Global anthropogenic emissions are based upon EDGAR 3.2FT2000 (Olivier et al., 2002), and
scaled to 2006 following the approach of van Donkelaar et al. (2008). Global anthropogenic
emissions are overwritten in areas with regional inventories, such as the European Monitoring
and Evaluation Programme (EMEP; http://www.emep.int/) over Europe. We use daily Quick
Fire Emissions Database version 2 (QFED v2) biomass burning emissions of organic carbon, black
carbon and SO,. QFED v2.1 relates emissions to MODIS retrieved Fire Radiative Power via
biome-specific calibration constants and observed area following Kaiser et al. (2009). QFED 2.1
is calibrated as to produce global average biomass emissions consistent with the Global Fire
Emission Database version 2 (GFED v2; van der Werf et al., 2006). Biomass burning emissions in
GEQOS-Chem are released into the lowest model level. Smoldering fires, such as from peat, likely
emit predominantly into the planetary boundary layer as represented by this simple scheme.

Following van Donkelaar et al. (2010), we estimate PM, 5 as

PM,< =1 x AOD 4-1

where n is determined from the ratio of simulated PM, ;s to simulated AOD at satellite overpass.
n is a function of aerosol size, aerosol type, relative humidity, and the vertical structure of
aerosol extinction.

Of concern is the sensitivity of n to error in the biomass burning inventory for this unusual
event. We test the robustness of n to this uncertainty by comparing with values calculated
using mean monthly average biomass burning emissions from a different inventory. GFED2 v2
calculates biomass burning emissions as a function of time varying precipitation, temperature,
solar radiation and fractional-absorbed photosynthetically active radiation (Giglio et al., 2006).

The right panels of Figure 4-4 show the organic carbon emissions from monthly mean 1997-

2008 GFED v2 emissions and the average QFED v2 emissions for July 22 — August 20, 2010. Both
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Figure 4-4: Effect of emissions on the AOD to PM,s relationship (n). The left panels show
simulated n and PM,s values using QFED daily and GFED climatological biomass burning
emissions. Also shown are 2004-2008 climatological values of PM,s and n. The right panels
show daily average organic carbon (OC) emissions from July 22, 2010 to August 20, 2010. The
black box identifies the Moscow region.
inventories show peak mean organic carbon emissions east of Moscow, but the period-specific
QFED v2 emissions show much higher emissions and broader sources extending further east.

The upper left panel of Figure 4-4 shows the time series of n from July 1, 2010 to August 20,
2010. Values of n show little difference (typically < 10%) whether using daily (QFED) or
climatological (GFED) biomass burning emissions, despite these large changes in emissions (right
panels) and large changes in simulated surface PM, s (lower left panel). We also compare with
climatological n values, calculated as a five-year mean (2004-2008) of the +/-15 surrounding
days of each 8™ Julian day. Large differences are observed between our previous n estimates
and this climatology, highlighting the effect of meteorology on the relationship between AOD
and PM;s.

Figure 4-5 shows mean satellite-derived PM, 5 concentrations in the Moscow region for the

period July 7-21, 2010, leading up to the fire event. Mean satellite-derived PM, 5 concentrations

range from 13.1-35.7 ug/m?, and have enhancements in the urban core. Two in-situ TEOM
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Figure 4-5: Satellite-derived mean PM, s for July 7-21, 2010. The Moscow region is shown by
the black box and enlarged in the right-hand panel. Filled circles give in-situ values, with cross-
haired locations denoting direct PM, s measurements with others estimated from in-situ PMy,.
Table 4-1 provides details of each station.

PM, s monitors were operational in Moscow during this period, but PM, s measurements are not
available outside the city center. We find that the aerosol fine fraction ranges from 40-100%
during this time using PMyy; measurements coincident with the two PM, s monitors. We apply
the mean fine fraction (66.8%) to local in-situ PM;, measurements to broaden our comparison,
also shown in Figure 4-5. Similar to our satellite-derived estimates, daily mean in-situ PM,
(Table 4-1) ranges from 16.7-32.1 pg/m? during this time. Differences between in-situ and
satellite-derived PM, 5 spatial patterns possibly reflect differences in spatial representativeness
between these metrics or daily/spatial deviations in the fine fraction applied to PM,,, as well as
errors the in-situ and satellite-derived value themselves.

The PM,s TEOM monitors were not in operation during the wildfire event due to the
abnormally hot conditions. We continue to estimate in-situ PM, s from the PMy, monitors that
did remain in operation throughout the event by assuming an 80% fine fraction from biomass
burning (Martin et al., 2010). Figure 4-6 compares in-situ and satellite-derived PM, 5 between

July 14, 2010 and August 18, 2010. Both metrics show good agreement (r’=0.85, slope=1.06),
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with in-situ values in the range of satellite-derived PM,s. A peak value of approximately 600
pg/m? is given by both metrics on August 7, 2010. A sensitivity study in which PM,.s was derived
using the operational MODIS AOD product lowered the daily median peak concentration to less
than 400 pg/m? due to filtration of aerosol by the operational cloud filter.

Figure 4-7 shows regional mean daily overpass PM, s estimates from MODIS Aqua and Terra for
August 3-10, 2010. Extremely high levels of PM,s span hundreds of thousands of square

kilometers. The largest plumes intercept Moscow on August 6-9, 2010.

4.4 HeALTH IMPACTS OF THE MOSCOW FIRES

Although direct estimates of health impacts of the Moscow fires are not currently available,

some insight into the possible magnitude of the health impacts caused by the fires can come

Table 4-1: Aerosol monitoring stations in the Moscow region.

In-situ PM, 5°
July 7-21, 2010° August 3-10, 2010°
Station Type Class Coordinates
P (g/laiagr;) No. of (I';/;iagr;) No. of
3 obs. 3 obs.
pg/m pg/m

Marymsky PMy  Urban 55°39'8.45"N, 21.0 15 261.8 8
Park 37°45'4.92"E (12.7-34.1) (73.6-608.0)

Zelenograd PMi;  Suburban 55°58'38.69"N, 18.0 15 275.2 8
37°09'1.49"E (10.7-27.4) (108.8-518.4)

MSU PMy,  Suburban 55°42'26.45"N, 18.7 1 264.4 8
37°31'20.60"E (18.7-18.7) (51.2-611.2)

Kosino PM,s, Urban 55°43'13.40"N, 32.1 8 332.6 8
PMyo 37°52'2.96"E (21.0-41.0) (113.6-724.8)

Spiridonovka PM,s, Urban 55°45'33.55"N, 18.6 8 270.1 3
PMyq 37°35'43.84"E (13.0-25.0) (107.2-382.4)

Pavlovsky PMjo Rural 55°46'16.45"N, 24.3 10 236.2 8
Posad Background 38°41'34.02"E (12.7-42.8) (55.2-564.0)

Zvenigorod PMy,  Rural 55°41'49.44"N, 16.7 4 223.4 5
Background 36°47'44.14"E (15.4-17.4) (84.0-447.2)

Kozhuhovo PMi;  Suburban 55°43'21.66"N; 26.1 13 325.7 8
37°54'37.69"E (14.7-39.4) (113.6-672.8)

®PM, s is estimated from PM;, with the exception of Kosino and Spirionovka for July 7-21, 2010.
®a fine fraction of 66.8% is used, based upon coincident PM; s and PM;, measurements at Kosino
and Spirionovka between July 7-21, 2010.

“a fine fraction of 80% is used during the biomass burning event (Martin et al., 2010).
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Figure 4-6: Comparison of in-situ and satellite-derived PM, s during the summer 2010 fire event.
The box and whisker plot presents satellite-derived PM, s within the boxed region of Figures 4-1,
4-4, 4-5 and 4-7. Blue boxes surround the 25" and 75" percentiles of the satellite-derived
PM,s. Medians and full ranges are given by the red lines and error bars, respectively. Outliers
are denoted by red pluses. All satellite-derived PM, s values given here use the relaxed cloud
screening product from MODIS, except for the magenta line which indicate median PM,s
derived from the operational MODIS AOD product. The black line denotes mean PM,s
estimated from in-situ PMy, monitors. Dark grey lines correspond to direct in-situ PM,s
measurements.

from considering the quantitative impacts that have been observed in time series studies
associating the daily changes in population mortality with daily average concentration of

particulate matter.

0 50 100 150 200 300 400 500 700 900 1100
PM.,, . [1g/m®]

Figure 4-7: Daily satellite-derived PM, s from August 3-10, 2010. The black box identifies the
Moscow region.
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We estimate the increased relative risk of death (ARRy) on a day with PM,, concentration Cy
based on the relative risk estimate of RR (per 10 pg/m? PMy,) inferred from the meta-analysis of

time-series studies according to the form
ARRq = (RR-1)(C4 - C,)/10 4-2

where C, is the reference concentration of PMy (in the absence of the fires).

The excess of mortality on day d was calculated as
AMy=M - ARRy/ (ARR4 +1) 4-3

where M is the expected number of deaths per day in the absence of fires.

The meta-analysis of European studies, conducted in 33 cities, indicated a 10 pg/m? increase
in daily PMy, levels is associated with 0.6% (95% Confident Interval (Cl) 0.4%-0.8%) increase in
total daily number of deaths (WHO, 2005). Similar risks were estimated by studies conducted in
Asia (Wong et al., 2008). Assuming a similar association of daily mortality with PMy, levels in
Moscow during the fires, enhancement of PM;, above the pre-fire level (29 pg/m? for 7-21 July
2010, using an 66.8% fine fraction as above), would lead to an average 17.1% (95% Cl 11.4%-
22.8%, based on Cl of the risk increase per 10 pg/m?) increase in the risk of death during the
fires (2-10 August). With the approximate average daily number of deaths in Moscow estimated
to be 400, this would lead to an excess of about 482 deaths during this 9 day period (95% ClI
346-600) (Figure 4-8).

An additional source of information on the link between mortality and air pollution from
forest fires is the analysis of impacts of fires that occurred in Indonesia in 1997 (Sastry, 2002).
This study estimated an increase of all cause mortality in Kuala Lumpur, Malaysia, by 19% (SE
10.9%) on high air pollution days (PMo > 210 ug/m?), with the most pronounced effect among

people 65-74 years of age (56%, SE 32.8%, Sastry, 2002, Table 4). Mortality increased by 21.8%
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Figure 4-8: Estimated number of daily deaths in Moscow due to smoke from the wildfires,
August 2-10, 2010. Error bar denote the 95% confidence interval.
(SE 8.6%), especially among infants and the 65-74 age group, on days of low visibility (<0.91 km)
which is indicative of high air pollution from forest fires (Sastry, 2002, Table 8). Using this risk
coefficient for days with high PMy, levels from this study, we can estimate an excess of about 64
deaths in each of the 5 days in which PM,, exceeded 210 pg/m3 in Moscow. This approach
would suggest a total excess of 320 deaths (95 Cl ranging from no effect to 575 deaths).
Although these estimates suggest that air pollution from the fires may have caused serious
adverse health effects, they entail many assumptions and are highly uncertain. When high
levels of biomass smoke are accompanied by extreme heat, as was the case in the Moscow fires,
both air pollution and heat may cause serious adverse health effects, and the independent
effect of increased exposure to air pollution may be difficult to quantify. Moreover, exposure to
particulate air pollution and extreme heat may interact, resulting in effects that are more than
additive (Qian et al., 2008). In addition, both estimates given above assume a linear relation
between short-term exposure to PM and the excess relative risk of mortality across a broad

range of PM levels. However, Sastry (2002, Table 3) suggests that the relationship may be
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supra-linear at levels in excess of 200 ug/m* PMyo, while others argue that there may be a
marked decrease in the excess relative risk at very high levels of exposure (Pope et al., 2011).
Furthermore, we estimate only the effects of exposure on the days of the episode. Health
impacts over the longer term may be affected by both reduced mortality in the aftermath of the
episode, so-called “harvesting” or “mortality displacement” (due to the depletion of frail or
otherwise susceptible individuals), or by chronic effects caused by the extreme exposures (e.g.
the long-term sequalae of acute myocardial infarctions brought on by the episode). More
definitive estimates of the health impacts of the fires would require a careful analysis of local

data on morbidity and mortality for the relevant time periods.

4.5 CONCLUSIONS

We estimated daily mean ground-level PM, s concentrations during satellite overpass by
using the GEOS-Chem model to relate MODIS AOD to PM, 5 during the major biomass burning
event around Moscow in summer 2010. We found that these satellite-derived estimates well
represent ground-level PM, s estimated from PM;q measurements (r*=0.85, slope=1.06). Peak
daily mean satellite-derived PM,s exceed 600 pg/m® in the Moscow area on August 7, 2010,
with similar PM, s values estimated from in-situ measurements of PMy,. High levels of PM, 5
were estimated to affect hundreds of thousands of square kilometers surrounding Moscow.

To obtain these results, we presented a relaxed cloud screening criteria for the MODIS AOD
retrieval algorithm that increases coverage during extreme aerosol events without apparent
misclassification of clouds. The relaxed criteria allows retrieval of an additional 21.3% of pixels
during this period in the Moscow region. It has strong agreement with the operational retrieval
algorithm for coincident pixels (r* = 0.994; slope = 1.010), with the recovered pixels spread

across a range of AOD values.
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We found that the relationship between AOD and PM,s is robust against changes to
emissions, but is strongly affected by changes in meteorology. These results suggest that
satellite observations can be used to monitor daily ground-level PM, s during major events
without direct calibration to in-situ PM,_s.

Using separate relationships determined from two other major biomass burning events, we
estimated that exposure to air pollution from the Moscow wildfires may have caused hundreds

of excess deaths.
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Chapter 5. CONCLUSION

5.1 SUMMARY OF THIS PRESENT WORK

In the first part of this work, we combine aircraft and surface observations from the
Intercontinental Chemical Transport Experiment (INTEX-B) with satellite retrievals and simulated
values to better understand Asian aerosol emissions and the impact of long range aerosol
transport on Canadian air quality. We estimate an increase in east Asian SO, emissions between
2000 to 2006 of 6.2-9.6% interpreting Aerosol Optical Depth (AOD) trends retrieved by the
Multiangle Imaging Spectroradiometer (MISR) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) with the GEOS-Chem chemical transport model, in agreement with
bottom-up estimates of 9.9% (Streets et al., 2003). By further interpreting INTEX-B with GEOS-
Chem, we find that the outflow of Asian SO, is strongest in the lower troposphere, with
enhanced SO, concentrations of 1-1.5 pg/m?® observed by the DC-8 between 700-800 hPa over
the Pacific Ocean. Closer to North America, mean C-130 and Cessna aircraft SO, measurements
of 1-1.5 pug/m’ over 600-800 hPa suggest that Asian plumes are often elevated by orographic
effects nearer to the coast.

Using historic aircraft measurements from 1985, we find an increase of free tropospheric
SO, of 60-90% from 1985 to 2006. Sensitivity simulations for 1985 and without East Asian
emissions indicate that their relative contribution to SO,” concentrations during April and May
between 500-900 hPa increased by 72-85% due to emission changes as compared to 1985
depending on the specific region.

Campaign-mean simulations show that 50% of the SO, burden between 1 and 5 km over
Whistler is of anthropogenic Asian origin. These emissions increase surface concentrations

along the western Canadian coast by an average 0.31 pg/m® (~30%) in spring. This effect is
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corroborated with surface measurements, where we find an increase of 0.32 pg/m3 with each
10% increase in simulated fraction of Asian SO, during INTEX-B, with episodic enhancements of
more than 1.5 pg/m°.

In the second part of this work, we produce a global climatology of surface fine aerosol
concentrations (PM,s) by interpreting satellite retrievals of AOD from MODIS and MISR with the
GEOS-Chem chemical transport model. We found significant spatial agreement between mean
coincident satellite-derived and ground-based PM, s for North America (slope = 1.07, r =0.77, n
= 1057), as well as evidence of global agreement with non-coincident measurements from
published and unpublished data (slope = 0.86, r = 0.83, n = 244). This level of agreement is
globally better than is found by simulation alone (slope = 0.54, r = 0.63, n=244), in part due to
the higher resolution of the satellite retrievals. We estimate a 1-sigma error of 25% by
evaluating the accuracy of the simulated aerosol vertical structure with measurements from the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite and
testing the impact of sampling frequency using GEOS-Chem. In agreement with this estimate,
we find that one standard deviation of mean coincidently sampled PM,s measurements are
within +(1 pg/m? + 15%) of our satellite-derived value.

These satellite-derived PM, s estimates suggest the global population-weighted geometric
mean PM, s concentration is 20 pg/m?® and that 80% of the global population resides in locations
where ambient concentrations exceed the WHO Air Quality Guideline of 10 pug/m?. Application
of the satellite-derived PM, 5 dataset also identifies global regions and areas of specific concern;
half (50%) of the eastern Asian population lives in regions that exceed the WHO Air Quality
Interim Target 3 of 35 pg/m>, and are therefore at increased risk from air pollution-related
health impacts. These results highlight the potential of satellite aerosol observations to
contribute to chronic effects studies at regional and global scales.
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The final section of this work tests the ability of satellite-derived PM, 5 estimates to capture
daily PM, 5 in Moscow during the major biomass burning event that occurred there in summer
2010 using MODIS. We found that satellite-derived estimates well represented ground-level
PM, s estimated from PM;, measurements (r’=0.85, slope=1.06) during the event and estimate a
peak concentration of 600 pug/m® in Moscow on August 7, 2010, in agreement with in-situ
estimates. The operational cloud screening algorithm used by the MODIS AOD retrieval can
confuse dense aerosol plume for cloud during extreme events. We suggest relaxed cloud
screening criteria which provide an additional 21.3% coverage during the Moscow wildfires
while maintaining significant agreement with the standard operational product (r* = 0.994; slope
=1.010). The additional coverage provided by the relaxed criteria improves agreement between
satellite-derived and in-situ PM, 5 estimates, with the operational cloud screening reducing peak
on August 7, 2010 to 400 pg/m>. Using a meta-analysis of previous studies investigating the
health impact of major biomass burning events, we estimate that the Moscow wildfires may

have caused hundreds of excess deaths.

5.2 PRESENT AND FUTURE STUDIES UTILIZING THIS WORK

The production of global long-term mean estimates of PM,s has generated excitement
among some epidemiologists due to the sparseness of global in-situ measurements and the
association between ambient PM, s and increased risk of several chronic diseases. This work has
received considerable media attention such as a NASA press release (Voiland, 2010), National
Geographic China (Zhang, 2010), the Canadian Broadcasting Corporation (Jones, 2010) and the
United Nations Environment Programme (UNEP) Yearbook (Bech and Goverse, 2011).

Canadian in-situ monitoring of PM, s occurs predominantly near major cities. As a result,

several Canadian studies are using our satellite-derived PM, s estimates. Villeneuve et al. (in
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press) directly linked satellite-derived estimates of PM,s to the health records of 122,548
Canadians to associate factors such as smoking with ambient PM,s. Higher levels of smoking
occur in regions of lower PM, 5, acting as a confounder against associations between lung cancer
and heart disease. Crouse et al. (in prep) assigned satellite-derived PM, 5 concentrations to the
2.1 million Canadians who took part in the 1991 detailed census to find a 10% increase in
mortality from non-accidental death per 10 pg/m?® increase in PM,< exposure. They found
similar associations using in-situ measurements at 11 major Canadian cities. Hystad et al.
(submitted) incorporated satellite-derived PM, s estimates into a landuse regression model and
found that these estimate dominated its predictive capabilities of PM, s variation (r2 =41% out
of a total r* = 46%).

Evans et al. (in prep) and projects such as the World Health Organisation’s (WHO) Global
Burden of Disease (Brauer et al., in prep.) have begun to incorporate satellite-derived PM, s
estimates to assess the global impact of PM, s on human health. Evans et al. (in prep) found that
adult mortality from 8.0% of cardiopulmonary disease, 12.8% of lung cancer and 9.4% of
ischemic heart disease is globally attributable to anthropogenic PM,s. World-wide asthma

prevalence is also being investigated (Butland et al., in prep).

5.3 FUTURE DIRECTIONS

This thesis is a part of a growing body of evidence of the value of remote sensing for the
monitoring of air quality. There is, however, much work to do before this field of research
reaches its full potential. The major assumptions related to surface reflectivity and aerosol
scattering properties that are built into AOD retrievals are a large source of uncertainty. The use
of filtration, such as was done in Chapter 3, limits the direct impact on poorly represented areas,

but reduces the number of observations. Alternate approaches that either apply corrections to
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these areas (Hyer et al., 2011) or address the root causes of their uncertainties (e.g. Castanho et
al., 2008; Drury et al., 2010; Lyapustin et al.,, 2011; Wang et al.,, 2010) would increase
observations and reduce noise. Increased coverage may also be obtained by improvements to
cloud screening algorithms, such as presented in Chapter 4, if these changes can be shown to be
globally applicable.

Uncertainties in aerosol chemical production mechanisms and both direct and precursor
emissions (e.g. Pye and Seinfeld, 2010) limit our ability to represent aerosol distributions and
vertical structures (e.g. Heald et al., 2005), and affect our ability to relate AOD to PM, s at the
surface. Model resolution also plays a role, since relatively coarse global models cannot capture
small-scale variation, yet many regional models do not include long-range transport which may
limit their ability to represent the entire atmospheric column. Nested capabilities in chemical
transport models, such as now implemented in GEOS-Chem, or improved boundary conditions
for regional models may bridge these qualities and allow column-representative AOD-PM, 5

relationships at fine resolution.
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