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Abstract

Fine particulate matter (PM3 5) is the leading environmental risk factor for the global
burden of disease. Black carbon (BC) and metal components are primarily responsible for the
adverse health effects associated with PM2s. PMa s also has climate effects, especially BC that
contributes significantly to Arctic warming. We interpret satellite, aircraft, and ground-based
measurements using the GEOS-Chem global chemical transport model to better understand
PMb 5 and its chemical composition.

We determine and interpret PM> 5 concentrations over eastern China for 2013 from
aerosol optical depth (AOD) retrieved by the new Korean geostationary ocean color imager
(GOCI) satellite instrument. Significant agreement is found between GOCI-derived PM; 5 and
ground-based measurements in both annual averages (R? =0.66, N = 494) and monthly averages
(relative RMSE = 18.3 %). Secondary inorganics (SO4>", NO3~, NH4") and organic matter are the
most important components of GOCI-derived PM> 5. The population-weighted GOCI-derived
PM: 5 over eastern China for 2013 is 53.8 pg m >, with 400 million residents in regions that
exceed the Interim Target-1 of the World Health Organization.

We interpret a series of recent airborne and ground-based measurements with the GEOS-
Chem model and its adjoint to attribute the sources of Arctic BC. We find that anthropogenic
emissions from eastern and southern Asia have the largest impact on the Arctic BC column
burden (~37%) and that anthropogenic emissions from northern Asia are the primary source of
the Arctic surface BC (~40%). Our adjoint simulations indicate noteworthy contributions from
emissions in eastern China (15 %) and western Siberia (6.5 %) to the Arctic BC column
concentrations. Gas flaring emissions from oilfields in western Siberia could have a striking
impact (13 %) on Arctic BC loadings in January.

We present an initial simulation of 12 trace metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As,
Cd, Ni and Pb over continental North America for 2013 at a fine resolution of 0.25 ° x 0.3125°
by using the GEOS-Chem transport model. The evaluation of modeled trace metal
concentrations with observations from more than 200 monitors across North America indicates a
promising spatial consistency.

vii
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Chapter 1: Introduction

1.1 Aerosols

Aerosols are suspended particles or droplets in the atmosphere with a size typically between
0.01 pm and 10 pm in diameter (Pasceri and Friedlander, 1965). Despite their small size,
aerosols strongly influence the climate, ecosystem and human health. Aerosols can alter the
Earth’s energy balance and thereby the climate by interacting with solar radiation through
absorption and scattering (Ramanathan and Carmichael, 2008). Aerosols can also change the
climate by enhancing cloud formation since they can serve as cloud condensation nuclei
upon which cloud droplets form (Lohmann and Feichter, 2005). Aerosols contribute to acid
deposition that damages aquatic wildlife and plants (Galloway et al., 1987). Aerosols are
repository health hazard even below the level of the US national standard concentrations (12
ng m>; Crouse et al., 2012; Di et al., 2017). A thorough understanding of the processes and
properties of aerosol particles in the atmosphere offers the opportunity to inform decisions

affecting human health and the environment.

Aerosol size is a fundamental property that affects the formation, chemical composition,
removal, and optical properties of aerosols. Atmospheric aerosols originate from two
pathways: emissions of primary particulate matter and clustering of gas molecules
(nucleation). Newly emitted or nucleated aerosols are primarily found in the ultrafine size
range (aecrodynamic diameter less than 0.1 um), then rapidly grow to accumulation mode
(diameter in 0.1 — 2.5 pm) particles through condensation, coagulation and non-precipitating
cloud processing (Ramabhadran et al., 1976; Seinfeld and Ramabhadran, 1975). Further
growth of accumulation particles to coarse particles (diameter larger than 2.5 pm) is slow as
the condensation and coagulation rates decrease with particle mass and size (Ramabhadran et
al., 1976; Seinfeld and Ramabhadran, 1975). Thus, accumulation mode is the most abundant
contributor to mass in the atmosphere. In addition to the growth of accumulation particles,

coarse particles (i.e. mineral dust or sea salt) also originate from the mechanical action of the



wind on the Earth’s surface such as dust storm (Fairlie et al., 2007) or ocean wave breaking

(Alexander et al., 2005).

The chemical composition of atmospheric aerosol varies with particle size. Fine aerosols
(particle diameter < 2.5 um) are typically composed of organic aerosols (OA), inorganic
aerosols (i.e. sulfate, nitrate, ammonium), black carbon (BC) and trace metals (e.g. iron, lead,
cadmium, nickel; Snider et al., 2016). Mineral dust, sea spray and biological particles (e.g.
pollen, spores, plant fragments etc.) are major constituents of coarse particles (Lee et al.,

2009; Pakkanen et al., 2001).

Depending on the formation processes, the chemical composition of aerosols is categorized
into primary and secondary aerosols. Primary aerosols (i.e., BC, trace metals and coarse
particles) are emitted directly into the atmosphere as particles. Secondary aerosols (i.e.,
sulfate, nitrate, ammonium, also termed together as secondary inorganic aerosols or SIA), are
formed in the atmosphere through gas-to-particle conversion. For example, sulfate, nitrate,
and ammonium aerosols are formed through the oxidation and condensation of their
precursor gasses: sulfur dioxide (SOz), NOx (NO and NO) and ammonia (NH3). Freshly
emitted SOz and NOx in the atmosphere is oxidized to H2SO4 and HNO3; through a series of
chemical reactions. Sulfate and nitrate aerosols are formed through the condensation of gas-
phase H>SO4 and HNOs since they have a low vapor pressure. Ammonium aerosols are
formed when atmospheric NH3 gas neutralizes acids such as H2SO4 and HNOs. In addition to
SIA, secondary organic aerosols (SOA) are also formed through gas-to-particle conversions.
The oxidation of gas-phase volatile organic carbons (VOCs, such as isoprene and benzene) in
the atmosphere reduces their volatility by adding oxygen/nitrogen to organic molecules,
facilitating their condensation onto particles or nucleation to form SOA. SOA can be formed
alternatively by the polymerization of low-molecular-weight aldehydes on acidic aerosol
surfaces (Jang et al., 2002; Kalberer et al., 2004). The amount of primary and secondary
aerosol in the atmosphere varies considerably with time and location, depending on the local

emission sources (Jimenez et al., 2009; Snider et al., 2016).



Aerosols and their precursors are emitted from natural and anthropogenic sources. Natural
sources include soil (mineral dust and crustal elements), oceans (sea salt and dimethyl
sulfide), forest fires (VOCs and BC), volcanoes (sulfate and SO») and biosphere (NH3z and
organics). Anthropogenic sources include fossil fuel combustion (SIA, BC, VOCs and trace
metals), industrial processes (BC, SIA, organics, trace metals), biomass burning (BC and
POA) and anthropogenic fugitive dust (crustal elements). Fossil fuel combustion and biomass
burning dominate anthropogenic sources. It is projected that by 2040 anthropogenic sources

of aerosol could be comparable to those from natural sources in mass (Wolf and Hidy, 1997).

Aerosols are removed from the atmosphere by wet and dry deposition. Wet deposition
removes aerosol by incorporation into cloud droplets (in-cloud scavenging or washout) and
subsequent precipitation (below-cloud scavenging or rainout). Dry deposition is the settling
of aerosol in the absence of precipitation. Dry deposition is effective for nucleation particles
by Brownian diffusion and for coarse particles by gravitational settling. Consequently,
aerosols have a typical lifetime of 1-2 weeks in the lower troposphere (Gentry and Brock,

1968; Toossi and Novakov, 1985; Williams et al., 2002).

This thesis studies primarily on fine aerosol (diameter less than 2.5 um) because it is
typically used as an indicator in epidemiological analysis and disease burden assessment of
adverse health effects associated with air pollution (Lippmann, 2014; Bell et al., 2015; Cohen
etal., 2017; Di et al., 2017).

1.1.1 PMzs

PM2: s is fine particulate matter with aerodynamic diameter less than 2.5 um. Given the
small size, PM2 5 can penetrate the thoracic region of the respiratory system, increasing
the morbidity and mortality from respiratory and cardiovascular diseases, particularly in
the elderly and children. (Bell et al., 2009; Di et al., 2017; Krall et al., 2016; Lippmann,
2014). It is estimated that more than 4 million premature deaths are attributable to
outdoor PM; 5 globally in 2015 (Cohen et al., 2017), making PM; 5 one of the leading risk
factors for global burden of disease. Due to these adverse effects, the World Health



1.1.2

Organization (WHO) recommends a maximum annual PM, 5 exposure of 10 pg/m?
(WHO, 2005). However, this recommendation is hardly met worldwide. The global
population-weighted annual average PM, 5 for 2010 is estimated as 32.6 pg/m?, with the
highest annual average of ~50 ug/m? in eastern and southern Asia (van Donkelaar et al.,
2016). Therefore, further studies on PM; s, especially over Asia, is necessary for health

benefits.

Black carbon

Black carbon (BC), also known as soot, is black-appearing carbonaceous aerosol with
strong light absorption. The direct radiative forcing of BC is estimated as + 0.88 W m?,
with a total climate forcing of + 1.1 W/m?, making BC the second most important
pollutants in terms of climate forcing (only after carbon dioxide) in the atmosphere (Bond
et al., 2013). The strong absorption of solar radiation by BC also contributes significantly

to Arctic warming.

Arctic BC is primarily long-range transported from source regions such as Europe, Asia
and North America (Koch, 2005; Shindell et al., 2008). BC is emitted from incomplete
combustion of fossil fuels, biofuels and biomass (wood, forest, grass, solid waste, etc.).
Within hours of emission, pure BC particles become mixed with other co-emitted
aerosols from combustion (i.e., sulfate and organics) as they condense onto BC particles
and coat the BC core. The mixing process coverts BC from hydrophobic to hydrophilic,
since the chemical components of the coating (i.e. sulfate and SOA) are usually soluble
(Abel et al., 2003). The e-folding time of the conversion is typically one day (Park,
2005). As BC become hydrophilic, its major removal from the atmosphere becomes wet
deposition through in-cloud scavenging and precipitation. BC particles can be transported
from their sources to the Arctic in several days to weeks (Heidam et al., 2004), long
enough for BC to be well-mixed, aged and hydrophilic. There is also a moderate amount
of Arctic BC transported from source regions on the fringes of the Arctic, such as boreal
forest fires in Alaska (Warneke et al., 2009) and gas flaring emissions from oilfields in

Siberia (Stohl et al., 2013).



1.1.3

In order to develop appropriate BC reduction strategies for Arctic warming, the
geographical sources contributing to Arctic BC must be known quantitatively. Prior
studies have presented very different or even contradictory results (Stohl, 2006; Stohl et
al., 2007; Warneke et al., 2009). More studies are necessary to understand the differences

and to better quantify geographical source contributions to Arctic BC.

Trace metals

Metals are important components of PM> 5 with a minor contribution (< 1%) to PMz 5
mass. Although low in concentrations, metals are responsible for a number of adverse
health effects associated with PM» 5. For example, cardiovascular and respiratory
hospitalizations have been positively associated with aluminum (Al), calcium (Ca),
silicon (Si), titanium (Ti) and potassium (K; Bell et al., 2013; Krall et al., 2016).
Increased mortality risks are associated with transition metals such as iron (Fe),
manganese (Mn) and Ti even under short-term exposure (Ostro et al., 2007; T. Burnett et

al., 2000).

Trace metals contain a wealth of information about PM; 5 sources. K concentrations are
strongly associated with biomass burning (Pachon et al., 2013; Tanner et al., 2001).
Crustal elements (i.e., Si, Al, Ca, Mg and Ti) are useful for identifying dust sources
including road dust and mineral dust (Chang et al., 2017; Khodeir et al., 2012a). Heavy
metals (i.e., Cd, Pb and As) can indicate industrial sources of PM» s (Chang et al., 2017;
Okuda et al., 2007; Pacyna and Pacyna, 2001).

Due to heterogeneous emission sources and short atmospheric lifetimes (days), trace
metal concentrations can vary by several orders of magnitude from region to region,
presenting a challenge for understanding their distributions. Nonetheless, recent

developments in chemical transport models are promising in addressing the problem.



1.2 Monitoring of atmospheric aerosols

The health and climate concerns of aerosols have motivated the development of national and
international monitoring networks and campaigns. In situ observations provide
comprehensive measurements of aerosols mass, composition, and optical properties. There
have been various extensive operational aerosol monitoring networks across North America
and Europe since the 1970s (Chow, 2002; Holben et al., 1998; Terseth et al., 2012). A large
number of monitoring networks have been established in China during the past decade to
monitor major air pollutants including PM 5. Even in the Arctic, there have been several
ground monitoring stations in the North American and European Arctic to measure aerosol
characteristics in a pristine environment. These worldwide in situ observations provide

valuable information on aerosol properties.

The emergence of satellite remote sensing has allowed unprecedented spatial and temporal
observational coverage of the Earth, which has considerably improved our understanding of
aerosol loadings, optical properties and vertical profiles (Lee et al., 2009). Traditional low
orbit (polar) satellite instruments provide aerosol measurements on a global coverage with
fine spatial resolutions. Recent geostationary satellite instruments allow for regional aerosol
retrievals at high temporal resolutions. Satellite remote sensing combined with in situ
measurements offer comprehensive insight into aerosol properties from different

perspectives.

1.2.1 In situ measurements of aerosol mass

Ambient aerosol samples are commonly collected by an air sampler in which aerosols
travel through a size-selective inlet and are collected on a quartz fiber filter. The total
mass of aerosol samples (typically PMio or PM s5) can be determined either by the
manual weighting of the filter before and after sampling or by automatic methods
commonly including Tapered Element Oscillating Microbalances (TEOM) and beta
attenuation monitors (BAM). TEOM measures aerosol mass on a filter by its effect on the

resonant frequency of a vibrating support, while BAM measures the aerosol mass by its



1.2.2

absorption of electrons emitted by a weak beta-source. After the measurement of aerosol
mass, samples are subsequently analyzed for their composition including BC, trace

metals and water-soluble ions.

BC mass can be estimated by three techniques responding to different properties of BC.
The optical method used by an aethalometer (Bond et al., 1999) or a particle soot
absorption photometer (PSAP) converts the light absorption of BC to BC mass
concentrations by assuming a mass absorption coefficient (MAC). Measurements based
on this method are known as equivalent BC (EBC). The thermal method (Huang et al.,
2006) measures non-volatile elemental carbon (EC) by heating the filter to evaporate
volatile organic carbon out of the total carbon. The refractory method used by a single
particle soot photometer (SP2) measures the incandescence of individual particles heated
to 3600°C. Measurements based on the refractory method are known as refractory BC
(rBC). Since different methods respond to different properties of BC and none of these
methods are uniquely sensitive to BC, the measurement of BC mass is subject to large

uncertainties (Bond et al., 2013; Sharma et al., 2017).

Trace metals are often measured by x-ray fluorescence (XRF) spectrometry. This method
is based on the principle that individual atoms, when excited by an external energy
source, emit X-ray photons of a characteristic energy. By counting the number of photons
of each wavelength emitted from the sample, the elements present may be identified and

quantified.

Satellite remote sensing of aerosol optical properties
Satellite remote sensing measures aerosol abundance through the total atmospheric

column based on the fact that aerosol reflects and absorbs sunlight. The extinction of

light passing through the atmosphere can be described by Beer’s law as,

=1y exp (-7) (1.1)



where [y and 7 are the intensity of incoming and outgoing light, respectively, at a
particular wavelength. T is the optical depth of traversing medium. Aerosol optical depth
(AOD) describes light extinction through the atmospheric column due to the presence of

aerosol, which is described as,

T = [T bydz (1.2)

where z is the length of light path, bex: is light extinction coefficient that is determined by

aerosol size distribution and extinction efficiency.

AOD can be retrieved by satellite remote sensing through the aerosol reflectance of

sunlight. Aerosol reflectance (R,) is retrieved by
R.(0) = R(©) — Rn(0) — Rs(0) (1.3)

where R is total atmospheric column reflectance retrieved by satellite. R,, and Ry are
reflectance by gas molecules and the Earth surface, respectively. © is viewing angle.

Aerosol reflectance is then converted to AOD by the following equation,

_ Ra(®)
AOD ~ )0 (1.4)

where P is aerosol phase function that describes the angular distribution of light scattered
by aerosol. @ is aerosol single scattering albedo that quantifies the scatter fraction of

incident radiation.

1.3 Chemical transport model and inverse modeling

In addition to direct measurements, aerosol properties such as concentrations and optical
properties can also be calculated through modeling. Chemical transport models solve for the

temporal evolution of atmospheric aerosols using meteorological datasets, emission



inventories, and equations that represent the physics and chemistry of the atmosphere.
Aerosol properties calculated by chemical transport models have proven to be a valuable
source of information with complete horizontal and vertical global coverage at high temporal

resolution.

1.4 Goal of this work

In situ measurements, satellite remote sensing and chemical transport models each provide
valuable insight into aerosol properties. This work brings together these sources, drawing on
their individual strength to investigate global and regional aerosol concentrations, chemical

composition and transport.

Given the adverse health effects associated with PM; s, it is importance to understand PM> 5
distributions, especially in China where close to 1 million premature deaths are attributable to
PM; 5 in 2013 (HEI, 2016). The first part of this thesis estimates the distribution of PM> s and
its chemical composition over eastern China by using the first geostationary satellite
instrument (GOCI) for air quality and the GEOS-Chem chemical transport model. This work
was published in Atmospheric Chemistry and Physics in 2015.

The Arctic is warming at a rate two times faster than anywhere on the Earth (NOAA, 2017).
BC has a considerable contributes to this warming due to its strong absorption of sunlight.
However, geographical sources of BC remain uncertain given limited observations in the
Arctic and missing emission sources in previous modelling studies. The second part of this
thesis interprets the most recently aircraft and ground-based measurements in the Arctic with
the GEOS-Chem model to better understand sources of Arctic BC. This work was published
in Atmospheric Chemistry and Physics in 2017.

Airborne metals are responsible for a number of adverse health effects associated with PM2 5
because of their toxicity and carcinogenicity. Studies on the health effects of airborne trace
metals are limited by the strong spatial heterogeneity of trace metal distributions due to their

complex emission sources and short lifetimes. The last part of this thesis presents the first



simulation of 12 trace metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As, Cd, Ni and Pb over the
continental North America for 2013 at a fine resolution of 0.25° x 0.3125° by using the
GEOS-Chem chemical transport model. Results from this simulation provide valuable basis

for further investigations into the health effects of trace metals and PM3 s.
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2.1 Abstract
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We determine and interpret fine particulate matter (PM25) concentrations in eastern China for
January to December 2013 at a horizontal resolution of 6 km from aerosol optical depth (AOD)
retrieved from the Korean Geostationary Ocean Color Imager (GOCI) satellite instrument. We
implement a set of filters to minimize cloud contamination in GOCI AOD. Evaluation of filtered
GOCI AOD with AOD from the Aerosol Robotic Network (AERONET) indicates significant
agreement with mean fractional bias (MFB) in Beijing of 6.7% and northern Taiwan of -1.2%. We
use a global chemical transport model (GEOS-Chem) to relate the total column AOD to the near-
surface PM»s. The simulated PM>s/AOD ratio exhibits high consistency with ground-based
measurements in Taiwan (MFB= -0.52%) and Beijing (MFB= -8.0%). We evaluate the satellite-
derived PM25 versus the ground-level PMazs in 2013 measured by the China Environmental
Monitoring Center. Significant agreement is found between GOCI-derived PM2s and in-situ
observations in both annual averages (r’=0.66, N=494) and monthly averages (relative
RMSE=18.3%), indicating GOCI provides valuable data for air quality studies in Northeast Asia.
The GEOS-Chem simulated chemical composition of GOCI-derived PM: s reveals that secondary
inorganics (SO4>", NO3", NH4") and organic matter are the most significant components. Biofuel
emissions in northern China for heating increase the concentration of organic matter in winter. The
population-weighted GOCI-derived PM, s over eastern China for 2013 is 53.8 pg m™, with 400

million residents in regions that exceed the Interim Target-1 of the World Health Organization.

2.2 Introduction

Fine particulate matter with aerodynamic diameter less than 2.5 um (PM25) is a robust indicator
of mortality and other negative health effects associated with ambient air pollution (Goldberg et
al., 2008; Laden et al., 2006). It is estimated that more than three million people lost their lives
prematurely due to PM2sin 2010 (Lim et al., 2012), of which one million occurred in East Asia
(Silva et al., 2013). In China, there have already been several episodes with PM2 s described as
“beyond index” levels. Thus, it is of paramount importance to monitor PM2 s concentrations across

China. Satellite remote sensing has a high potential to monitor PMas.

Satellite retrievals of aerosol optical depth (AOD), which provide a measure of the amount of light

extinction through the atmospheric column due to the presence of aerosols, have long been
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recognized to relate to ground level PM»>s (Wang and Christopher, 2003). Many studies have
developed advanced statistical relationships to estimate with high accuracy surface PM> s from
satellite AOD (Liu et al., 2009; Kloog et al., 2012; Hu et al., 2013). For example, Ma et al. (2014)
estimated PMa>s concentrations in China from satellite AOD by developing a national-scale
geographically weighted regression model, and found strong agreement (r’=0.64) with ground

measurements.

In addition to empirical statistical methods, satellite AOD can also be geophysically related to
surface PM> 5 by the use of a chemical transport model to simulate the PM» .5 to AOD relationship
(Liu et al., 2004; van Donkelaar et al., 2010). This approach was first demonstrated using data
from the Multiangle Imaging Spectroradiometer (MISR) aboard NASA’s Terra satellite over the
United States for 2001 (Liu et al., 2004). Van Donkelaar et al. (2006, 2010) extended this approach
to estimate PMazs from AOD retrieved from both the MODIS (Moderate Resolution Imaging
Spectroradiometer) and the MISR satellite instruments, and developed a long-term global estimate
of PM2 5 at a spatial resolution of approximately 10 km x 10 km. Boys et al. (2014) used AOD
retrieved from MISR and the SeaWiFS (Sea-viewing Wide Field-of-view Sensor) to produce a 15-
year (1998—2012) global trend of ground-level PM2s. These previous studies have proven to be
globally effective, but more detailed regional investigation is needed in densely polluted and

populated regions like China.

The Geostationary Ocean Color Imager (GOCI) is the first geostationary satellite instrument that
offers multi-spectral aerosol optical properties in Northeast Asia (Park et al., 2014). GOCI has a
high observation density of 8 retrievals/day (hourly retrievals from 09:00 to 16:00 Korean Standard
Time) over a location, which exceeds the retrieval density of traditional low-Earth polar-orbiting
satellite instruments. Thus, GOCI is promising for more detailed investigations on aerosol

properties in highly polluted and populated regions including eastern China.

In this study, we estimate ground-level PM; 5 in eastern China for 2013 at a horizontal resolution
of 6 km by 6 km, by using AOD retrieved from GOCI, coupled with the relationship of PM> 5 to
AQOD simulated by a chemical transport model (GEOS-Chem). Section 2 describes the approach
and data. Section 3 evaluates the GOCI AOD, the simulated PM2 5 to AOD relationship, and the

GOClI-derived PMys using recently available ground-level measurements from the China
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Environmental Monitoring Center (http://113.108.142:20035/emcpublish/). We also interpret the
GOClI-derived PM2 5 by using the GEOS-Chem model to estimate its chemical composition.

Section 4 summarizes the major findings and potential future improvements of the current analysis.

2.3 Methods

2.3.1 Aerosol optical depth from the GOCI satellite instrument

GOCI operates onboard the Communication, Ocean, and Meteorology Satellite (COMS) that was
launched in 2010 in Korea (Lee et al., 2010). The spatial coverage of GOCI is 2500 km x 2500 km
in Northeast Asia, including eastern China, the Korean peninsula and Japan (Kang et al., 2006).
GOCI has eight spectral channels for aerosol retrievals, including six visible bands at 412,
443, 490, 555, 660, 680 nm and two near infrared bands at 745 and 865 nm (Park et al., 2014).
The Level 2 AOD products are retrieved at a spatial resolution of 6 km by 6 km, using a clear-sky
composite method for surface reflectance and a lookup table approach based on AERONET
observations (Lee et al., 2010; Lee et al., 2012).

A challenge using GOCI to detect aerosols in the atmosphere is the absence of mid-infrared (IR)
channels to detect clouds, which means that significant errors could be induced in the estimates of
AOD. The operational GOCI products screen clouds based on spatial variability and threshold
tests at each 6 km x 6 km pixel in combination with a meteorological imager that has 4 IR channels
(at 3.7 pum, 6.7 pm, 10.8 pm, 12 um wavelengths) at 4 km by 4 km resolution onboard the same
satellite (Cho et al., 2006). However, as will be shown here cloud contamination still occurs.
Therefore, we apply a set of spatial filters following Hyer et al. (2011) and temporal filters to
further eliminate cloud contamination in GOCI AOD. The filters include 1) a buddy check that
sets a minimum number of 15 retrievals per 30 km x 30 km grid cell, 2) a local variance check to
eliminate grid cells where the coefficient of variation of AOD is larger than 0.5 within the
surrounding 5 x 5 grid cells and 3) a diurnal variation check that excludes grid cells with diurnal
variation (maximum — minimum) of AOD larger than 0.74 which is the 90™ percentile of diurnal
variation of AERONET AOD in Beijing and northern Taiwan for 2013. In this study, we use GOCI
AOD for Jan-Dec 2013 to derive ground-level PMz s in eastern China.

2.3.2. Aecrosol optical depth from AERONET ground-based measurements
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The Aerosol Robotic Network (AERONET) is a globally distributed network of CIMEL Sun
photometers (Holben et al., 1998) that provide multi-wavelength AOD measurements with a low
uncertainty of <0.02 (Holben et al., 2001). Here we use AERONET Level 1.5 cloud screened data
(Smirnov et al., 2000) for Jan-Dec 2013 from 4 stations within the GOCI domain: Beijing, Beijing-
CAMS, Taipei CWB and EPA-NCU. AERONET Level 2 data for 2013 are not available for some
stations discussed in this paper. Thus, we use Level 1.5 for consistency. We compared Level 2 and
Level 1.5 data for 2013 for stations that do have Level 2 available, and found Level 1.5 AOD is
highly consistent with Level 2 AOD with RMSE of 0.01-0.02 (relative RMSE of 2%-7%). Criteria
for selecting an AERONET station are 1) a PM» s ground monitor has to be located within 10 km
and 2) a complete time series of AOD data records for the period of study has to be available.
Beijing and Beijing-CAMS stations are located in downtown Beijing, with the closest available
PM; 5 monitors 9.5 km and 7.5 km away, respectively. However, due to interrupted time series of
PM: s records at both these stations, we combine the AERONET AOD from the Beijing and
Beijing-CAMS stations and PMzs from the corresponding two in-situ ground-based sites as a
“combined Beijing” site. Taipei CWB and EPA-NCU stations are located in populated northern
Taiwan, with nearly collocated PM>. s monitors (< 3 km). We similarly combine the Taipei CWB
and EPA-NCU as “northern Taiwan” site. We use these sites to evaluate GOCI AOD and the

relationship between AOD and PM3 s simulated by a global chemical transport model.

2.4 Simulation of the relationship between AOD and PM2.5 by GEOS-Chem

We use the GEOS-Chem chemical transport model (version 9-01-03; http://geos-chem.org) to
calculate the spatiotemporally resolved relationship between ground-level PM» s and satellite-

retrieved column AOD.

Our nested GEOS-Chem simulation at 1/2° x 2/3° spatial resolution with 47 vertical levels (14
levels in the lowest 2 km) is driven by assimilated meteorology from the Goddard Earth Observing
System (GEOS-5). A global simulation at 2° x 2.5° spatial resolution is used to provide boundary
conditions for the nested domain (Wang et al., 2004). We spin up the model for one month before

each simulation to remove the effects of initial conditions on the aerosol simulation.
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GEOS-Chem includes a fully coupled treatment of tropospheric oxidant-aerosol chemistry (Bey
et al., 2001; Park et al., 2004). The GEOS-Chem aerosol simulation includes the sulfate-nitrate-
ammonium system (Park et al., 2004; Pye et al., 2009), primary (Park et al., 2003) and secondary
(Henze et al., 2006; Henze et al., 2008; Liao et al., 2007; Fu et al., 2008) organics, mineral dust
(Fairlie et al., 2007), and sea salt (Jaegle et al., 2011). We estimate the concentration of organic
matter (OM, which includes elements such as hydrogen, oxygen and nitrogen) from the simulated
primary organic carbon (OC) using spatially and seasonally resolved values from OMI (Ozone
Monitoring Instrument) NO2 and AMS (Aerosol Mass Spectrometer) measurements following
Philip et al. (2014). Gas-aerosol phase partitioning is simulated using the ISORROPIA II
thermodynamic scheme (Fountoukis and Nenes, 2007). GEOS-Chem calculates AOD using
relative humidity dependent aerosol optical properties following Martin et al. (2003). Dust optics

are from Ridley et al. (2012).

Anthropogenic emissions are based on the Multi-resolution Emission Inventory for China (MEIC;
http://www.meicmodel.org) for 2010, and the Zhang et al. (2009) inventory for surrounding East
Asia regions for 2006. Both inventories are scaled to the simulation year (2012-2013), following
Ohara et al. (2007). Non-anthropogenic emissions include biomass burning emissions (GFED-3)
(Mu et al., 2011), biogenic emissions (MEGAN) (Guenther et al., 2006), soil NOx (Yienger and
Levy, 1995; Wang et al., 1998), lightning NOx (Murray et al., 2012), aircraft NOx (Wang et al.,
1998; Stettler et al., 2011), ship SO> from EDGAR (Olivier et al., 2001) and volcanic SO>
emissions (Fischer et al., 2011). HNOs concentrations are artificially decreased to 75% of their
values at each timestep following Heald et al. (2012) to account for regional bias (Wang et al.,
2013). Emissions are distributed into the lower mixed layer, with a correction to the GEOS-5

predicted nighttime mixing depths following Heald et al. (2012) and Walker et al. (2012).

We apply GEOS-Chem to simulate daily relationships between ground level PM» s and column
AQD, specifically PM2s/AOD. PM» s concentrations are calculated at 35% relative humidity for
consistency with in-situ measurements. For consistency with GOCI AOD and PM> 5 ground-based
measurements, we sample the simulated AOD only from hours that GOCI has retrievals (00:00 -
07:00 UTC), and calculate the simulated daily PM2s from 24-hour averages as reported for the
ground-based PM: s measurements. The simulation period is May 2012 - April 2013 as the GEOS-
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5 meteorological fields are not available afterward. The mismatch with observations for May-Dec
2013 has the potential to degrade performance, but as will be shown here no clear loss of quality

is apparent.

2.5 In-situ PM2.5 measurements

We collect PM» s measurements from 494 monitors to evaluate the GOCI-derived values. In-situ
PMb 5 daily measurements in Mainland China for 2013 are primarily from the official website of

the China Environmental Monitoring Center (CEMC; http://113.108.142:20035/emcpublish/).

Data are also collected from some provinces (e.g. Shandong, Zhejiang) and municipalities (e.g.
Beijing and Tianjin) with additional sites that are not included in the CEMC website. Daily in-situ
PM>ys data in northern Taiwan for 2013 are from the Taiwan Environmental Protection

Administration (TEPA; http://tagm.epa.gov.tw). The in-situ PM2 s data in both Mainland China

and northern Taiwan are measured by a collection of the Tapered Element Oscillating
Microbalance Methods (TEOMs) and beta-attenuation methods (BAMs) with some TEOMs being
heated to 30 °C and others to 50 °C (CNAAQS GB3095-2012, 2012; http://tagm.epa.gov.tw). The

specific instrument (BAMs or TEOMs) used by each monitoring site is unknown. The effective
relative humidity of the resultant PM2 s measurement likely varies diurnally and seasonally as a
function of the ambient temperature. Semivolatile losses are expected from the TEOMs. The
network design appears to include compliance objectives that may affect monitor
placement. Despite these issues, we use the monitoring data to evaluate our satellite-derived PMo s
since the monitoring data offer valuable information about ground-level PMz s concentrations. We
also collect PM2 s measurements from a monitor in Beijing as part of the Surface PARTiculate
mAtter Network (SPARTAN; www.spartan-network.org) using a three-wavelength nephelometer

and an impaction filter sampler (Snider et al., 2015). The SPARTAN, CEMC and TEPA PM:;

monitoring data combined with AERONET AOD are used to estimate the empirical relationship
between PMz s and AOD, and to further evaluate the relationship simulated by the model.

2.6 Statistical Terms
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Root mean square error (RMSE), relative root mean square error (rRMSE), mean fractional bias

(MFB) and mean fractional error (MFE) are defined as

1

RMSE=\/NZ}\‘=1(SL-—OL-)2 (1)
RMSE

I‘RMSE=m (2)

1 (5i=0) 0
MFB = 21 1 gm0y X x 100% 3)
2
MFE =<3 1'§‘+8)'x100% (4)

where S; is the satellite-derived value of the parameter in question, O; is the corresponding
observed value, and N is the number of observations.

Coefficient of variation (CV)is defined as

Standard deviation
CV= (5)

Mean

2.7 Results and Discussion

2.7.1 Evaluation of satellite AOD and the simulated relationship between PM2.sand AOD

Figure 2-1 shows the effects of our cloud-screening filters on GOCI AOD. The left panel shows
GOClI true color images from 5 July 2013 at 10:30 (top) and 11:30 (bottom) Korean Standard Time.
The boxes identify challenging regions with thick white cloud, dark cloud-free oceans and grey
shading that appears to be thin cloud. The operational GOCI AOD retrievals, shown in the middle
panel, correctly exclude thick clouds, but report high AOD for the potentially thin clouds.
Although these grey regions could contain aerosol, we err on the side of caution. Application of
our additional temporal and spatial cloud filters removes the suspicious pixels from the original
GOCI data, as shown in the right panel. Our filters reject 10.3% of all the operational GOCI AOD
data investigated in this study. We evaluate the cloud filters further below.
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Figure 2-1: The GOCI granules from 5 July 2013, 10:30 (top) and 11:30 (bottom) Korean Standard Time. From left to right on

each panel are the GOCI true color images, the operational AOD retrievals and the AOD retrievals after applying temporal and
textual filters to reduce cloud contamination. The boxes highlight examples of challenging cloud fields, and are enlarged within

the lower right subplot of each panel.

Figure 2-2 (top) shows monthly averages of coincident filtered hourly GOCI and AERONET AOD
for Jan-Dec 2013 at combined Beijing and northern Taiwan stations. GOCI AOD is highly
consistent with AERONET observations with MFB of 6.7% in Beijing and -1.2% in Taiwan. GOCI
AOD and AERONET AOD are positively skewed at both stations, and the skewness is reduced in
GOCI AOD at both stations due to more records for extremely small AOD (< 0.04) in GOCI
products. The relatively larger rRMSE between GOCI and AERONET AOD in northern Taiwan

may reflect the fewer observations there.
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Figure 2-2: Top: monthly time series of AOD from AERONET and GOCI for January—December 2013. Numbers above the x axis
denote the number of coincident hourly observations in each month. Bottom: monthly averages of PM2.5 =AOD from ground
measurements and the GEOS-Chem simulation at AERONET sites. The ground-based ratio is sampled from daily ground PM2.5
coincident with AERONET AOD for January—December 2013. The GEOSChem simulation is for May 2012—-April 2013, non-
coincident with the ground-based ratio for May—December 2013. Numbers above the x axis denote the number of daily ground-
based observations in each month. Error bars represent standard errors. Statistics are root mean square error (RMSE), relative

root mean square errvor (rRMSE), mean fractional bias (MFB) and mean fractional error (MFE).

We investigate the filtered diurnal variation of GOCI AOD at the above AERONET stations and
find the level of AOD is uniform within a day (e.g. the coefficient of variation in Beijing is 0.1),
similar to AERONET observations.

The effect of excluding our cloud-screening filters is negligible for coincident comparisons with
AERONET since AERONET is already cloud-screened. The exclusion of our cloud filters for a
non-coincident comparison that includes all GOCI data would introduce significant error versus

AERONET observations, increasing rRMSE by a factor of 1.7 - 3.3 in Beijing and northern Taiwan.

20



Changing the buddy check threshold in our cloud filters from 15 to 10 would significantly
underestimate AOD especially in northern Taiwan where the MFB would increase from -1.2% to
-15.0%. Decreasing the threshold of local variance check to 0.4 has little influence (< 0.1%) for
rRMSE, MFB and MFE, but would have larger influence on GOCI-derived PM> s as will be shown
later. Limiting the diurnal variation of GOCI AOD to the 80™ percentile of diurnal variations in
observations would introduce bias (rRMSE would increase by 4% in Beijing) to GOCI AOD. As
will be shown here, GOCI-derived PM; 5 offers an additional test of cloud screening filters. Figure
2-2 (bottom) shows the relationship between the ground level PM> s and the columnar AOD as
simulated by GEOS-Chem and from ground-based measurements. The measured ratio in Beijing
has pronounced seasonal variation with values high in winter and low in spring. The measured
ratio in northern Taiwan exhibits little seasonal variation. The annual mean GEOS-Chem
PM,5/AOD ratio well reproduces the ground-based measurements despite the temporal
inconsistency of the two metrics for May - Dec. The simulation captures the pronounced seasonal
variation in Beijing and the comparably aseasonal behavior in northern Taiwan. The simulated
seasonal variation of PM2.s/AOD in Beijing arises from the seasonal variation of mixed layer depth
(factor of 2 higher in summer than winter) combined with the near-constant columnar AOD
throughout the year as shown in Fig. 2-2 (top).

Snider et al. (2015) interpreted coincident measurements of AOD, PMs, and nephelometer
measurements of aerosol scattering and found that the temporal variation of the PM> 5/AOD ratio
in Beijing was primarily driven by the vertical profile in aerosol scattering. We examine the
seasonal variation in the simulated PM2.s/AOD and similarly find that the ratio of ground-level
aerosol scatter to columnar AOD contributes most (89%) of the monthly variability in the

PM; 5/AOD ratio in Beijing.

2.7.2 Evaluation of ground-level PM:s derived from GOCI AOD

Figure 2-3 shows the seasonal and annual distribution of PM> 5 over East Asia at a spatial
resolution of 6 km by 6 km for 2013. In both GOCI-derived and measured PM; 5, winter
concentrations in eastern China exceed 100 ug m™ over vast regions, with lower values in
summer. Both GOCI-derived and in-situ measurements reveal that PM; s in northern China is

higher than in southern China, especially for the Beijing, Hebei and Shandong provinces where
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the annual PMy s is almost 100 ug m™ or more. Prior work has attributed this regional
enhancement to high emission rates (Zhao et al., 2013; Zhang et al., 2013) that in part arises

from emissions when producing goods for exports (Jiang et al., 2015).

Mar - May Jun - Aug Sep - Nov

Figure 2-3: Seasonal and annual distribution of PM2.5 concentrations at 6 km by 6 km resolution over East Asia for 2013. The
background color indicates averages of GOCI-derived daily surface PM2.5 concentrations. Filled circles represent averages of
daily ground-based measurements of PM2.5. Gray denotes missing values. Boxes in the annual map denote regions used for

monthly comparisons in Fig. 2-5 from top to bottom: Beijing and surrounding areas, Shandong and surrounding regions,

Shanghai and surrounding areas and northern Taiwan.
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Figure 2-4 compares annual and seasonal averages of daily ground-measured PM> s from 494 sites
with coincident daily GOCI-derived PM> s from pixels that contain the ground-based sites. A
significant correlation (1?=0.66, N=494) with a slope near unity (1.01) is found in the annual scatter
plot. The slope remains near unity (0.95-1.01) in seasonal scatter plots. The weaker correlation for
all four seasons implies random representativeness differences between point in situ measurements
and area-averaged satellite values when data density diminishes. Semivolatile losses from some in
situ instruments (TEOMs) might contribute to scatter in winter when nitrate constitutes a larger
fraction of PM>s. We focus on more meaningful aggregated measurements. Using the same
technique, we also estimated PM> s from MODIS Collection 6 AOD for 2013, and found GOCI-
derived PMy 5 achieves greater consistency than MODIS-derived PM2.s when compared with
ground-based measurements (slope=1.1, r’=0.61). GOCI-derived PM,s also corrects the
significant underestimation of PM,s from GEOS-Chem (slope=0.68, r’=0.85) when compared

with ground measurements.
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Figure 2-4: Scatterplots of the annual mean (left) and seasonal mean (right) GOCI-derived PM2.5 for 2013 against PM2.5 from

494 ground monitors over the GOCI domain in eastern China.

Figure 2-5 shows monthly averages of GOCI-derived PM2s and in-situ measurements at four
regions outlined in Fig. 2-3. Regions are selected based on the level of PM2 5 concentration and
the population of residents. A high degree of consistency is found in all regions. Both datasets

show more seasonal variation in northern regions like Beijing and Shandong than southern regions
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like Shanghai and northern Taiwan. Both indicate that PM2 s concentrations in northern regions
are generally higher than in southern regions. The exclusion of our cloud screening filters from the
GOCI AOD would introduce significant bias in GOCI-derived PM,5 versus ground-based
measurements especially in summer, increasing rRMSE by a factor of 1.7 — 5.3 in all four regions.
Changing the threshold of local variance check in our cloud filters to 0.4 would introduce bias by
restricting the variation of PM»s concentrations. For example, GOCI-derived PM>s would be
generally underestimated in Beijing areas (rRMSE=16.6% and MFB=-6.8%) and Shandong areas
(rRMSE=16.6% and MFB=-3.42%).
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Figure 2-5: Monthly averages of daily PM2.5 from in situ measurements and daily PM2.5 estimated from GOCI AOD for 2013.
Regions are defined in Fig. 2-3. Error bars represent standard errors. Statistics are root mean square error (RMSE), relative

root mean square error (FRMSE), mean fractional bias (MFB) and mean fractional error (MFE).
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2.8 Seasonal variation of PM2.

Figure 2-6 shows the monthly averages of coincident daily GOCI-derived and in-situ PMa s
concentrations for the domain of eastern China. Both the GOCI-derived PM» 5 and ground-based
observations exhibit similar seasonal variation with values high in winter and low in summer.
Exclusion of our temporal and spatial cloud-screening filters from GOCI-derived PM2s would
increase rRMSE by a factor of 3.4. Fig. 2-6 also shows the chemical composition of GOCI-derived
PMy s, as calculated by applying the GEOS-Chem simulated mass fraction of PM>s chemical
components to GOCI-derived PM>s5 mass concentration. Aerosol water is attached to each
component according to its hygroscopicity. Secondary inorganic aerosols (SIA; SO4>, NO3", NH4")
are the most abundant components throughout the year, accounting for 65% of PMays
concentrations, followed by OM (18%). The NO3™ and OM concentrations increase by a factor of
2 in winter, together comprising most of PMz5 (31% for NOs™ and 26% for OM). Summer is
predominately controlled by SIA (74%). Dust plays an important role in spring (15%) and fall
(15%). Our seasonal variation of chemical composition is generally consistent with ground-based
measurements in previous works across eastern China. A number of studies in Beijing, the Yangtze
River delta and Pearl River delta regions all reported that OM and SIA are the most important
components of PM» s through the year (He et al., 2001; Ye et al., 2003; Tao et al., 2012; Zhang et
al., 2013). Zhang et al. (2008) showed consistent seasonal patterns in OM at 18 stations in China,
with a winter maximum, and a summer minimum, similar to the seasonality of OM in this work.
Zhang et al. (2013) studied the chemical composition of PM2 s in Beijing and found the percentage

of SIA in PMz s is largest in summer, consistent with our result.
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Figure 2-6: Monthly variation of GOCI-derived PM2.5 and in situ PM2.5 for 2013 over eastern China, with chemical composition

for GOCl-derived PM2.5. The in situ PM2.5 is determined from the averages of all ground stations in eastern China for 2013 and
GOClI-derived PM2.5 is calculated from the average of all grid boxes that contain PM2.5 ground monitors. The chemical
composition is calculated by applying the GEOS-Chem simulated mass fraction of PM2.5 chemical components to GOCI-derived
PM?2.5 mass concentration. Aerosol water is associated with each PM2.5 component according to its hygroscopicity. Error bars

represent standard errors.

The seasonal variation of PM> 5 in Fig.2- 6 is driven by a combination of meteorological conditions,
emissions, and nitrate formation. All three processes have greater seasonal variation in the north
than south. The mixing height over northeastern China has strong seasonal variation with summer
having an average mixing height from GEOS-5 that is 1.9 times higher than in winter. The GEOS-
Chem simulation reveals that the increase of OM in winter is primarily driven by biofuel emissions
from burning wood, animal waste and agricultural waste (Bond et al., 2004) for heating in eastern
China. The spatial distribution of biofuel emission is primarily north of the Yangze River,
especially from the North China Plain. The significant contribution from biofuel emissions to the
OM concentration in our work is consistent with Bond et al. (2004) who found residential biofuel

emissions were responsible for ~70% of OC emissions in China. The increase of NO3™ in winter in
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Fig. 2-6 is consistent with prior attribution of the increase of NOs™ in winter to the favorable

formation of NH4NOj at low temperatures (Wang et al., 2013).

Table 2-1 shows the annual chemical composition of GOCI-derived PM> 5 in regions outlined in
Fig. 2-3 and in overall eastern China. SIA and OM are the most abundant species. Among the SIA
components, SO4> and NOs concentrations are similar in the Beijing, Shandong and Shanghai
regions, whereas in eastern China and northern Taiwan SO4* is the dominant component. OM
concentrations in the Beijing and Shandong regions are considerably higher than in the other
regions, similar to or even exceeding the concentrations of SO4>” and NO5". Our estimation of PMz s
composition is generally consistent with in-sifu measurements in prior studies. In Beijing, the
concentrations of SIA in this work are similar to Zhang et al. (2013) who measured concentrations
for 2009-2010 of 13.6 + 12.4 pg m™ for SO4*, 11.3 + 10.8 ug m™ for NOs and 6.9 = 7.1 ug m™
for NH4". Our SIA concentrations in Beijing are also comparable with Yang et al. (2011) who
measured concentrations for 2005-2006 of 15.8 + 10.3 ug m™ for SO4*, 10.1 + 6.09 pg m™ for
NOs and 7.3 £ 4.2 pg m™ for NH4". The OC concentration in Beijing in this work is smaller than
Zhang et al. (2013) 0f 16.9+ 10.0 pgm™ and Yang et al. (2011) of 24.5 + 12.0 pg m™. In Shandong
and surrounding regions, our concentrations are smaller than in Cheng et al. (2011) by a factor of
about 2, perhaps related to unresolved sources. Our results in Shanghai cluster are comparable
with Yang et al. (2011) for 1999-2000, except the OC concentration in this work is considerably
lower than Yang et al. (2011) of 16.8 pg m™. In northern Taiwan, our NOs is similar to Fang et
al. (2002) for 2001-2003, yet our estimations of SO4> and NH4" are higher than Fang et al. (2002)
by a factor of two, which could be driven by changes in emissions over the last decade. In summary,
the chemical composition broadly represents in-sifu measurements with some location-dependent

discrepancies.

Table 2-1: Annual PM2.5 concentrations, area-weighted concentrations of chemical composition and
affected population of PM2.5in regions outlined in Fig. 2-3 and in overall eastern China (excluding
northern Taiwan) for 2013. Aerosol water is not associated with each PM2.5s component for consistency
with measurement protocols. PM2.5 concentration is at 35% relative humidity. IT1 refers to the WHO air

quality interim target-1 of 35 ug m>.
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Region Beijing Shandong Shanghai Taiwan Eastern China
Population-weighted GOCI-derived
90.8 89.1 56.9 18.9 53.8
PM: s (ug m?)
Area-weighted GOCI-derived PM> s
, 86.5 89.1 51.0 23.6 443
(ng m™)
SO4* (ug m?) 12.8 14.0 9.2 5.1 13.1
NOs™ (ug m) 14.5 16.1 8.5 2.1 4.2
NH;" (ug m™) 8.9 9.8 5.7 2.2 33
OC (ug m?3) 10.3 9.6 43 1.6 2.9
BC (ug m?) 6.3 52 2.6 0.8 1.6
Dust (ug m™) 9.1 8.3 4.9 29 4.4
Sea Salt (ug m™) 0.2 0.4 0.9 2.2 1.9
OM (pg m?) 17.1 15.7 7.4 3.0 5.4
Population (million people) exposed to
P ( people) exp 37.8 91.8 109.0 15.8 603.3
PM, s exceeding IT-1 level

2.9 Population exposure to ambient PM2 s in eastern China

We estimate the population exposure to ambient PMz 5 in eastern China for 2013 at a spatial
resolution of 6 km by 6 km using our GOCI-derived PM» s and the Gridded Population of the
World (GPW; Tobler et al., 1997) data for 2010 from the Socioeconomic Data and Applications
Center (GPW wversion 3; http://sedac.ciesin.columbia.edu/). Table 2-1 also provides the
population-weighted GOCI-derived PM> 5 for regions outlined in Fig. 2-3 and for overall eastern
China. The population-weighted PMa s exceeds the area-weighted for all regions except northern
Taiwan and Shandong and surrounding regions. The overall population-weighted PMazs
concentration for eastern China for 2013 is 53.8 pg m>. The level of PM,s for Beijing and
Shandong regions in this study is similar to Ma et al. (2014) who suggested that the PMs
concentration over the North China Plain for 2013 is 85 - 95 pg m™. The PMx s concentration in
eastern China in this study is also comparable with previous works. Van Donkelaar et al. (2015)
estimated the PM s concentration over eastern Asia for 2001-2010 is 50.3 + 24.3 pg m>. Geng et
al. (2015) estimated the PM> s concentration in China for 2006-2012 is 71 ug m™, higher than our
work. According to the World Health Organization (WHO) Air Quality Interim Target-1, an
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annual mean PM, s concentration of 35 pug m™ or higher is associated with about 15% increased
risk of premature mortality. As shown in Table 2-1, population-weighted PM; s for eastern China
considerably exceeds the Interim Target-1 level of PM2.s concentration, especially in Beijing and
Shandong regions where the PM> 5 concentration is almost triple the Interim Target-1 level. These
elevated concentrations threaten the health of 433 million inhabitants (Table 2-1) in eastern China

who live in regions that exceed this target.

2.10 Conclusions

We estimated the ground-level concentration of PM2s in eastern China for 2013 using AOD
retrieved from the GOCI satellite instrument, coupled with the relationship of AOD to PM3 s
simulated by a global chemical transport model (GEOS-Chem). GOCI-derived PM»s was
compared with in-situ measurements throughout eastern China.

We applied a set of filters to GOCI AOD to remove cloud contamination. The filtered GOCI AOD
showed significant agreement with AERONET AOD at Beijing and northern Taiwan (MFB of 6.7%
to -1.2%). We also evaluated the simulated relationship of PM> s and AOD from GEOS-Chem by
using an empirical relationship calculated from nearly collocated ground-based PM; s monitors
and AERONET AOD stations. A high degree of consistency was observed between the GEOS-
Chem simulation and ground-based measurements with MFB of -0.52% to 8.0%.

The GOCI-derived PM2 s were highly consistent with in-sifu measurements, capturing the similar
seasonal and spatial distribution throughout eastern China. The highest PM2 .5 concentrations were
found in winter over northern regions. The annual averages of GOCI-derived PM2.s were strongly
correlated (r’=0.66) with surface measurements with a slope near unity (1.01). Monthly
comparison of GOCI-derived PM> s with ground-based measurements across the entire region of
eastern China was also in good agreement with rRMSE =18.9%. The exclusion of our cloud-
screening filters in GOCI retrievals would introduce significant bias in GOCI-derived PM; s,
especially in summer and would increase the rRMSE by a factor of 1.7 - 5.3.

The chemical composition of GOCI-derived PM s revealed that secondary inorganic aerosols (SIA;
S04%, NOs", NH4+") and organic matter (OM) dominated throughout the year. NO3™ had a winter

maximum due to aerosol thermodynamics. OM increased by a factor of 2 in winter, which was
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primarily driven by biofuel emission for heating in northern China. Dust played an important role
in spring and fall.

The population-weighted GOCI-derived PMas for 2013 at 6 km by 6 km resolution in eastern
China was 53.8 ug m>, suggesting ~400 million people in China live in regions with PM,s
concentrations exceeding the suggested 35 ng m= by the World Health Organization (WHO) Air
Quality Interim Target-1, of which ~130 million people in Beijing and Shandong regions are
seriously threatened by even higher PM> 5 concentrations. Population-weighted PM: 5 of pixels
containing ground-based monitors is much higher at 82.4 ug m™, suggesting the value of the newly
established PMb> s network to monitor these seriously polluted regions.

The satellite measurements of AOD from the GOCI instrument coupled with the relationship
between AOD and PM; 5 simulated by a chemical transport model have the potential to provide a
unique synopsis of ground-level PM 5 concentrations at fine spatial resolution in the most polluted
and populated part of China. Further development of this capability will depend on both the quality
of GOCI aerosol products and the aerosol simulation. Assimilating satellite observations of trace
gases from the forthcoming GEMS (Geostationary Environment Spectrometer) geostationary

platform would provide additional constraints on PM2 s composition.
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3.1 Abstract

Black carbon (BC) contributes to Arctic warming, yet sources of Arctic BC and their geographic
contributions remain uncertain. We interpret a series of recent airborne (NETCARE 2015,
PAMARCMIP 2009 and 2011 campaigns) and ground-based measurements (at Alert, Barrow
and Ny-Alesund) from multiple methods (thermal, laser incandescence and light absorption) with
the GEOS-Chem global chemical transport model and its adjoint to attribute the sources of
Arctic BC. This is the first comparison with a chemical transport model of refractory BC (rBC)
measurements at Alert. The springtime airborne measurements performed by the NETCARE
campaign in 2015 and the PAMARCMIP campaigns in 2009 and 2011 offer BC vertical profiles
extending to above 6 km across the Arctic and include profiles above Arctic ground monitoring
stations. Our simulations with the addition of seasonally varying domestic heating and of gas
flaring emissions are consistent with ground-based measurements of BC concentrations at Alert

and Barrow in winter and spring (rRMSE < 13 %), and with airborne measurements of the BC
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vertical profile across the Arctic {RMSE=17 %) except for an underestimation in the middle

troposphere (500-700 hPa).

Sensitivity simulations suggest that anthropogenic emissions in eastern and southern Asia have
the largest effect on the Arctic BC column burden both in spring (56 %) and annually (37 %),
with the largest contribution in the middle troposphere (400-700 hPa). Anthropogenic emissions
from northern Asia contribute considerable BC (27 % in spring and 43 % annually) to the lower
troposphere (below 900 hPa). Biomass burning contributes 20 % to the Arctic BC column

annually.

At the Arctic surface, anthropogenic emissions from northern Asia (40 % - 45 %) and eastern
and southern Asia (20 % - 40 %) are the largest BC contributors in winter and spring, followed
by Europe (16 % - 36 %). Biomass burning from North America is the most important

contributor to all stations in summer, especially at Barrow.

Our adjoint simulations indicate pronounced spatial heterogeneity in the contribution of
emissions to the Arctic BC column concentrations, with noteworthy contributions from
emissions in eastern China (15 %) and western Siberia (6.5 %). Although uncertain, gas flaring
emissions from oilfields in western Siberia could have a striking impact (13 %) on Arctic BC
loadings in January, comparable to the total influence of continental Europe and North America
(6.5 % each in January). Emissions from as far as the Indo-Gangetic Plain could have a

substantial influence (6.3 % annually) on Arctic BC as well.

3.2 Introduction

The Arctic has warmed rapidly over the last few decades at a rate about twice the global mean
(AMAP, 2011; AMAP, 2015). By directly absorbing solar radiation, black carbon (BC)
contributes substantially to the warming, impacting the Arctic in multiple ways (Flanner et al.,
2007; Ramanathan and Carmichael, 2008; Shindell and Faluvegi, 2009; Bond et al., 2013; Sand
et al., 2016). Near-surface (< 1 km) BC particles over a highly reflective surface (i.e. snow and

ice in the Arctic) warm the atmosphere, and subsequently the surface (Shaw and Stamnes, 1980;
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Quinn et al., 2008). BC particles well above the surface warm the layer in which they reside and
increase the stability of the Arctic atmosphere (e.g. Brock et al., 2011). Deposition of BC onto
snow and ice can reduce surface albedo and enhance light absorption by snow and ice
(Wiscombe and Warren, 1980; Chylek et al., 1983), and trigger chain reactions involving the
acceleration of snow aging (Clarke and Noone, 1985; Hansen and Nazarenko, 2004), leading to
accelerated melting (Quinn et al., 2008; Namazi et al., 2015). The modified local radiative
balance exerted by deposited BC has the potential to further affect climate at a larger scale
(Flanner et al., 2007; Doherty et al., 2010).

Analyses of observations have revealed that Arctic BC is primarily transported from regions
outside the Arctic (Klonecki et al., 2003; Stohl, 2006). In winter, northern Eurasia is the primary
source where air masses are cold enough to penetrate the polar dome into the Arctic lower
troposphere (Stohl, 2006). Air masses from the relatively warm mid-latitudes (i.e. North America
and Asia) are forced to ascend above the polar dome to the Arctic middle and upper troposphere
(Law and Stohl, 2007). In spring, the warming of the surface leads to higher potential
temperature over the Arctic and the northward retreat of the polar dome, facilitating the transport
of air masses from mid-latitude regions to the Arctic (Stohl, 2006). However, large uncertainties
remain in sources and geographical contributions to Arctic BC that require additional

interpretation of observations to address.

Elevated BC concentrations in the Arctic especially in winter and spring have been observed
over the past few decades (Delene & Ogren, 2002; Sharma, et al., 2006; Eleftheriadis et al.,
2009; Yttri et al., 2014). Some studies attributed the surface BC primarily to emissions in high-
latitude regions including Europe and northern Eurasia (e.g. Stohl, 2006; Shindel et al., 2008;
Hirdman et al., 2010; Wang et al., 2014a) while others found eastern and southern Asia had the
largest contribution (Koch and Hansen, 2005; Ikeda et al., 2017). Some studies suggested that
Europe was the dominant source of BC aloft (Stohl, 2006; Huang et al, 2010b) while others
found eastern and southern Asia was the most important source (Sharma et al., 2013; Breider et
al., 2014; Wang et al., 2014a; Ikeda et al., 2017) in the middle troposphere. Recent work by Stohl
et al. (2013) and Sand et al. (2016) raised questions about prior studies by identifying the

importance of seasonally varying residential heating and by suggesting a significant overlooked
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source from gas flaring in high-latitude regions. In addition to anthropogenic emissions, biomass
burning is another important source of Arctic BC ( Stohl et al., 2007; Warneke et al., 2009; Yttri
et al., 2014; Evangeliou et al., 2016), yet its contribution remai20ns uncertain. Furthermore,
evidence is emerging that the BC observations to which many prior modeling studies compared
may have been biased by 30 % (Sinha et al., accepted) or a factor of 2 (Sharma et al., 2017) due
to other absorbing components in the atmospheric aerosol. Additional attention is needed to these

1SSues.

BC emissions in mid- and low-latitude regions increase the Arctic climate forcing efficiency by
altering the BC vertical distribution (Breider et al., 2017). Thus it is also crucial to quantify the
source contributions to the vertical distribution of Arctic BC. However, vertical profiles in the
Arctic have been scarce (Jacob et al., 2010; Brock et al., 2011) and anomalously influenced by
biomass burning (Warneke et al., 2009). The NETCARE (Network on Climate and Aerosols:

Addressing Key Uncertainties in Remote Canadian Environments, http://www.netcare-

project.ca) aircraft campaign in 2015 and the PAMARCMIP (Polar Airborne Measurements and
Arctic Regional Climate Model Simulation Project) aircraft campaigns in 2009 and 2011 offer a

new dataset of BC measurements across the Arctic.

Source attributions of pollution in the Arctic are commonly estimated by back-trajectory analysis
(Huang et al., 2010a; Harrigan et al., 2011; Barrett et al., 2015; Liu et al., 2015), and by
sensitivity simulations using chemical transport models (Fisher et al., 2010; Sharma et al., 2013;
Mungall et al., 2015; Evangeliou et al., 2016). These traditional approaches have been insightful,
but suffer from coarse regional estimates of the source location. The adjoint of a global chemical
transport model (Henze et al., 2007) efficiently determines the spatially resolved source
contribution to receptor locations by calculating the gradient of a cost function (e.g. Arctic
column BC concentrations) with respect to the perturbations of the initial conditions (e.g.
emissions). This approach has been successfully applied to quantify source contributions to
Arctic surface BC in April 2008 (Qi et al., 2017b). We extend the application of this method to
investigate the seasonal and annual responses of Arctic column BC to changes in regional

emissions.

34


http://www.netcare-project.ca/
http://www.netcare-project.ca/

In this study, we first evaluate the BC concentrations simulated with the GEOS-Chem global
chemical transport model with surface and aircraft measurements in the Arctic to assess the
quality of different emission representations. Then sensitivity simulations are conducted to assess
the regional contributions to the observed BC in the Arctic. We subsequently use the adjoint of
the GEOS-Chem model to investigate the spatially resolved sensitivity of Arctic BC column
concentrations to global emissions. Our work builds on knowledge gained from previous GEOS-
Chem studies of Arctic BC (Wang et al., 2011; Breider et al., 2014; Breider et al., 2017; Qi et al.,
2017a; Qi et al., 2017b) with major improvements including 1) new airborne measurements
during 2009, 2011 and 2015 when more typical fires than in previous studies foster better
understanding of anthropogenic source contributions to the Arctic; 2) new refractory BC
measurements in the Arctic more accurately constrain emissions in simulations; 3) more recent
and improved emissions better represent the global redistribution of BC emissions, include
flaring and seasonal emissions of residential heating; and 4) seasonal source attribution using the

adjoint of GEOS-Chem reveals the importance of specific sources.

3.3 Method

3.3.1 Surface measurements of BC in the Arctic

Surface BC mass concentrations are measured at three Arctic stations: Alert (Nunavut, Canada;
62.3° W, 82.5° N), Barrow (Alaska, USA; 156.6° W, 71.3° N) and Ny-Alesund (Svalbard,
Norway; 11.9° E, 78.9° N). Station locations are shown in Fig. 3-1. Following the
recommendations of Petzold et al. (2013), measurements of BC based on light absorption are
here referred to as equivalent BC (EBC); measurements based on a laser induced incandescence
technique (e.g. single particle soot photometer; SP2) are referred to as refractory BC (rBC); and
measurements based on a thermal volatilization in an oxygen-enriched environment are referred

to as elemental carbon (EC).

EBC mass concentrations derived from an AE-31 Aethalometer (Magee Scientific Inc.) at Alert
for 2011-2013 are obtained from Environment and Climate Change Canada and those at Barrow
for 2010-2014 and Ny-Alesund for 2009-2010 are obtained from the EMEP (European

Monitoring and Evaluation Programme) and WDCA (World Data Centre for Aerosols) database
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(http://ebas.nilu.no/). The Aethalometer measures the absorption of light at 880 nm transmitted
through particles that accumulate on a quartz fiber filter and relates the change of light
absorption to light absorption coefficients (cap) using Beer's Law. EBC mass concentrations are
derived from 6, by adopting a mass absorption cross-section (MAC) of 16.6 m? g'! at all
stations. This MAC value is recommended by the manufacturer for Model AE31 at 880 nm to

account for absorption by BC and additional light scattering by both particles and filter fibers.

EBC mass concentrations are also derived from a particle soot absorption photometer (PSAP,
Radiance Inc.) that operates on a similar principle to the Aethalometer at the three stations.
PSAP measures the absorption of light at 530 nm. o, data at Alert for 2011-2013 are obtained
from Environment and Climate Change Canada, and 6. data at Barrow for 2009-2015 and Ny-
Alesund for 2009-2014 are obtained from the EMEP and WDCA database (http://ebas.nilu.no/).
Gap has been corrected for scattering following Bond et al. (1999) and is further reduced by 30 %
at all stations following Sinha et al. (accepted). cap values less than the detection limit (0.2 Mm™)
are excluded. Recent evidence is emerging that the MAC is lower than the traditional value of 10
m? g!, with recent effective MAC values ranging from 8 m? g! (Sharma et al., 2017) to 8.7 m? g’
! (Sinha et al., accepted). We adopt the average of these two values (8.4 m? g'!) for application to

PSAP measurements at all three sites.

Two additional measurements of BC mass concentrations are available at Alert for 2011-2013:
rBC and EC. rBC is measured via laser induced incandescence by an SP2 instrument (Droplet
Measurement Technologies Inc., Boulder, CO). The SP2 uses a high intensity laser (Ni:YAG)
operating at 1064 nm wavelength to selectively heat individual particles up to 4000K. At such
high temperature, the non-refractory components evaporate and rBC mass is proportional to the
intensity of the emitted incandescent light. The incandescence signal is calibrated using Aquadag
particles of known size selected with a differential mobility analyzer (Sharma et al., 2017). The
detection range of the SP2 at Alert spans approximately between 75 nm and 530 nm volume-
equivalent diameter (Sharma et al., 2017), assuming an rBC density of 1.8 g cm™ (Bond and
Bergstrom, 2006). A lognormal function fit over the range of 80-225 nm is applied to calculate
rBC concentrations over the 40-1000 nm size range that increases the rBC concentrations by

about 50 % (Sharma et al., 2017).
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EC measurements at Alert are inferred from weekly-integrated samples of particles collected on
quartz filters with a 1pm upper size cut and analyzed using an in-house thermal technique
referred to as EnCan-total-900 (Huang et al., 2006). The EnCan-total-900 method has three
temperature steps with different redox conditions: 550°C and 870°C under pure helium and
900°C under helium + 10 % oxygen. The retention times are 600 seconds at 550°C for organic
carbon (OC), 600 seconds at 870°C for pyrolysis of OC and carbonate carbon, and 420 seconds
at 900°C for EC. The 870°C pure helium step releases pyrolysis OC and carbonate carbon to

minimize the effect of OC charring on EC.

3.3.2 Aircraft measurements of BC in the Arctic

Prior Arctic aircraft campaigns (i.e. ARCTAS) were strongly influenced by the unusually
extensive Russian fires in 2008 (e.g. Warneke et al., 2009; Wang et al., 2011; Breider et al.,
2014). This study uses new aircraft observations when fires were less pronounced over multiple
years (2009, 2011 and 2015) to better understand anthropogenic source contributions. The
PAMARCMIP campaigns conducted springtime surveys of sea ice thickness, aerosol and
meteorological parameters along the coast of the western Arctic onboard the Alfred Wegener
Institute (AWI) Polar 5 aircraft. Data from two campaigns in April 2009 (Stone et al., 2010) and
March 25" — May 6™ 2011 (Herber et al., 2012) are used here. The NETCARE campaign in
April 2015 continued and extended the PAMARCMIiP campaigns observations using the Polar 6
aircraft. Flight tracks of each campaign are shown in Fig. 3-1. All three campaigns traveled along
similar routes across the western Arctic and near long-term ground monitoring stations in the
Arctic (Alert, Barrow and Ny-Alesund). Measurements of rBC mass concentrations during all
three campaigns were performed with the state-of-the-art SP2 (Droplet Measurement
Technologies Inc., Boulder, CO) instrument. The SP2 used during the PAMARCMIiP campaigns
was previously described in Stone et al. (2010). The NETCARE 2015 campaign used the AWTI’s
8-channel SP2 with a detection range of 75 — 700 nm of volume-equivalent diameter (assuming a
particle density of 1.8 g cm™) without corrections for particles outside the size range. The

incandescence signal was calibrated with particles of Fullerene soot size selected with a
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differential mobility analyzer. The spatial and multi-year coverage of airborne measurements

during these campaigns offer comprehensive representation of Arctic BC.

3.3.3 Simulations of Arctic BC

We use the GEOS-Chem global chemical transport model (version 10-01; http://geos-chem.org/)

and its adjoint (version 35) to simulate Arctic BC concentrations and their sensitivities to local

emissions.

Figure 3-1 shows the annual mean BC emissions in our GEOS-Chem simulation averaged over
2009, 2011 and 2015. We develop the simulation here to use global anthropogenic emissions of
BC from version 2 of the HTAP (Hemispheric Transport of Air Pollution; http://www.htap.org/)
emission inventory for 2010 (Gilardoni et al., 2011; Janssens-Maenhout et al., 2015) with
regional overwrites over the United States (NEI 2011) for the most recent year (2011). Global and
regional BC emissions remain largely constant after 2010 (Crippa et al., 2016). The HTAP
inventory is a compilation of different official emission inventories from MICS-Asia, EPA-
US/Canada and TNO-Europe data, gap-filled with global emission data of EDGARv4.1. The
HTAP contains BC emissions from all major sectors, including energy and industrial production,

transport and residential combustion.
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Figure 3-1: The colormap indicates annual total BC emissions averaged over 2009, 2011 and 2015 as used in the GEOS-Chem
simulation. Black open circles indicate the locations of ground monitoring stations (Alert, Barrow and Ny-Alesund). Colored
lines indicate the flight tracks of the NETCARE 2015 (April 5*-21%), the PAMARCMiP 2009 (April I*' -25") and the
PAMARCM;GP 2011 (Mar 30" — May 5") campaigns. Black lines outline the source regions used in this study. Regional BC

emissions are in Table 3-1.

Table 3-1 contains the annual regional BC emissions used in the simulation. Total BC emissions
from eastern and southern Asia exceed by more than a factor of 4 the BC emissions from either

North America or Europe.
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Table 3-1. Regional annual BC emissions averaged over 2009, 2011 and 2015 as used in the GEOS-

Chem simulations”.

Eastern and
North Northern
Emission Source Europe southern
America Asia .
(Tg C yrh Asia
Anthropogenic® 0.62 0.48 0.11 3.36
Biomass burning 0.17 0.02 0.13 0.20

2 Regions are outlined in Fig. 3-1.

b Including gas flaring, fossil fuel combustion and biofuel combustion.

Figure 3-2 shows annual HTAP BC emissions and its seasonal variation over the Arctic and the
Northern Hemisphere. The Bond et al. (2007) emission inventory for 2000 is included for
comparison, since it has been widely used in modeling studies of Arctic BC (Shindell et al.,
2008; Koch et al., 2009; Liu et al., 2011; Wang et al., 2011; Breider et al., 2014; Qi et al., 2017a;
Qi et al., 2017b). The Bond et al. (2007) inventory is based on energy consumption in 1996 and
contains similar emission sectors as in the HTAP. The HTAP annual emissions over the
Northern Hemisphere exceed those in Bond et al. (2007) by 30 %, with a substantial difference
in China and India where HTAP emissions are double those of Bond et al. (2007). A
considerable increase of global energy consumption since 2001 especially in China and India
contributes to the difference (Zhang et al., 2009; Li et al., 2017). Both inventories have low BC
emissions within the Arctic. Figure 3-2 also shows the seasonal variation of HTAP emissions
that are high in winter and spring and low in summer over the Northern Hemisphere, owing to
the seasonal variation of emissions from residential heating in the HTAP. Bond et al. (2007)

emissions are non-seasonal.
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Figure 3-2: Anthropogenic BC emissions. Lines indicate monthly anthropogenic BC emissions from the Bond et al. (2007) non-

seasonal inventory for 2000, the HTAP inventory for 2010, the HTAP inventory with non-seasonal emissions from residential
heating, and the HTAP with additional flaring emissions for 2010. Annual values are given in the text.

We also include additional BC emissions from gas flaring in the oil and gas industry taken from
version 5 of the ECLIPSE (Evaluating the climate and Air Quality Impacts of short-Lived

Pollutants) emission inventory (Klimont et al., 2016; http://eclipse.nilu.no). Gas flaring

emissions of BC are calculated based on gas flaring volumes developed within the Global Gas
Flaring Reduction initiative (Elvidge et al., 2007, 2011) with emission factors derived on the
basis of particulate matter and soot estimates from CAPP (2007), Johnson et al. (2011) and US
EPA (1995). Despite the small percentage (~5 %) of flaring in total anthropogenic BC emissions
over the Northern Hemisphere, flaring from Russia alone accounts for 93 % of total

anthropogenic BC emissions within the Arctic in the ECLIPSE inventory.

Emissions from biomass burning are calculated from the GFED4 (Global Fire emissions
Database version 4) inventory (Giglio et al., 2013). The GFED4 combines satellite information
on fire activity and vegetation productivity to estimate globally gridded monthly burned area
(including small fires) and fire emissions. We use emissions for 2009, 2011 and 2014 (the most
recent year available) for the simulations of 2009, 2011 and 2015. The mismatch of emission
year is unlikely to strongly influence the simulation as no abnormal fire activities were reported
for 2014 and 2015. Biomass burning emissions are injected into the boundary layer in our

simulations.
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As discussed in Sect. 2.1, measurements of BC depend on the analysis method. However, it is
ambiguous what analysis method is used to derive BC emission factors or BC speciation factors
in particulate matter in various emission inventories (Bond et al., 2013). Therefore, we directly

compare simulated BC concentrations with the best estimate of measured atmospheric BC.

The simulation of BC in GEOS-Chem is initially described in Park et al. (2003). BC emitted
from all primary sources is in hydrophobic and hydrophilic states with a constant conversion
time of one day. Dry deposition of BC aerosols adopts a standard resistance-in-series scheme as
described in Zhang et al. (2001) with improvements on BC dry deposition velocity over snow
and ice following Fisher et al. (2010) and Wang et al. (2011). Wet deposition of BC aerosols is
initially described in Liu et al. (2001) and developed by Wang et al. (2011) to distinguish
between liquid cloud (T > 268 K) in which 100 % hydrophilic BC is removed and ice cloud (T <
268 K) in which only hydrophobic BC is removed. The scavenging developments of Wang et al.
(2014b) are not implemented since they have little effect on Arctic BC.

Our GEOS-Chem simulations are driven by Modern-Era Retrospective Analysis for Research
and Applications (MERRA) meteorological fields from the Global Modeling and Assimilation
Office (GMAOQ) at 2° x 2.5° spatial resolution with 47 vertical levels from the surface to 0.01
hPa. We conduct the simulations with a 10-minute operator duration for transport and a 20-
minute operator duration for chemistry as recommended by Philip et al. (2016). The model is
initialized with a 6-month spin-up before each simulation to remove the effects of initial
conditions on aerosol simulations. The time period simulated is 2009, 2011 and 2015, which is
coincident with aircraft measurements when fires were more typical than for previous
evaluations of GEOS-Chem versus Arctic observations (i.e., Wang et al., 2011; Breider et al.,

2014) to better understand anthropogenic source contributions here.

We conduct sensitivity simulations using the GEOS-Chem model to quantify the contributions of
regional emissions to Arctic (hereafter refer to the region north of 66.5° N) BC concentrations by
excluding the regional anthropogenic source. Regions are North America (180° W-50° W, 0° N
—80° N), Europe (50° W- 50° E, 30° N — 80° N), eastern and southern Asia (50° E — 150° E, 0°
N — 50° N) and northern Asia (50° E — 180° E, 50° N — 80° N), as outlined in Fig.3-1. We also

42



conduct sensitivity simulations to quantify the contribution of biomass burning from North
America and from the rest of the world to Arctic BC concentrations. These simulations are

initialized with a 6-month spin-up as well.

We also apply the GEOS-Chem adjoint model to quantify the spatially resolved sensitivity of
Arctic BC column concentrations to local emissions. A detailed description of the adjoint model
is given in Henze et al. (2007). Here we briefly describe the concept in the context of our study.
The adjoint model offers a computationally efficient approach to calculate the sensitivity of a
model output scalar, the cost function, to a set of model input parameters such as emissions. In
this study, we define the cost function as the column concentrations of BC north of 66.5° N. The
adjoint model calculates the partial derivatives of this cost function with respect to the modeled
atmospheric state in each model grid box at each time step. This calculation is performed
iteratively backward in time through transport toward emissions to yield the sensitivity of the

cost function with respect to emissions.

Our adjoint simulation is driven by GEOS-5 meteorology at 2° x 2.5° spatial resolution with 47
vertical levels from the surface to 0.01 hPa for 2011. Differences between MERRA
meteorological fields that are used in the forward model and GEOS-5 meteorological fields that
are used in the adjoint are negligible (r* = 0.99 for Arctic column BC concentrations for 2011) in
the simulation of BC. Although the adjoint simulation is based on an earlier version (v8) of the
GEOS-Chem model than the forward model version (v10-01) used in this study, the differences
in BC concentrations at Arctic stations that are simulated with the adjoint and with the forward

model are within 15 % (Qi et al., 2017b).

3.3.4 Statistics

To assist with the evaluation of simulations, we define root mean square error (RMSE) and

relative root mean square error (rRMSE) as

RMSE:\/%ZIi\’:l(Cm(i) — C(0)? v
RMSE=100 % X T ”
) 2100 % X ——mr

% %\I=1C’"(i)
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where Cn(i) is the model simulated concentration and C.(i) is the measurement concentration. N

1s the number of measurements.

3.4 Results

3.4.1 Evaluation of GEOS-Chem simulated BC concentrations in the Arctic

Figure 3-3 shows the seasonal variation of BC concentrations from measurements and
simulations at the Alert, Barrow and Ny-Alesund stations. Different black line types indicate
different instruments. Slight differences exist in sampling periods from different instruments.
Restricting measurements to common years changes monthly means by less than 13 %, except
for a 40 % change at Ny-Alesund in April that arises from limited data coverage in common
years since PSAP measurements for April are not available at Ny-Alesund in 2009. At Alert, a
diversity of instruments offers valuable insight into the suite of BC measurements throughout the
Arctic, and perspective on previous model comparison with only one instrument type. EBC
concentrations measured by the Aethalometer are biased high by a factor of 2 relative to rBC
measurements, due to the presence of absorbing substances other than BC (e.g. brown carbon
and mineral dust), extinction issues associated with the filter matrix and uncertainties in MAC
values (Sharma et al., 2017). EC concentrations are lower than EBC concentrations from the
Aethalometer, yet still high relative to rBC partly due to the presence of pyrolysis OC and
carbonate carbon (Sharma et al., 2017). PSAP EBC concentrations are close to the average of EC
and rBC concentrations throughout the year. At Barrow, EBC concentrations from the
Aethalometer are higher than those from the PSAP, especially in summer when the Aethalometer
shows a pronounced increase in concentrations to around 55 ng m=, whereas PSAP
measurements reach a minimum for the year of 10 ng m>. The summer peak is also observed in
Aethalometer EBC measurements at 370 nm that is sensitive to brown carbon, indicating the
influence of biomass burning. Unintentional exclusion of biomass burning plumes in the local
pollution data screening performed for PSAP measurements at Barrow could contribute to the

bias between the PSAP and the Aethalometer there (Stohl et al., 2006).
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Figure 3-3: Seasonal variation of surface BC concentrations from measurements and simulations at selected Arctic stations.
Black lines represent measurements from different instruments according to the legend. Error bars represent standard errors.
The thick black line with squares at Alert is the average of rBC and EC concentrations. Error bars on the thick black line denote
standard errors of monthly mean BC concentrations across instruments that are included in the calculation. Red shadings are the
contributions from flaring to BC concentrations. Numbers below the top x-axis denote the total number of weekly observations
from all available instruments in each month. Simulated monthly BC concentrations are the monthly averages of simulated
concentrations for 2009, 2011 and 2015. Simulations use different emission inventories that are represented in color according

to the legend. Error bars on the simulation represent standard errors. Concentrations from measurements and simulations are

all calculated at standard temperature and pressure (STP).

Following Sharma et al. (2017), we treat the best estimate of measured BC surface
concentrations at Alert as the average of rBC and EC measurements, as shown by the thick black
line with squares in Fig. 3-3. Since the PSAP EBC concentrations are close to the average of rBC
and EC measurements throughout the year at Alert, we adopt the PSAP EBC measurements as
the best estimate of surface BC at Barrow and Ny-Alesund. The seasonal variations of surface
BC at the three sites show similar features, characterized by higher concentrations in winter and

early spring than in summer. At Ny-Alesund, peak months are March and April, slightly later
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than at the other sites (January and February). BC concentrations at Ny-Alesund are generally

lower than those at the other sites.

The surface BC concentrations from measurements are used to constrain emissions in the
simulations. Table 3-2 summarizes the RMSE and rRMSE between measurements and different
simulations. The green line in Fig. 3-3 shows simulated surface BC concentrations using
anthropogenic emissions of BC from the Bond et al. (2007) non-seasonal emission inventory.
Stohl et al. (2013) found that accounting for BC emissions from gas flaring and from seasonal
variation of residential heating improved their simulation with a particle dispersion model
(FLEXPART) during winter and early spring. Our simulation at Alert and Barrow in winter and
spring is also improved by using the HTAP emissions that include seasonal variation of
residential heating and by adding flaring emissions to the HTAP inventory, decreasing the bias
by about a factor of 2 and reducing the rRMSE to 5.6 % at Alert and 13 % at Barrow. At Barrow
all simulations show a distinct peak in July, which is partly due to the timing of biomass burning.
Eckhardt et al. (2015) similarly observed enhanced concentrations in July at Barrow in three
models (DEHM, CESM1-CAMS and ECHAM6-HAM?2) driven with the GFED3 inventory for
biomass burning emissions. At Ny-Alesund, all simulations overestimate measured
concentrations for most of the year, potentially indicating insufficient wet deposition from

riming in mixed phase clouds that occurs more frequently at this site (Qi et al., 2017a).

Table 3-2: Summary of root mean square error (RMSE) and relative root mean square error (rRMSE)
between simulations with different emissions and measurements _for BC surface concentrations at Arctic
Stations (in reference to Fig. 3-3) and for vertical concentrations from airborne measurements (in

reference to Fig. 3-5).

RMSE (ng m~; RMSE) Alert Barrow Ny-Alesund Vertical
Bond* 13 (55%) 17 (66%) 15 (88%) 17 (40%)
HTAPnonseasonalheating® | 11 (48%) 16 (61%) 12 (71%) 11 (27%)
HTAPheating® 8.7 (37%) 13 (52%) 14 (82%) 9.4 (23%)
HTAPheatingflaring? 3.7 (16%) 11 (44%) 25 (150%) 7.2 (17%)

? Bond et al. (2007) emission inventory for 2000.
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" HTAP v2 inventory for 2010 with non-seasonal residential heating
¢ HTAP v2 inventory for 2010 with seasonal residential heating
4 HTAP v2 inventory for 2010 with seasonal residential heating and the addition of flaring emissions from

the ECLIPSE v5 inventory

Figure 3-4 shows vertical profiles of BC concentrations at Alert and Ny-Alesund averaged from
the NETCARE 2015, the PAMARCMIP 2009 and the PAMARCMIP 2011 campaigns, along
with the best estimate of ground-based measurements of April BC concentrations averaged over
2009 and 2011. Barrow is not included here due to limited number of airborne measurements (a
total of 12 measurements at all pressures). The measured profile at Alert exhibits layered
structure with enhanced concentrations in the middle troposphere that are attributable to a plume
on April 8 2015 around 660-760 hPa with a peak concentration of 128 ng m. The mean
ground-based measurements of BC concentrations at Alert are higher than airborne
measurements at the same pressure by ~10 ng m™. Including only rBC measurements in ground-
based mean concentrations reduces the difference with airborne rBC measurements to less than 5
ng m>. At Ny-Alesund, the measured vertical profile exhibits a zigzag shape that arises from
averaging multiple years each with individual features. The mean April ground-based
concentration (20 ng m™) is about half that of the airborne measurements (37 ng m™) at the same

pressure.
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Figure 3-4: Vertical profile of BC concentrations averaged from all points along the flight tracks of the three aircraft campaigns
(NETCARE 2015, the PAMARCM;iP 2009 and the PAMARCM;iP 2011) in Alert and Ny-/flesund areas, along with the best
estimate of April BC concentrations from ground-based measurements averaged for 2009 and 2011. The Alert area is defined as
59°W-65°W, 81.3°N-83.4°N and the Ny-Alesund area is within 12°E-18°E, 77.8°N-79.1°N. Numbers along the y-axis are the
number of airborne measurements in each pressure bin. All concentrations are presented at STP. Error bars on ground

measurements are standard errors.

Figure 3-5 shows spring vertical distributions of BC averaged over all points along the flight
tracks of the three campaigns in Fig. 3-1 for measurements and simulations. Simulated vertical
profiles of BC are coincidently sampled with airborne measurements for spring 2009, 2011 and
2015, and are averaged to the GEOS-Chem vertical resolution. The measured rBC concentrations
remain roughly constant (~38 ng m™) from the surface to 700 hPa, followed by an enhancement
to around 50 ng m~ between 700 hPa — 500 hPa, and then a rapid decrease with altitude. This
vertical distribution is similar to the measurements of the ARCTAS aircraft campaign in the
Arctic in spring 2008 (Wang et al., 2011), though the magnitude of concentrations in this work is
lower by a factor of about 2, likely because the Arctic was substantially influenced by strong

biomass burning in northern Eurasia during the ARCTAS in spring 2008 (Warneke et al., 2009).
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All simulations generally represent the near constant vertical distribution of BC measurements
from the surface to 700 hPa, and the decrease above 500 hPa, yet none represent the
enhancement between 700-500 hPa. Despite the comparable distributions, the magnitudes of
concentrations simulated with different emissions vary substantially. Their consistency with

airborne measurements is summarized in Table 3-2.
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Figure 3-5: Mean spring vertical profiles of BC concentrations from measurements and simulations averaged over 50 hPa
pressure bins from all points along the flight tracks of the NETCARE 2015, the PAMARCMiP 2009 and the PAMARCMiP 2011
campaigns. The red shading denotes the contribution of flaring to BC concentrations. Simulated vertical profiles of BC are
coincidently sampled with airborne measurements for spring 2009, 2011 and 2015, and are averaged to the GEOS-Chem vertical
resolution. Simulations include different emission inventories that are represented in different lines according to the legend.
Error bars are standard errors. Numbers along the y-axis represent the number of measurements in each pressure bin. All

concentrations are presented at STP.

Figure 3-5 shows that the apparent bias of 40 % rRMSE (17 ng m RMSE) in simulated
concentrations with the Bond et al. (2007) non-seasonal inventory is reduced to 27 % rRMSE (11
ng m> RMSE) by the HTAP inventory with non-seasonal residential heating. The improvement
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is larger aloft than near-surface, indicating that the increased BC emissions in Asia in the HTAP
inventory (discussed in Sect. 2) substantially contributes to the improvement. The bias versus
measurements is further reduced to 23 % rRMSE (9.4 ng m~ RMSE) by the HTAP emissions
with seasonal residential heating, with larger improvement below 600 hPa. Adding flaring
emissions further improves the consistency (17 % rRMSE; 7.2 ng m> RMSE) with
measurements at all levels with larger effects in the lower troposphere, especially near the
surface where the RMSE is only 3.2 ng m~. The substantial portion (93 %) of flaring in BC
emissions within the Arctic (Fig. 3-2) explains the larger effect near the ground. The remaining
underestimation of 14 ng m> RMSE in 500-700 hPa in the HTAP+flaring simulation is possibly
due to insufficient emissions or preferential sampling of plumes by the aircraft as discussed
further below. If the measurements are representative in this region, the Arctic BC burden below

500 hPa in springtime could be 6.5 % larger than simulated here.

Figure 3-6 (Al and A2) shows the spatial distribution of BC concentrations from aircraft
measurements gridded onto the GEOS-Chem grid along with that from the HTAP+flaring
simulation. The simulation represents well the spatial distribution of BC measurements, with
concentrations of 30-70 ng m™ near Barrow and Ny-Alesund and lower concentrations of 20-40
ng m> near Alert, yet the simulation underestimates concentrations at three hotspots (labeled as a,
b, c¢). Hotspot a is near Barrow along the coast of the Beaufort Sea that is affected by a plume
around 800 hPa on April 6™ 2011 and a plume around 500 hPa on April 20" 2015. Hotspot b is
west of the Baffin Bay in Nunavut that is affected by a plume near 800 hPa on April 10™ 2011.
Hotspot c is near Ny-Alesund that is caused by a plume at around 700 hPa on May 5" 2011 . The
underestimated magnitudes of these plumes, likely related to emissions or numerical diffusion,
may contribute to the underestimation of BC concentrations between 500-700 hPa in Fig. 3-5. Fig.
3-6 (A3) shows mean simulated BC concentrations between 500-700 hPa in April. Concentrations
are highest (~70 ng m™) in northeastern Russia and near Barrow, with a gradual decrease eastward
to around 50 ng m~ near Alert to reach the lowest concentrations of below 40 ng m™ in the southern
Arctic near Ny-Alesund. This gradient illustrates the overall sources and transport pathways
affecting BC in the Arctic middle troposphere in springtime. The next section will investigate the
enhanced concentrations in northeastern Russia and their relation to sources in eastern and

southern Asia.
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Figure 3-6. Top left: BC concentrations from the NETCARE 2015, PAMARCMiP 2009 and 2011 aircraft campaigns averaged on
the GEOS-Chem grid, along with three hotspots labeled as a, b, c. Top middle: BC concentrations from GEOS-Chem simulations
coincidently sampled with flight measurements. Top right: BC concentrations between 500-700 hPa simulated with the
HTAP+flaring emissions in April averaged over 2009, 2011 and 2015. Circles are ground monitoring stations. Middle: pan-
Arctic BC column concentrations simulated with the HTAP+flaring emissions for January (left), April (middle) and July (right)
averaged over 2009, 2011 and 2015. All concentrations are at STP. Bottom: total BC emissions for January (left), April (middle)
and July (right) averaged over 2009, 2011 and 2015. Letters and numbers in brackets refer to figure numbers.

Figure 3-6 (B1-B3) shows pan-Arctic spatial distributions of BC column (1000 hPa — 300 hPa)
concentrations from the HTAP+flaring simulation for January, April and July. Strong spatial and
seasonal variation is observed in BC columns with the highest overall concentrations in April
and in the eastern Arctic. Emissions remain similar for the three months as shown in Fig. 3-6 C1-
C3, indicating that the main reason for the seasonal variation of Arctic BC column is transport
efficiency. In July, the enhanced concentrations in western Siberia due to flaring are less
obvious, due to more effective wet scavenging in summer. North America exhibits remarkably

high BC column in July (Fig. 3-6 B3) from biomass burning as will be discussed further in Sect.
3.2.
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Since BC concentrations simulated with HT AP+flaring exhibit overall consistency with the
measured seasonal variation, and the measured spatial distributions, we use this inventory in the

following simulations for source attributions.

3.4.2 Source attribution of BC in the Arctic

Figure 3-7 (top left) shows the contribution of anthropogenic emissions from regions defined in
Fig. 3-1, and of biomass burning from North America and the rest of the world, to springtime
airborne BC along the flight tracks of the three aircraft campaigns in Fig. 3-1. Contributions are
quantified by excluding regional emissions. At all levels, anthropogenic emissions explain more
than 90 % of BC concentrations, of which 56 % is contributed by eastern and southern Asia,
followed by Europe with a contribution of 19 %. Biomass burning is minor (~8 %) compared to
anthropogenic emissions in the contribution to springtime Arctic BC loadings, and the biomass
burning impact on the springtime Arctic almost exclusively originates from regions other than
North America. The relative contribution of anthropogenic emissions from each source region
varies with altitude, partly reflecting different transport pathways and scavenging efficiencies.
The influence of eastern and southern Asia increases considerably with altitude, with a
contribution of 66 % between 400 - 700 hPa and 46 % between 900 - 1000 hPa, because
transport from mid-latitudes follows isentropic surfaces that slope upward toward the middle or
upper troposphere in the Arctic (Klonecki et al., 2003). In contrast, the influence of northern
Asia decreases rapidly with altitude by a factor of 10 from the surface to 400 -700 hPa, reflecting
transport from sufficiently cold regions along the low-level isentropic surfaces into the Arctic
and direct transport within the polar dome (Klonecki et al., 2003; Stohl, 2006). The impact of
Europe is roughly uniform throughout the troposphere, suggesting both of the above pathways

are possible.
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Figure 3-7: Top left: mean spring BC vertical profiles from flight measurements and simulations that are color-coded to
anthropogenic sources from regions defined in Fig. 3-1. and biomass burning sources from North America and the rest of the
world. Flight measurements and error bars are the same as in Fig. 3-5. Simulated vertical profiles of BC are taken coincidently
with flight measurements. Numbers along the y-axis represent the number of measurements in each pressure bin. Top right:
annual mean vertical profile of BC for the entire Arctic from simulations that are color-coded to source regions. Concentrations

are all presented at STP. Bottom: regional contributions binned by pressure.

The gas flaring contribution to the springtime vertical BC concentration is shown as the red
shading in Fig. 3-5. The contribution decreases with altitude from ~20 % near the surface to <
10 % above 800 hPa because flaring occurs almost exclusively below 2 km a.s.l (Stohl et al.,
2013) and because the high-latitude sources of flaring limit isentropic lifting in the polar dome

(Stohl, 2006).

Figure 3-7 (top right) shows the annual mean vertical contribution of anthropogenic emissions
from each source region and of biomass burning to Arctic BC. Anthropogenic emissions from
eastern and southern Asia (37 %) and biomass burning emissions (25 %) are major sources of

Arctic tropospheric BC, along with a substantial contribution (43 %) from anthropogenic
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emissions in northern Asia near the surface (900 -1000 hPa). Unlike in spring, roughly half of
biomass burning BC originates from North America in the annual attribution. Compared to
springtime, the annual anthropogenic contribution from eastern and southern Asia is smaller and
that from northern Asia is substantially larger in the lower troposphere. This reflects that long-
range transport from eastern and southern Asia is more favorable in spring due to warm
conveyor belts (Liu et al., 2015), and that proximal transport from northern Asia is more efficient

in winter owing to the extended Arctic front to the south of northern Asian sources (Stohl, 2006).

The dominant role of eastern and southern Asia in the middle troposphere is consistent with
Ikeda et al. (2017) who studied the source attribution of Arctic BC using a tagged tracer method
in GEOS-Chem with the HTAP v2.2 emission inventory. The largest contribution from eastern
and southern Asia to Arctic BC burden in this study is also consistent with Ma et al. (2013) and
Wang et al. (2014a). However, some prior studies suggested that Europe had the largest
contribution to the Arctic BC burden (Stohl, 2006; Shindell et al., 2008; Huang et al., 2010b;
Sharma et al., 2013). The difference likely arises from trends in anthropogenic emissions with

reductions from Europe and increases in eastern and southern Asia as discussed further below.

Figure 3-8 shows the simulated source attribution of surface BC at Alert, Barrow and Ny-
Alesund. For all stations, anthropogenic emissions from northern Asia, eastern and southern
Asia, and Europe are major contributors to high concentrations of BC in winter and early spring.
In summer, anthropogenic contributions decline rapidly while biomass burning predominantly
from North America becomes the primary source. At Alert and Barrow, the largest contributions
are anthropogenic emissions from northern Asia in winter (~50 %), and from eastern and
sourthern Asia in spring (~40 %). Barrow shows a pronounced peak in summer, more than 90 %
of which is explained by biomass burning from North America. At Ny-Alesund, anthropogenic
emissions in Europe and northern Asia are significant sources of BC in winter and early spring

with a contribution of ~30 % from each source.
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Figure 3-8: Monthly variation of BC surface concentrations at selected Arctic stations from measurements and simulations that
are color-coded to anthropogenic sources from regions defined in Fig 3-1. and biomass burning sources from North America
and the rest of the world. The measured monthly mean concentrations of BC and error bars are the same as the best estimate of
surface BC concentrations in Fig. 3-3. Simulated monthly concentrations are monthly averages of 2009, 2011 and 2015.

Numbers below the top x-axis denote the total number of weekly observations from all available instruments in each month.

Concentrations are all presented at STP.

The contributions from gas flaring to surface BC concentrations are shown as the red shadings in
Fig. 3-3. Flaring accounts for ~25 % of concentrations in winter and spring and less than 5 % in
summer at all stations except Ny-Alesund where flaring contributes 14 % of BC in summer. This
result is consistent with Stohl et al. (2013) who studied the flaring contribution to surface BC

concentrations at Arctic stations using the FLEXPART model.
We also investigate the influence of international shipping from the HTAP v2 inventory for 2010

on Arctic surface BC concentrations, and found the contribution is less than 1 % at all stations

owing to the small magnitude of emissions (< 1 % of total anthropogenic BC emissions globally
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and within the Arctic). This source is expected to increase by 16 % by 2050 (Winther et al.,
2014).

Our source attribution of Arctic surface BC has consistencies with that of Koch and Hansen
(2005) who investigated the origins of Arctic BC using a general circulation model and found
that Russia, Europe and south Asia each accounted for 20 % - 30 % of springtime surface BC.
However, some studies (e.g. Stohl, 2006; Shindell et al., 2008; Gong et al., 2010; Sharma et al.,
2013) suggested lower contributions (< 10 %) from eastern and southern Asia and higher
contributions (> 30 %) from Europe than our results. The main difference is due to emission
trends such that our anthropogenic BC emissions from eastern and southern Asia are generally
30 % higher than those in earlier studies (e.g. Shindell et al., 2008; Sharma et al., 2013) due to
rapid development since 2000 and that our anthropogenic BC emissions in Europe are half those

in prior studies due to European emission controls.
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Figure 3-9: Contributions to Arctic BC column concentrations from changes in local emissions (as percent change in Arctic BC
column concentration per fractional change in emissions) in 2011. Local emissions include anthropogenic and biomass burning

emissions. The annual map is the average of contributions in January, April, July and September calculated with the adjoint

model.
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Figure 3-9 shows the contributions to Arctic BC column concentrations from changes in local
emissions in 2011 as calculated with the GEOS-Chem adjoint. Pronounced seasonal variation
and spatial heterogeneity are found. Sources in January are strongly influenced by specific Asian
regions including western Siberia, eastern China and the Indo-Gangetic Plain, whereas sources in
other seasons are more widespread across Europe and North America. Several hotspots are found

in each season.

In January, oilfields in western Siberia have a total impact of 13 % on Arctic BC loadings, of
which 4.4 % is from the Timan-Pechora basin oilfield and 6.4 % from the West Siberia oilfields,
suggesting that the influence of western Siberia is comparable to the total influence of
continental Europe and North America (~ 6.5 % each in January). Considerable flaring emissions
(67 % of total flaring emissions north of 60° N in January) and close proximity to the Arctic
contribute to the substantial influence of these oilfields in western Siberia. The Indo-Gangetic
Plain also exhibits considerable impact (7.2 %) to the Arctic in January, reflecting the substantial
emissions there as shown in Fig. 3-1. In April, the influence of western Siberia decreases to

4.4 % with the northward retreat of the Arctic front. In contrast, contributions from emissions in
eastern China (25 %) and North America (8.2 %) are enhanced owing to the facilitated transport
of air masses from warm regions (e.g. the US and Asia) in spring (Klonecki et al., 2003).
Emission contributions to Arctic BC loadings are generally weak in July, but the Tarim oilfield
in western China stands out as the second most influential (3.2 %) grid cell to the Arctic, which
is comparable to the influence of half of continental Europe (6 %). The Tarim oilfield is located
in a high altitude (~1000 m) arid region (Taklamakan Desert). Considerable flaring emissions,
less efficient wet scavenging and elevation all facilitate its large contribution to the Arctic. The
contribution from North America is the largest (13 %) in July, consistent with the remarkably

high BC loadings over high-latitude North America as shown in Fig. 3-6 (B3).

Annually, eastern China (15 %), western Siberia (6.5 %) and the Indo-Gangetic Plain (6.3 %)
have the largest impact on Arctic BC loadings, along with a noteworthy contribution from the
Tarim oilfield (2.6 %). At continental scales, eastern and southern Asia contributes 40 % to the
Arctic BC loadings. Northern Asia, North America and Europe each make a contribution of

~10 %, consistent with the vertical source attribution from sensitivity simulations in Fig. 3-7
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(right). BC emissions within the Arctic generally contribute less than 3 % of Arctic BC loadings

in all seasons except for January (5 %).

3.5 Conclusions

Airborne measurements of BC concentrations taken across the Arctic during the NETCARE
2015, the PAMARCMIP 2009 and the PAMARCMIP 2011 campaigns, along with long-term
ground-based measurements of BC concentrations from three Arctic stations (Alert, Barrow and
Ny-Alesund) were interpreted with the GEOS-Chem chemical transport model and its adjoint to
quantify the sources of Arctic BC. Measurements from multiple BC instruments (rBC, EC, EBC)
were examined to quantify Arctic BC concentrations. We relied on rBC and EC measurements,
and on EBC inferred from PSAP absorption measurements with a MAC calibrated to rBC and
EC measurements. The new rBC measurements at Alert differed by up to a factor of 2 from
commonly used measurements as discussed by Sharma et al. (2017) and played a major role in
our ability to simulate observations at Alert. Our simulations with the addition of seasonally
varying domestic heating and of gas flaring emissions were consistent with ground-based
measurements of the BC concentrations at Alert and Barrow in winter and spring (rRMSE <

13 %), and represented airborne measurements of BC vertical profile across the Arctic (rRMSE
=17 %), yet underestimated an enhancement of BC concentrations between 500-700 hPa that
was affected by several plumes near Alert, Barrow and Ny-Alesund. The weaker biomass
burning influences on the airborne measurements used here than in prior ARCTAS and

ARCPAC campaigns facilitated our interpretation for anthropogenic source attribution.

Sensitivity simulations with the GEOS-Chem model were conducted to assess the contribution of
geographic sources to Arctic BC. The Arctic tropospheric BC burden was predominantly
affected by anthropogenic emissions from eastern and southern Asia (56 % in spring and 37 %
annually from 1000 hPa to 400 hPa) with larger contributions aloft (66 % in spring and 57 %
annually between 400-700 hPa) than near the surface (46% in spring and 20 % annually below
900 hPa), reflecting long-range transport in the middle troposphere. Anthropogenic emissions

from northern Asia had considerable contributions in the lower troposphere (27 % in spring and
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43 % annually below 900 hPa) due to low-level proximal transport. Biomass burning contributed

25 % to the annual BC burden.

Surface BC was largely influenced by anthropogenic emissions from northern Asia (> 50 %) in
winter and eastern and southern Asia in spring (~ 40 %) at both Alert and Barrow, and from

Europe (~ 30 %) and northern Asia (~ 30 %) at Ny-Alesund in winter and early spring. Biomass
burning, primarily from North America, was the most important contributor to surface BC at all

stations in summer, especially at Barrow.

Our adjoint simulations indicated pronounced spatial and seasonal heterogeneity in the
contribution of emissions to Arctic BC column concentrations. Eastern China (15 %) and
western Siberia (6.5 %) had a noteworthy influence on Arctic BC loadings on an annual average.
Emissions from as far south as the Indo-Gangetic Plain also had a considerable influence (6.3 %)
on the Arctic annually. The Tarim oilfield stood out as the second most influential grid cell with
an annual contribution of 2.6 %. Gas flaring emissions from oilfields in western Siberia had a
striking impact (13 %) on the Arctic BC burden in January, which was comparable to the total

impact of continental Europe and North America (6.5 % each in January).

The increasing BC fraction from eastern and southern Asia at higher altitudes could have
significant implications for Arctic warming by extending the trend in increasing BC radiative
forcing efficiency found by Breider et al. (2017) driven by strong increase with altitude of the
direct radiative forcing of BC (Zarzycki and Bond, 2010; Samset and Myhre, 2015).
Furthermore, anthropogenic emissions of BC in southern Asia are projected to increase under
several IPCC scenarios (Streets et al., 2004; Bond et al., 2013). The climate implications of BC
emissions within the Arctic are concerning given their disproportionate warming effects and the
potential for increasing Arctic shipping activity as ice cover declines (Sand et al., 2013). The
considerable impact of emissions from China and Indo-Gangetic Plain on the Arctic deserves
further investigation. Additional work to reconcile the different BC mass concentrations
measured by different instruments would be valuable to reduce uncertainties in BC studies not

only in the Arctic but also globally.
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4.1 Abstract

A representation of trace metal distributions can inform sources of fine particulate matter (PM2.s)
and can facilitate assessments of PM; s-related health effects. We present a simulation of 12 trace
metals: Si, Ca, Al, Fe, Ti, Mn, K, Mg, As, Cd, Ni and Pb over continental North America for
2013 using the GEOS-Chem chemical transport model. Evaluation of modeled trace metal
concentrations with observations from more than 200 monitors across North America indicates a
promising spatial consistency within a factor of 2. Elements with mostly crustal origins (Si, Ca,
Al Fe, Ti, Mn) show high concentrations over the central and southwestern US due to
anthropogenic fugitive dust (AFD) and mineral dust, respectively. Heavy metals (As, Cd, Ni and
Pb) are abundant over the eastern US where stack emissions from power plants are considerable.
Enhanced concentrations of Mg are observed along the coastline as contributed by sea spray

aerosol. K is high over the southeastern US due to biomass burning.

Biases remain in the modeled distributions of trace metals compared to observations. Mostly
crustal elements are biased high over the central US due to an overestimation of AFD emissions.
Decreasing AFD emissions by 50% reduces the error of modeled crustal element concentrations
with observations, especially for Si, Al and Ti with a reduction in error by about 15%. However,
reducing AFD emissions generally increases the bias of crustal elements between the simulation
and observations, due to a pronounced underestimation over the southwestern US. Heavy metals
are largely biased low (45% - 87%), possibly indicating an underestimated magnitude of stack

emissions from power plants.
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Based on our simulation over North America, K and Ni are significantly correlated with PM3 5
(r>0.7) and black carbon (BC; r= 0.8 for both) annually. Pb is significantly correlated with PM3 5
(r=0.7) and BC (r= 0.8) in winter, but not in summer (r<=0), highlighting the importance of
stack emissions to PM2 s in winter. K is significantly correlated with PM3 s, organics and BC in

summer (r=0.9 for all), driven by biomass burning sources of PM2 s in summer.

4.2 Introduction

Metals are important components of airborne fine particulate matter (PM2.s) with concentrations
ranging from about 20% of PM> 5 mass for crustal metals (i.e., Si and Al) to less than 1% of
PM; 5 mass for heavy metals (i.e., As and Pb; Snider et al., 2016). Metals are toxic and
carcinogenic to humans, making them significant contributors to adverse health effects
associated with PM» s (Burnett et al., 2000; Ostro et al., 2007; Bell et al., 2013; Lippmann, 2014;
Krall et al., 2016). Through atmospheric deposition, airborne metals are transferred to the
surface, posing a potential threat to soil and marine environments (Nagajyoti et al., 2010; Nriagu
and Pacyna, 1988). Therefore, representation of trace metal surface concentrations and

atmospheric deposition is needed to evaluate their impact on human health and the environment.

Trace metals have both natural and anthropogenic sources. Natural sources include wind-blown
mineral dust (Prospero et al., 2002), biomass burning for potassium (K; Pachon et al., 2013) and
sea spray aerosol primarily for magnesium (Mg), calcium (Ca), and K (Salter et al., 2016).
Anthropogenic fugitive dust (AFD; Tegen et al., 1996) and industrial combustion (Pacyna and
Pacyna, 2001) are primary anthropogenic sources. Other minor anthropogenic sources include
vehicles (Khodeir et al., 2012) and agricultural fires (Li et al., 2017). Due to their signature
sources, trace metals are useful for identifying PM2 s sources. For example, K is commonly used
as a marker of wood burning (Tanner et al., 2001; Pachon et al., 2013). Elements with mostly
crustal origins such as silicon (Si), Ca, aluminum (Al), iron (Fe), manganese (Mn) and titanium
(Ti) can indicate mineral dust sources (Chang et al., 2017; Khodeir et al., 2012a). Heavy metals
are associated with industrial combustion, such as nickel (Ni) from oil combustion (Okuda et al.,

2007; Thomaidis et al., 2003), arsenic (As) and lead (Pb) from coal combustion (Brimblecombe,
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1979; Chang et al., 2017). Thus a representation of trace metal distributions can provide valuable

information about PM; s sources.

Due to heterogeneous emission sources and short atmospheric lifetimes (days), airborne trace
metals exhibit strong spatial heterogeneity. For example, surface concentrations for heavy metals
can vary by several orders of magnitude from urban regions to rural areas (Khillare et al., 2004;
Kim et al., 2002; Venter et al., 2017). Thus, a robust representation of trace metal spatial
distributions remains challenging. Nonetheless, recent developments of chemical transport
models are promising. Hutzell and Luecken (2008) developed the first simulation of five metals
(Pb, Mn, Cd, Ni and Cr) over the United States by using the Community Multiscale Air Quality
(CMAQ) model. Dore et al. (2014) developed a simulation of 9 heavy metals (As, Cd, Cr, Cu,
Pb, Ni, Zn, Se, Hg) over the United Kingdom by using an atmospheric transport model
(FRAME-HM). Both studies found a significant underestimation of modeled metal
concentrations and attributed the bias primary to missing wind-blown dust sources and
underestimated anthropogenic emissions. Appel et al. (2013) further developed the simulation by
including anthropogenic fugitive dust (AFD) and naturally wind-blown dust sources and
presented a simulation of 8 mostly crustal elements (Al, Ca, Fe, K, Mg, Mn, Si and Ti) over the
United States by using the CMAQ model. They found a pronounced overestimation (40% -
190%) in the simulation. Wai et al. (2016) developed a global simulation of As with the GEOS-
Chem model and found a general consistency with observations worldwide and a bias within a

factor of 3 over the United States.

Building upon recent developments of the National Air Toxic Assessment (NATA) inventory
over North America for 2011 (https://www.epa.gov/national-air-toxics-assessment/201 1-nata-
assessment-results), we present an initial simulation of 12 trace metals over continental North
America at a fine resolution of 0.25 ° x 0.31 ° using the GEOS-Chem chemical transport model.
The 12 trace metals include 6 mostly crustal elements: Si, Ca, Al, Fe, Mn and Ti; 4 heavy metals:
As, Cd, Ni, and Pb; and 2 other metals: K and Mg. Section 2 describes model simulations
developed in this study. Section 3 elaborates the observations of trace metals for model

evaluation. Section 4 presents surface concentrations and wet deposition of trace metals, along
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with correlations between trace metals and PM» 5. Section 5 provides the implications of this

study.

4.3 Simulation development

We use the nested GEOS-Chem global chemical transport model (version 11-01; www.geos-
chem.org) to simulate trace metals, PM; 5 and its major components over North America for

2013.

The simulation of trace metals from anthropogenic sources (Section 4.3.1) is based on a nested
passive species simulation over North America (60°W—-130°W, 9.75°N—-60°N) at 0.25° x 0.3125°
horizontal resolution with 47 vertical levels (1013.25 hPa — 0.01 hPa) driven by assimilated
meteorological data from the Goddard Earth Observing System (GEOS-FP) of the NASA
Modeling and Assimilation Office (GMAO). The model is initialized with an arbitrary small
concentration for all elements. A simulation that is initialized with annual median concentrations

by element from observations is in progress.

The simulation of trace metals from natural sources (Section 4.3.2) is based on the simulation of
PM3 5 and its chemical composition that is nested over the same domain in North America at 0.5°
x 0.625° horizontal resolution with the same vertical levels driven by assimilated meteorological
data from the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2). A simulation driven by the GEOS-FP meteorological data at 0.25° x 0.3125°

resolution is under development to match the simulation from anthropogenic sources.
Boundary conditions for the nested domain is provided by a global simulation at 4° x 5° spatial
resolution (Wang et al., 2004). We spin up the model for 1 month before any simulations to

remove the effects of initial conditions on simulations.

4.3.1 The simulation of trace metals from anthropogenic sources
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Trace metals from anthropogenic sources are simulated by building upon the passive species
simulation of GEOS-Chem. We develop the passive species simulation here to include
anthropogenic emissions of 12 trace metals based on the NATA2011 inventory, along with
sectoral emission factors from the National Emission Inventory (NEI) for 2011, since NEI and
NATA annual total emissions for each metal for 2011 are nearly identical (<1% difference). A

simulation that includes anthropogenic metal emissions over Canada is under development.

Figure A4-1 shows anthropogenic metal emissions in the NATA2011 inventory. Anthropogenic
metal emissions have 5 major sectors: AFD, power plants, anthropogenic fires, mobile sources
and stack emissions. For mostly crustal elements, AFD contributes about 50% of their annual
total anthropogenic emissions. For Mg, AFD accounts for 40% of its anthropogenic emissions,
along with another 20% from mobile sources. Anthropogenic K has large contributions from
AFD (40%) and non-point (30%) sources. Reff et al. (2009) found that aluminum processing,
iron and steel production are major non-point sources of anthropogenic K, with contributions of
10% and 21%, respectively. In contrast to these metals, heavy metals primarily arise from stack

emissions that account for more than 55% of their total anthropogenic emissions.

As will be discussed in Section 4.5, AFD emissions in NATA2011 have been largely
overestimated. We thereby reduce AFD emissions by 50% in our simulations to better represent

observations. Simulations without AFD reductions are shown in appendix.

We assume and parameterize all trace elements to undergo the same wet and dry deposition
processes as they are for mineral dust. A detailed description of deposition schemes of mineral
dust can be found in Bey et al. (2001) and Liu et al. (2001) with updates from Fisher et al.
(2011), Wang et al. (2011) and Wang et al. (2014). The precise scavenging treatment remains
uncertain due to considerable variations in metal fractional solubility (Schroth et al., 2009).
However, our simulated metal surface concentrations and atmospheric deposition are nearly
identical (R?>0.96) if they are scavenged with high solubility as sulfate or with low solubility as

mineral dust.
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4.3.2 The simulation of trace metals from natural sources

The simulation of mineral dust follows the Dust Entrainment and Deposition (DEAD)
mobilization scheme (Zender et al., 2003), combined with a topographic source function (Ginoux
et al., 2001; Chin et al., 2002) as described in Fairlie et al. (2007), and an optimized dust particle
size distribution as described in Zhang et al. (2013). Table 4-1 shows the mass fractions of trace
metals in mineral dust based on measurements for 2005-2015 at Phoenix, Arizona by the
Interagency Monitoring of Protected Visual Environments (IMPROVE;

http://views.cira.colostate.edu/fed/) network. Cd measurements are not used here since more than

half of Cd measurements are below the minimum detection limit (1 ng m>; Solomon et al.,
2014). Instead, we assume the mass fraction of Cd in mineral dust is about 10% of that of As
(Nriagu and Pacyna, 1988). The mass fractions are applied across the US to estimate trace metal

concentrations contributed by mineral dust.

Table 4-1: Mass fractions of median trace metal concentrations in fine mineral dust based on

measurements at Phoenix, AZ, USA by the IMPROVE network for 2005-2015.

Si Fe Al Ca K Mg Ti Mn Pb Ni As Cd

15% 7.5% 54% 54% 4.1% 1.5% 0.52% 0.15% 0.07% 0.01% 0.007% 0.0007%

The simulation of sea spray aerosol follows Jaeglé et al. (2011). We assume that sea spray

aerosol contains 4 % Mg, 1 % Ca, and 1 % K as used in Salter et al. (2016).

Biomass burning emissions for K are calculated from the Global Fire Emissions Database
version 4 inventory (GFED4; Randerson et al., 2015). GFED4 combines satellite information on
fire activity and vegetation productivity to estimate globally gridded monthly burned area
(including small fires) and fire emissions, and then apply emission factors to calculate specific
aerosol emissions. Table 4-2 shows the emission factors for K from various vegetation types as
used in our simulation. These emission factors are based on Andreae and Merlet (2001) and
Akagi et al. (2011) as used for GFED4. When emission factors are given as a range or multiple
emission factors are found, we take the mean. Emission factors for K from peat and woodland

were not available. We assume the emission factors for K from peat and woodland as half that of
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BC used in GFED4, which is generally true for the other vegetation types.

Table 4-2: Emission factors for potassium (K) from various types of biomass burning.

Emission factors | References
(g/kg)
Agricultural waste 0.28 Andreae and Merlet (2001)
Deforestation 0.29 GFED4 (Akagi et al., 2011)
Extratropical forest 0.25 Andreae and Merlet (2001)
Peat 0.28 Half of BC emission factors in GFED4
(Akagi et al., 2011)
Savanna 0.23 GFED4 (Akagi et al., 2011)
Woodland 0.28 Half of BC emission factors in GFED4
(Akagi et al., 2011)

4.3.3 The simulation of PM2.s and its chemical composition

PM2: s is simulated with the standard GEOS-Chem that includes a fully coupled treatment of
oxidant-aerosol chemistry (Bey et al., 2001; Park et al., 2004) with carbonaceous aerosol (Park et
al., 2003), sea salt (Jaeglé¢ et al., 2011), mineral dust (Fairlie et al., 2007), secondary inorganic
aerosol (Park et al., 2004) and secondary organic aerosol (SOA; Pye et al., 2010). We implement
the additional SOA formation from aqueous-phase isoprene uptake following Marais et al.
(2016). Gas-aerosol phase partitioning is simulated using the ISORROPIA II thermodynamic
scheme (Fountoukis and Nenes, 2007). Aerosol uptake of N>Os 1s given by Evans and Jacob,
(2005). HNOs3 concentrations are reduced following Heald et al. (2012). Aerosol optics affect
photolysis rates as described by Martin et al. (2003) with updates on aerosol size distribution
(Drury et al. 2010), dust optics (Ridley et al. 2012) and brown carbon (Hammer et al. 2016). Dry
and wet deposition scheme is described in Bey et al. (2001) and Liu et al. (2001) with updates
from Fisher et al. (2011), Wang et al. (2011) and Wang et al. (2014). Organic carbon (OC) is
converted to particulate organic mass (OM) following Philip et al. (2014). We calculate ground-

level PM2 s at 35% relative humidity to follow common measurement protocols.
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Anthropogenic emissions are based on the NEI 2011 for the United States (Travis et al., 2016)
and the Criteria Air Contaminants (CAC) inventory for Canada (Kuhns et al., 2005). Non-
anthropogenic emissions include biomass burning emissions (GFED4; Randerson et al., 2015),
biogenic emissions (MEGAN; Guenther et al., 2012), soil NOx (Wang et al., 1998; Yienger and
Levy, 1995), lightning NOx (Murray et al., 2012), aircraft NOx (Stettler et al., 2011; Wang et al.,
1998), ship SO» (Lee et al., 2011) and volcanic SO; emissions (Fisher et al., 2011).

4.4 Ground-based measurements of trace metals and PM2.s5 over North America

4.4.1 Ambient surface concentrations

We collect measurements of the twelve trace metals (Si, Ca, Al, Fe, Mn, Ti, K, Mg, As, Cd, Ni
and Pb), dust and PM> 5 from IMPROVE (Malm et al., 2011) and Chemical Speciation Network
(CSN; http://www. epa.gov/ttnamtil/speciepg.html) over the United States for 2005-2015, and
from National Air Pollution Surveillance (NAPS; http://www.ec.gc.ca/rnspa-naps/) program over
Canada for 2005-2015. The IMPROVE network consisted of 167 sites primarily located in rural
areas such as national parks in the western United States. The CSN network consisted of 182

sites primarily located in urban areas in the eastern United States. There are 14 sites available

from NAPS.

IMPROVE and CSN measure PM> 5 by federal reference method (FRM) sampler (Malm et al.,
2011). NAPS measures PM; 5 by dichotomous sampler and supplementary FRM samplers (Galarneau
et al., 2016). All the three networks collect PM2 s samples for 24 hours every third day and
analyze trace elements in PM2 s samples with x-ray fluorescence (XRF; Dabek-Zlotorzynska et

al., 2011; RTI, 2009).

For CSN measurements, we remove all industrial sites to better represent ambient conditions.
For both CSN and IMPROVE networks, only sites with at least 75% of the scheduled sample
days per season containing valid records are retained for developing annual averages. These

filters remove about 30% of measurements.
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Dust in PM: 5 including naturally windblown mineral dust and anthropogenic windblown dust is
not directly measured by these networks. Following equation (1) developed by Malm et al.
(1994), we calculate dust concentrations based on trace metal concentrations measured by

IMPROVE, CSN and NAPS.

Dust = (2.20xAl) + (2.49xSi) + (1.63xCa) + (2.42xFe) + (1.94xTi) (1)

Simulated anthropogenic dust concentrations are also calculated from simulated anthropogenic

metal concentrations following equation (1).

4.4.2 Wet deposition fluxes

Measurements of Mg, K and Ca wet deposition fluxes are collected from the National
Atmospheric Deposition Program (NADP; http://nadp.slh.wisc.edu/NTN/) over the United States
for 2010-2016. A total of 266 sites from NADP are used in this study. NADP collects
precipitation samples in a AerochemMetrics Wet-Dry Collector on a weekly basis. Precipitation
depths are measured in a Belfort recording rain gauge. Mg**, K* and Ca®" ions in precipitation
samples are analyzed by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES;
Vermette et al., 1995). Ion concentrations in precipitation are then converted to precipitation-

weighted deposition fluxes.

4.5 Results and discussion

Figure 4-1 shows annual median trace metal concentrations over North America for 2013 with
AFD emissions reduced by 50%. The observed spatial distribution of trace metals exhibits strong
heterogeneity, reflecting various emission sources. Mostly crustal elements are abundant over the
southwestern US, whereas heavy metals that primarily arise from industrial activities are
abundant over the eastern US. Mg exhibits enhanced concentrations over the oceans and coast
due to contributions from sea spray aerosol. Crustal elements have greater concentrations than
heavy metals by about 3 orders of magnitude. Measurements across the US indicate that Si has

the highest annual concentration of 86 ng m among all the mostly crustal elements, followed by
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Ca (35 ng m>) and Fe (35 ng m™). Heavy metals are typically below 1 ng m. All these features
are generally represented in the simulated distributions, yet model-measurement discrepancies
are found. Compared to Fig. A4-2 that shows results without the reduction of AFD emissions,
the overestimation of crustal elements over the central US are largely corrected and errors in
modeled estimates are generally reduced in Fig. 4-1, especially for Si, Al and Ti (NME reduced
by about 15%). However, the reduction of AFD emissions in Fig. 4-1 generally amplifies the
negative biases of modeled crustal element concentrations compared to Fig. A4-2. This is due to
an underestimation over the southwestern US. Since southwestern US is frequently affected by
locally generated windblown dust (Kavouras et al., 2009), the underestimation possibly arises
from a lack of sub-grid dust generation processes such as convective dust storms in the model
(Foroutan et al., 2017). Heavy metal concentrations show large negative bias. As and Pb are
biased low all over the US by about 80%, likely implying an underestimation of sources. Ni is
overall underestimated by 45%, but interestingly exhibits a slight overestimation over the
majority of the eastern US. K and Mg are well represented by the model with biases of 3% and

11%, respectively. PM2 s mass concentrations are well represented with the lowest NME.
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Figure 4-1: Annual median trace metal, dust and PM s concentrations over North America. Background
colors are simulated concentrations for 2013 at 0.25° x 0.3125° resolution, with contributions from

mineral dust, sea salt and biomass burning that are interpolated from a simulation at 0.5° x 0.625°
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resolution. Anthropogenic fugitive dust (AFD) emissions are reduced by 50% in the simulation. Filled
circles are median observations from the IMPROVE, the CSN and the NAPS networks for 2005-2015.
Observations of Cd are excluded because more than half of its measurements are below the minimum
detection limit (24 ng m™). Dust includes natural and anthropogenic windblown mineral dust. Statistics

are normalized mean bias (NMB) and normalized mean error (NME).

Similar discrepancies between simulations and observations have also been found in other
studies. Hutzell and Luecken (2008) simulated Pb, Mn, Cd, As and Cr over the United States by
using the CMAQ model with the NEI 1999 emission inventory, and found an underestimation of
about a factor of 2 in modeled metal concentrations. A large underestimation of heavy metals
was also presented in Dore et al. (2014) in their simulation over the United Kingdom by an
atmospheric transport model (FRAME-HM). Our As model-observation consistency (within a
factor of 2) is slightly better than that in Wai et al. (2016) who found a factor of 3 difference in
their simulation of As by using the GEOS-Chem model with NATA 1999 emissions over the
United States. Appel et al. (2013) found an overall overestimation of K, Mg and crustal elements
by 30% - 190% over the United States by using the CMAQ model with the NEI2005 emission
inventory. Our simulation without reducing AFD by 50% also exhibits an overestimation (<

50%) of these elements, which is largely corrected with the reduction of AFD emissions.

Figure 4-2 shows annual mean precipitation-weighted wet deposition fluxes of Mg, K and Ca for
2013 with AFD emissions reduced by 50%. Observed fluxes exhibit different spatial distribution
for Mg, K and Ca, reflecting their different emission sources. Mg and K fluxes are abundant
along the east coast since sea spray aerosol is one of their major sources. Considerable wood
combustion and agricultural burning over the eastern US also contribute to enhanced K in
precipitation. Ca wet deposition is the largest over the central US. These spatial features in
observations are generally represented in the simulation, yet the simulation largely
underestimates the magnitude by more than 80%, larger than the model bias for ground-level
concentrations (< 25%) for these metals as shown in Fig. 4-1. The underestimation is not
associated with reduced AFD emissions since the larges bias remains in Fig. A4-3 in which AFD
emissions are not reduced. The underestimation is not due to precipitation in the simulation and

observations either as their difference is minor (NMB=6.7% for annual total precipitation). For K
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and Mg, the bias is evident along the coastline. Restricting the model-observation comparison of
K and Ca to about 25 km away from the coastline reduces the magnitude of NMB and NME by
about 5%. Since mineral dust is an important source for all three elements (Table 4-1), the
underestimation of dust aloft transported from Sahara (Ridley et al., 2012) may explain the
pronounced negative bias over the central US for all three elements. Given the large discrepancy
in wet deposition fluxes, we focus the remainder of our analysis on boundary layer

concentrations that are better simulated.
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Figure 4-2: Annual mean precipitation-weighted wet deposition fluxes of trace metals. Background is the
simulated fluxes for 2013 at 0.25° x 0.3125° resolution, with contributions from mineral dust from all size
bins, sea salt and biomass burning that are interpolated from a simulation at 0.5° x 0.625° resolution.
AFD emissions are reduced by 50% in the simulation. Filled circles are mean observations from the

NADP network for 2010-2016.

Table 4-3 summarizes the boundary layer budget of trace metals as simulated in the GEOS-
Chem model for 2013. Anthropogenic emissions are the primary source for most metals, except
for K and Mg. K is primarily emitted from biomass burning that contributes to 98% of its
emissions in North America. Mineral dust and sea spray are major sources of Mg, accounting for
44% and 30% of its emissions, respectively. Wet and dry deposition are weighted evenly in the
removal of trace metals, except that Mg, K and Ca are mainly removed by wet deposition. Table
4-3 also shows that a considerable amount of trace metals is transported out of the continental

North America, with implications for the marine environment (Mahowald et al., 2018).
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Table 4-3: Boundary layer budget of trace metals over continental North America (NA) in the GEOS-
Chem simulation for 2013.

Emissions et by Export from the boundary layer of
deposition | deposition
Natural (Gg) Anthropogenic (Gg) (Gg) continental NA (Gg)
(Gg)

Fe 32 35 6.4 7.2 54

Al 24 45 5.8 6.7 56

Ti 22 4.2 0.54 0.61 53
Mg 13 4.9 34 2.8 -19

K 9.3E+02 45 20 11 9.4E+022

Si 65 1.3E+02 17 19 1.6E+02?

Ca 25 40 14 6.7 45

Mn 0.67 1.6 0.14 0.16 2.0

As 0.030 0.078 0.0077 0.0079 0.093

Cd 0.0030 0.02 0.0011 0.0011 0.021

Pb 0.30 0.53 0.06 0.061 0.71

Ni 0.059 0.34 0.028 0.024 0.35

*Number difference due to rounding

Figure 4-3 shows concentration spatial correlations of trace metals with PM2 s and its major

components over North America. In the annual relationship, K is highly correlated with PM3 s

(r=0.8), OM (r =0.7) and BC (r=0.8), driven by biomass burning source of PM>s. The

correlation of Ni with PMy 5 (r=0.7) and BC (r=0.8) reflects the relationship of oil combustion

with PM3 s concentrations. The correlations between trace metals and PM» s in winter are similar

to those annually, while their correlations with BC are more pronounced in winter. It is

interesting that Pb is highly correlated with BC in winter (r=0.9), but not in other seasons,

highlighting the associations of stack emission with PM s in winter. Summer exhibits a

correlation near unity sof K with PMz s, BC and OM, reflecting pronounced biomass burning in

summer. The correlation between trace metals and dust is also greater in summer, reflecting the

contribution of dust sources to PM> s in summer.
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Figure 4-3: Annual and seasonal concentration spatial correlations of trace metals with PM: s and its
major components over continental North America as simulated by the GEOS-Chem model. Trace metals

from bottom to top are in the order of their correlations with PM s.

4.6  Implications

This work presents an initial simulation of 12 trace metals over the continental North America
using the GEOS-Chem model. Our modeled trace metal concentrations and wet deposition
exhibit promising spatial consistency with observations from more than 200 monitors across
North America. These initial results illustrate the potential for further development of a more
thorough and comprehensive trace metal simulation. Further improvement will benefit from a
better understanding of the spatial distribution and the magnitude of emissions from AFD and
power plants. Investigation into the influence of long-range transport of dust on crustal element
deposition will help to understand the pronounced negative bias over the central US.
Observations of wet deposition for more metals especially toxic metals will not only better
constrain the simulation but will also be beneficial for studies on the impact of metal deposition
on soil and marine environment. The development of emissions of more metals such as zinc (Zn)
and vanadium (V) will be useful for source appointment of PM; 5 and for health effect studies.
Results from this work provide valuable basis for further investigations into the health effects of
trace metals and PMz s, and the effects of airborne metal deposition on marine and soil

environment.

75



4.7 Acknowledgements

This work is financially supported by Health Canada. We acknowledge the Federal Land

Manager Environmental Database (http://views.cira.colostate.edu/fed/) and the Environment and

Climate Change Canada (http://maps-cartes.ec.gc.ca/rnspa-naps/data.aspx) for hosting
observation data. We thank the IMPROVE, CSN, NAPS, NADP and NATA teams for providing

data used in this study.

4.8 Appendix

Total Total
Anthropogenic emissions AFD emissions Anthropogenic emissions AFD emissions

I100

50

Mostly crustal elements

g D5

30 :;

~N

5 20 = = £
= : 7= >
) 10 o 3 £
g [=))

5 0 K [ 2 0=

Total Total
Anthropogenic emissions Stack emissions Anthropogenic emissions Stack emissions

10° T =5 \\? 100 = 107! T : \\é 107 T
E b e b %
107 B ﬁ 107" af{ . ;fj;? E)
% £ - < ;g £
— o 1] )
g Hiygz & N - g2 gz < A\ > Hioz <
100 L T 10° 1072 = = 5 162
< l 2 I B s
@ & Moo E €
=4 s £ £
5 P ° °
Hipz = R 2 S 102 108 © Lyps ©

Figure A4-1: Anthropogenic emissions of trace metals. Total anthropogenic emissions are from the NATA
emission inventory for 2011. Sectoral emissions are calculated by applying sectoral emission factors from

the NEI2011 inventory to annual total emissions from NATA2011.
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Figure A4-2: Similar to Fig. 4-1, but without reducing AFD emissions in the simulation.

NMB = -0.96 NME = 0.96 NMB = -0.88 NME = 0.89 NMB = -0.97 NME = 0.97

100 200 300

0 20 40 60 80 100 0 20 40 60 80 100 0
Mg (mg/m2) K (mg/m2) Ca (mg/m2)

Figure A4-3: Similar to Fig. 4-2, but without reducing AFD emissions in the simulation.
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Chapter 5: Conclusions

5.1 Summary

PM: 5 is the leading environmental risk factor for the global burden of disease, with a number of
adverse health effects associated with BC and metal components. BC also makes a considerable
contribution to Arctic warming. Thus a strong understanding of atmospheric processes that
impact PMa s and its chemical components are essential for health and climate related research.
This thesis presents results from three projects that show how satellite remote sensing, airborne
and ground-based measurements can be used in combination with a chemical transport model to
enhance our understanding of emissions, transport and deposition of PM 5 and its chemical

components regionally and globally.

In Chapter 2, we estimated PM> s and its chemical composition concentrations over eastern
China by using the GOCI AOD combined with the GEOS-Chem model. We applied additional
cloud filters to GOCI AOD, which improved its agreement with ground-based measurements
(MFB from 6.7% to -1.2%). The annual averages of GOCI-derived and in situ measurements of
PM: 5 exhibit a significant correlation (r*=0.66) with a slope close to unity (1.01). Monthly
averages of GOCI-derived PM; 5 are within an error of 20%. The GEOS-Chem simulation
revealed that SIA (SO4>, NO3", NH4") and OM were dominant components of GOCI-derived
PM: s throughout the year. NO3™ had a winter maximum due to its favorable formation at low
temperatures. OM increased by a factor of 2 in winter, primarily driven by biofuel emissions for
heating in northern China. The population-weighted GOCI-derived PM: s for eastern China was
53.8 ug m~, suggesting that ~400 million people in China live in regions with PM s
concentrations exceeding the suggested 35 ug m by the World Health Organization (WHO) Air
Quality Interim Target-1. Further development on GOCI cloud masking, such as constraints from
temporal smoothness as demonstrated in this work, would improve the accuracy aerosol
retrievals (Choi et al., 2018). The pronounced increase of SIA and OM in PM; 5 in winter

warrants further studies on their sources and formation mechanisms (Yao et al., 2018).
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In Chapter 3, we interpreted the recent airborne and ground-based measurements of Arctic BC
with the GEOS-Chem model to understand geographical sources of Arctic BC. Our simulation
with the HTAP+flaring emissions best represented airborne and surface measurements of BC
concentrations in the Arctic (rRMSE < 20%), yet underestimated an enhanced BC concentration
between 500-700 hPa that was affected by several plumes near Alert, Barrow and Ny-Alesund.
With these emissions, our simulation revealed that eastern and southern Asia were the primary
sources of Arctic BC in the mid-troposphere, contributing to more than 50% of BC between 400-
700 hPa. Northern Asia was the largest source of surface BC in the Arctic with a contribution of
47% below 900 hPa. Biomass burning, primarily from North America, contributed 25 % to the
annual BC burden and was a major reason for a BC enhancement in summer at surface level. Our
adjoint simulation showed that oilfields in western Siberia had a striking impact (13 %) on the
Arctic BC burden in January, which was comparable to the total impact of continental Europe
and North America (6.5 % each in January). Future work to reconcile the differences in BC
measurements by different instruments would be valuable to reduce uncertainties in BC studies
not only in the Arctic but also globally (Bond et al., 2013; Sharma et al., 2017). Further
improvement on model simulation (i.e., wet scavenging) to better represent observations at Ny-
Alesund will help understand aerosol processes in the Arctic. The considerable influence of the

Indo-Gangetic Plain on the Arctic deserves further investigation.

In Chapter 4, we presented an initial simulation of 12 trace metals in PM2 s over continental
North America by using the GEOS-Chem model. Our simulated trace metal concentrations and
wet deposition show promising spatial consistency with observations from more than 200
monitors across North America. Mostly crustal elements (S1, Ca, Al, Fe, T1i and Mn) exhibited
high concentrations over the central and southwestern US due to anthropogenic fugitive dust and
mineral dust, respectively. Heavy metals (As, Cd, Ni and Pb) were abundant over the eastern US.
Mg concentrations were enhanced along the coastline due to contributions from sea salt aerosol.
K was high over the southeastern US due to biomass burning. Further development on trace
metal simulations would benefit from a better understanding of emissions from AFD and power
plants (Appel et al., 2013; Dore et al., 2014). Investigation into the influence of long-range

transport dust on crustal element deposition will help to understand the negative bias over the
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central US. The development of emissions of more metals such as zinc (Zn) and vanadium (V)

will be useful for identifying PM> 5 sources.

5.2 Implications on Future Work

GOClI-derived PM> 5 and its chemical composition over eastern China provides a basis for health
effect studies of PM» 5. Given extraordinary high concentrations of PM> s in winter as found in
our study, health risks associated with daily and short-term exposure to this level of pollution is
needed. Several studies have suggested that carbonaceous aerosols might be more toxic than
other major PM> 5 components (i.e., nitrate, sulfate and dust particles; Tuomisto et al., 2008;
Lelieveld et al., 2015). Given the considerable contribution of carbonaceous aerosols to PM2 s
mass annually, a detailed evaluation of composition-specific health effects associated with PM> 5

is necessary.

Sources of Arctic BC revealed in Chapter 3 offers a reference for the assessment on climate
impact of BC and the development of mitigation strategies. Potential enhancement of positive
radiative forcing due to large Arctic BC concentrations in the mid-troposphere needs to be
assessed, since the direct radiative forcing of BC increases with altitude (Zarzycki and Bond,
2010; Samset and Myhre, 2015). The positive forcing due to Arctic BC in the mid-troposphere
may be further enhanced with the projected increase of anthropogenic emissions from southern
Asia (Streets et al., 2004; Bond et al., 2013), which warrants a detailed evaluation. Although
shipping emissions within the Arctic are minor in our study, the projected increase of shipping
activities within the Arctic (Sand et al., 2013) deserves more attention as within-Arctic emissions

are likely to have a large radiative forcing per emission (Sand et al., 2013; Law et al., 2017).

The simulation of airborne trace metals developed in this thesis provides an exciting opportunity
for studies on health and the environment impacts of particulate metals. Specific health effects of
metals in PM2 5 need to assessed as some metals (i.e., Pb, As and Cd) are carcinogenic. Using
trace metals as indicators of PM2 5 sources, the simulation of trace metals can also facilitate the

source attribution of PM2 s and source-specific health effect studies of PM> s (Huang et al.,
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2018). The simulation of trace metal deposition to the oceans, soil and vegetation can be further
developed to better understand its impact on the ecosystem over a large temporal and spatial

scale and the impact of a wide range of metals including both nutrients (such as Fe) and toxic

heavy metals (Mahowald et al., 2018).
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