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REPORT SUMMARY

The rapid expansion of oil sands activities and massive energy requirements to extract and
upgrade the bitumen have led to a need for more comprehensive understanding of their potential
environmental impacts, particularly on air quality. There are many oil sands developments and
natural sources (point, area and mobile) that generate significant emissions, including nitrogen
(NO,) and sulphur oxides (SO;), carbon monoxide (CO), and particulate matter. These
chemicals are known to affect human health and climate. Thus an environmental monitoring
program that measures the ambient air quality is needed to understand air pollutant emissions,
their chemical transformation in the atmosphere, long-range transport and subsequent deposition
to the local and regional environment.

Several studies have been conducted to understand the impact of the oil sands projects on the air
quality over Alberta using ground-based measurements. However, data from these
measurements are limited in spatial coverage as they reflect local air quality and cannot provide
information about the overall regional air quality. A complementary approach to ground-based
measurements is satellite-based monitoring which can provide large spatial and vertical coverage
and allow monitoring of local and regional air quality. The objective of this report is to review
available remote sensing technologies for monitoring and understanding the tropospheric
constituents in the atmosphere, and potential use for monitoring the air quality over the oil sands
region. The report includes a summary of the basic principles of remote sensing using satellites
for tropospheric composition measurements; a detailed description of the instruments and
techniques used for atmospheric remote sensing from space; demonstration of the key findings
and results of using satellite data for air quality application; a brief summary of future missions;
and, a case study to demonstrate the use of satellite data to study the impact of oil sands and
other sources on carbon monoxide levels over Alberta.

The science of atmospheric remote sensing has dramatically evolved over the past two decades
and proved to be capable of observing a wide range of chemical species (e.g., aerosols,
tropospheric Oz, tropospheric NO,, CO, HCHO, and SO,) at increasingly higher spatial and
temporal resolution. The integrated use of ground-based and satellite data for air quality
applications has proven to be of enormous benefit to our understanding of the global distribution,
sources, and trends of air pollutants. Despite the significance of using satellites in
characterizations of air quality, there is limited research on using satellite-based remote sensing
technology over Alberta. As satellite-based techniques now provide an essential component of
observational strategies on regional and global scales, it is recommended to integrate data from
satellite, and ground-based measurements as well as chemical transport models for air quality
monitoring.

This report provides an in depth review of the developments in the atmospheric remote sensing
area that may support air quality management, policy, and decision makers at the national, and
regional level to take actions to control the exposure to air pollution.

Vi
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1 INTRODUCTION

The industrial revolution and rapid population growth led to an improved standard of living,
resulting in increased air pollution on local, regional and global scales. Air pollution negatively
impacts human health, causing respiratory disease and chronic illness (McCubbin and Delucchi
1999, Turner et al. 2011), soil (Zhao et al. 2009), and forests (Matyssek et al. 2012).
Anthropogenic activity is also changing the normal composition of the atmosphere, causing
climate change and global warming. Thus, atmospheric monitoring of these changes, on all
scales, is necessary.

Air quality is traditionally measured from ground monitoring stations and through in situ
monitoring campaigns. Modeling may also be employed for emissions assessment and
forecasting, relying heavily on emissions inventories and meteorological models. However, for
these traditional methods, the area of land that can be monitored is restricted to discrete points on
the Earth’s surface. Ground instruments monitor individual pollutants (e.g., carbon dioxide) at
specific locations, preventing an accurate description of total air pollution throughout a region
and vertical level. Air quality measurements from space, however, may allow for monitoring at
regional and national scales, potentially even providing air quality data across the globe. The
science of atmospheric remote sensing developed dramatically over the past decade and is now
capable of quantifying a wide range of chemical species (e.g., aerosols, tropospheric O,
tropospheric NO,, CO, HCHO, and SO,) at increasingly high spatial and temporal resolutions.
Correspondingly, these advanced technologies should be exploited to provide continuous air
quality data at the tropospheric level to improve human health and the environment (Borrell et al.
2001, Martin 2008).

Remote sensing in this report refers to the use of electromagnetic radiation to acquire information
without physical contact with the object being assessed, which, in this case, is the atmosphere. It
relies on interactions between electromagnetic radiation and trace atmospheric constituents that
cause changes in the spectral or temporal characteristics of the radiation. These signal changes
are translated to quantitative estimates of atmospheric composition (Martin 2008).

The increasing availability of earth observing satellite systems provides a new approach to
monitor air quality and assess our scientific understanding of pollution transport, air quality and
global climate change. Satellite observations assist in identifying major sources of pollution and
the associated pollution distribution patterns so the effectiveness of regulations is ensured
(Hutchison 2003). Moreover, the relationship between local features and air pollution
distribution can be identified (Wald and Baleynaud 1999). In addition, the presence of satellite
products in a user-friendly, archived format allows the information to be conveniently used for a
wide range of applications™.

! See for example Rochdi, N., J. Zhang, K. Staenz, X. Yang, D. Rolfson, J. Banting, C. King and R. Doherty, 2014.
Monitoring Procedures for Wellsite, In-Situ Oil Sands and Coal Mine Reclamation in Alberta. OSRIN Report No.
TR-47. 156 pp. http://hdl.handle.net/10402/era.38742
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We are currently capable of looking down from space to generate a three-dimensional view of
the atmospheric interactions that impact air quality. The integrated use of satellites, ground data,
and models will improve our understanding of urban air quality better than using any of the
individual techniques. The purpose of this report is to describe the capability of satellite
observations for measuring tropospheric composition, including a summary of key findings and
results.

2 GEOPHYSICAL AND REMOTE SENSING CONSIDERATIONS

2.1 Orbits

The observation capabilities of satellites are largely based on orbit characteristics and the
viewing and scanning properties of the instrument. For instance, the inclination angle (the angle
between the equatorial plane and the orbital plane) determines the ground track (the point on the
earth directly beneath the satellite) and maximum latitude (north and south). Each orbit covers a
path on the earth’s surface with width (swath width) dependent on the viewing properties of the
instrument — typically ranging from <100 km to nearly 3,000 km. Most satellites are placed on
polar orbits (inclination angle close to 90°), which provides for near global coverage because the
earth rotates beneath the satellite as it moves between polar regions (Burrows et al. 2011). Most
polar orbiting satellites are sun-synchronous, meaning they cross the equator at a fixed local time
each day.

The orbiting altitude determines how much of the earth’s surface can be observed from a
satellite. As satellite altitude increases, observable surface area increases. For high-resolution
earth observation, satellite orbits should be on low Earth orbits (LEO; around 800 km) (Wright et
al. 2005); these platforms circle the earth every 100 minutes. Accordingly, the choice of a
particular orbit for a satellite depends mainly on its intended application. Each satellite orbit
cross the equator twice, once in the southward (descending) direction, and once in the northward
(ascending) direction (Martin 2008) yielding complete earth coverage every day for wide swaths
(> 2,000 km) (Figure 1), or within a few days for narrow swaths.

In contrast, satellites on geo-stationary orbits (GEO) are positioned above the equator at a high
altitude with the same rotational period as the earth. Accordingly, they continuously monitor the
same part of the earth, providing data related to diurnal variations, which is not possible for polar
satellites (Burrows et al. 2011).



Figure 1. Example of the measurements from a Sun-synchronous orbit.
a) single orbit of OMI data plotted on 29 March 2006.
b) how all the orbits for 29 March 2006 cover the whole globe.
(Burrows et al. 2011).

2.2 Passive and Active Remote Sensing

Passive remote sensing measures the electromagnetic radiation coming from the sun and the
earth, after it has passed through the atmosphere (Figure 2). Active remote sensing generates
radiation from the satellite and detects back-scattered radiation and temporal changes in intensity
(Figure 2). An example of active remote sensing that has been used on satellites is light
detection and ranging (LiDAR), where short laser pulses are emitted into the atmosphere and
back-scattered energy is measured by a detector (Rothe et al. 1974).
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Figure 2.  Schematics of active and passive remote sensing systems showing possible radiation
pathways from source to object and sensor.
Direct solar radiance can be reflected from the Earth’s surface (1), or scattered in the
atmosphere (2). Long-wave radiation is emitted from the Earth’s surface (3) or from
atmospheric gases (4) (Burrows et al. 2011).

2.3 Viewing Geometry

For passive remote sensing, the viewing geometry allows specific parts of atmospheric
composition to be probed. The satellite viewing geometry can be either nadir or limb. Nadir
geometry refers to all downward looking observations directly beneath the satellite. This
geometry allows for observations of the entire atmospheric column, including the boundary layer
(Figure 3) (Martin 2008). Satellites with limb geometry detect scattered light laterally and can
be used to derive information about the stratosphere and vertical trace gas concentration profiles
by varying the tangent altitudes (Figure 3). Spatial coverage with limb measurements is limited
since it is dependent on the position of the light source. SCanning Imaging Absorption
SpectroMeter for Atmospheric CHartographY (SCIAMACHY) is an example of an onboard
satellite instrument that uses limb geometry as well as nadir view (Figure 3) (Clerbaux et al.
2011).



Figure 3.  Schematic representation of nadir (a) and limb (b) viewing geometries used by
SCIAMACHY (Clerbaux et al. 2011).

2.4 Retrievals

The inferred concentration of chemical species, known as retrieval, is determined by a complex
set of spectral fitting and radiative transfer calculations, well described by Martin (2008).
Satellite retrievals of the lower atmosphere depend on spectral coverage and resolution. Satellite
instruments detect spectral regions in the ultraviolet (UV), visible (Vis), infrared (IR), and
microwave regions (i.e., 250 nm to 10 cm wavelengths). To measure a certain atmospheric
constituent, the instrument should measure the spectral range in which that constituent absorbs,
emits, or scatters radiation. The extent of radiation interactions, together with the resolution and
signal-to-noise ratio of the instrument, governs the accuracy of the measurement.

Instruments fall broadly into two categories, observing either solar backscatter in the UV-Vis
region or thermal IR emissions. The combination of equation solutions that best reproduces
observed radiation is used for calculating retrieval. This approach is a forward, radiative transfer
model that predicts atmospheric compositions. Often, external information about geophysical
fields, atmospheric properties, and viewing conditions are required. An inversion method is
applied to the developed forward model to derive the unknown parameter (e.g., ozone profile or
column) from the measured reflectance. Parameters are adjusted until the squared-sum
difference between modeled and measured reflectance is minimized. If the forward model is
linear, the minimum is easily found by inverting the forward model’s matrix. Unfortunately,
most forward models are non-linear (Martin 2008).



Differential Optical Absorption Spectroscopy (DOAS) is a type of retrieval that is used to
differentiate between absorption properties of multiple species in a single system, allowing for
simultaneous quantification of multiple pollutants in a given atmospheric column. The retrieved
quantity is the slant column density, which is defined as the column density along the average
solar light path through the atmosphere. The slant column density and the air mass factor (AMF)
are used to calculate the vertical column density. For many tropospheric trace gas retrievals, the
largest uncertainty results from the AMF calculation (Boersma et al. 2004).

The aim of tropospheric monitoring is to produce column densities and/or concentration profiles
of gases and aerosols. The retrieval process is often underdetermined, where there are too many
unknown parameters (e.g., concentrations at various altitudes or pressures) than information in
the measurement to solve the set of equations determined for the given system. In the case of
profile retrieval, the unknown parameters are a set of concentrations at various altitudes or
pressures. Many contaminants have trace concentrations in the troposphere, but notably larger
stratospheric concentrations, making altitude discrimination essential. Since the measurements
provide limited information on vertical concentration profiles, a priori information is required to
stabilize the retrieval and solve the system of equations. The optimal estimation method
(Rodgers 2000) is the most common for such profile retrievals. Contaminants including Os,
NO,, CO, HCHO, SO, and CO,, have been detected and vertically differentiated using these
satellite techniques.

2.4.1 Solar Back Scattered Radiation for Atmospheric Remote Sensing

Atmospheric sensing with solar back scatter uses visible, near-infrared, and UV electromagnetic
radiation. The intensity of reflected solar radiation from targets on the ground is attenuated as it
traverses the atmospheric layers (Martin 2008). Land surface reflectivity at ultraviolet and short
visible wavelengths is typically <5% (Herman and Celarier 1997, Koelemeijer et al. 2003),
hence, observed backscattered radiation is directly related to the absorption spectra of
atmospheric constituents. Another advantage of using satellite observations in the UV-Vis
spectral region is that information is available for all atmospheric heights (including the near
surface layers), making UV-Vis satellite observations a powerful tool for monitoring ground-
level emission sources. Little or no information on the vertical distribution of trace gases is
observed, however, which contrasts with observations for the microwave and/or thermal IR
regions. Atmospheric gases show absorption features in the UV-Vis spectral range and thus their
concentration can in principle be inferred. Aerosols can also be measured by quantifying their
contribution to solar radiation scattering (Figure 4), allowing for observing the pattern of
atmospheric aerosols, such as, dust storms, forest fires and other aerosol events. For select
aerosols (e.g., dust and soot), solar radiation absorption can be measured to determine
concentrations (Burrows et al. 2011).
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Figure 4.  Schematic representation of solar backscatter reflected from surface, cloud, and
atmosphere (Husar 2011).

2.4.2 Thermal Infrared Absorption and Emission for Atmospheric Remote Sensing

Thermal infrared radiation (or radiative heat) is associated with thermal or heat radiation from
the atmosphere and the earth’s surface (McCartney 1983). Thus, retrievals in this region to infer
trace gas concentrations require a comparison of absorbed and emitted radiation. Thermal
emissions can be characterized at any time (day and night) because they do not require solar
radiation.

Many atmospheric gases exist in specific rotational and vibrational quantum states, causing them
to absorb and re-emit infrared photons as they move from one vibrational-rotational mode to
another. All transitions that change the dipole moment of the molecule correspond to infrared
spectral features that are characteristic of the given gas. Hetero-nuclear, diatomic molecules
(e.g., CO, NO, HF, HCI) and most polyatomic molecules (e.g., H20, N,O, CHy4, NO,, HNOs,
OCS, SO,) show strong absorption in and emission of thermal infrared energy. The main
atmospheric constituents (N, and O,) are symmetric, so their transitions do not result in a dipole
moment change. Therefore, they do not have significant spectral features in the thermal infrared
region (Clerbaux et al. 2011).

Atmospheric gases (e.g., CO and Os) can be identified and quantified by the positions
(wavenumbers) and areas of their absorption lines, respectively. Absorption and emission of
infrared photons are sensitive to temperature, so the shape of the line provides information about
the altitude distribution of the absorbing gas due to vertical variability in atmospheric
temperature. Absorption line-widths can provide further information on vertical profiles because
they depend on pressure, which also varies vertically. These pressure effects, however, require
high spectral resolution to be detected. While infrared instruments rely on thermal contrast,
surface sensitivity is enhanced when the difference between skin (temperature of the surface
layer of the Earth) and air temperatures is highest (Bowman et al. 2006, Deeter et al. 2003).



Thus, the remote sensing capability of nadir-viewing satellite instruments for trace gases and
aerosols is based on surface reflectivity or emissivity, cloud coverage, viewing geometry, and
retrieval wavelength (Martin 2008).

25 Vertical Sensitivity

Instrument sensitivity in the middle and upper troposphere is typically high; however, near the
ground, sensitivity depends on aerosol solar back scattering and surface conditions. The
detection of trace gases and UV-absorbing aerosols is constrained by atmospheric scattering,
which prevents part of the actual intensity from passing through the boundary layer. Strong
scattering at UV wavelengths affects sensitivity when measuring absorbing aerosols (Klenk et al.
1982). On other hand, sensitivity when measuring trace gases with thermal infrared energy is
reduced as the thermal contrast between the atmosphere and surface decreases (Pan et al. 1995,
1998).

A useful parameter that describes the vertical resolution of retrieved profiles is the averaging
kernel (A). For example, if the retrieved profiles cover 10 pressure levels, A is a matrix that
describes the sensitivity ratio of the retrieved values to the actual values at different altitudes.
The averaging kernel is a function of the sensitivities of the top of atmosphere spectral radiances
to species concentrations at different altitudes, signal-to-noise of the measurements, and a priori
constraints used in the retrievals (Rodgers 2000). The trace of A is defined as Degrees Of
Freedom for Signal (DOFS), which is an index that describes the number of independent
elements of information in the retrieved vertical profile (Deeter et al. 2004, Rodgers 2000).
DOFS depends on instrument characteristics and atmospheric physics. For example, DOFS for
CO and Og profiles is 1 to 2 in the tropics and < 1 at the poles (Buchwitz et al. 2007, Deeter et al.
2004, Liu et al. 2005, Worden et al. 2004, 2013).

3 SATELLITE OVERVIEW

Satellite remote sensing for air quality applications began in 1978 with the launch of the

Total Ozone Mapping Spectrometer’ (TOMS) instrument onboard the Nimbus 7 satellite, which
provided information about stratospheric ozone depletion (Molina and Rowland 1974). Ozone
in a column of air is expressed in Dobson units (DU), where 1 DU has a value of 2.69 x 10*°
molecules of ozone per square centimetre. Total Oz column retrieval is based on backscattered
ultraviolet (BUV) detection. This technique was developed (Hudson et al. 1995, Hudson and
Thompson 1998, Kim et al. 1996) to give a tropical tropospheric O3 product (Fishman 1991,
Fishman et al. 1990). Additionally, information about volcanic SO, (Krueger 1983) and
ultraviolet absorbing aerosols (Herman and Celarier 1997) was provided by the TOMS
instrument.

2 See http://disc.sci.gsfc.nasa.gov/acdisc/TOMS
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The last TOMS instrument was deactivated in 2007, but the Ozone Monitoring Instrument
(OMI) on the Earth Observing System* (EOS) Aura satellite inherited the TOMS series and is
discussed below.

Aerosol and tropospheric CO retrievals from space started nearly three decades ago. Aerosol
retrieval was initially accomplished only over water, and only in the last decade have above-land
measurements become available (Lee et al. 2009). Observations from the Multi Spectral
Scanner® (MSS) on board the Earth Resources Technology Satellite® (ERTS-1) were first used to
determine aerosol optical depth in 1972 (Griggs 1975, Mekler et al. 1977). The first generation
of operational aerosol products were performed using data from the Advanced Very High
Resolution Radiometer’ (AVHRR) onboard TIROS-N in 1978 (Stowe et al. 2002). TOMS
provided the longest measurement of global aerosols, although it was not designed for aerosol
monitoring (Torres et al. 2002).

Space measurements of tropospheric CO started when the Measurements of Atmospheric
Pollution from Satellites (MAPS) instrument was deployed four times between 1981 and 1994
(Reichle et al. 1986, 1990, 1999). The instrument measured CO in nadir view using a fixed-cell
correlation radiometer operating in the 4.7 pum region, providing the first measurements of CO
distributions in the middle and upper troposphere (Connors et al. 1999, Newell et al. 1999).
Subsequently, the Interferometric Monitor of Greenhouse Gases (IMG), a part of the Japanese
Advanced Earth Observing System® (ADEOS) satellite, provided CO data from August 1996
until June 1997, when the instrument’s solar array failed (Kobayashi et al. 1999). This was the
first high-resolution nadir infrared tropospheric sounder of several trace gases (H,O, CO,, N0,
CH,, O3, CO, CFCs, and HNOg), using a Fourier transform spectrometer (Barret et al. 2005,
Clerbaux et al. 2003, Turquety et al. 2004).

Table 1 summarizes the capabilities of major satellite instruments designed for remote sensing of
aerosols or trace gases in the lower troposphere. All of these instruments are in sun-
synchronous, polar orbits and are discussed in more detail below.

3 See http://en.wikipedia.org/wiki/Ozone Monitoring _Instrument

4 See http://eospso.gsfc.nasa.gov/

% See https://www.fas.org/irp/imint/docs/rst/Intro/Part2_16.html

® See http://en.wikipedia.org/wiki/Landsat 1

" See http://en.wikipedia.org/wiki/Advanced Very High Resolution Radiometer

8 See http://kuroshio.eorc.jaxa.jp/ ADEQS/
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Table 1.  Major satellite instruments designed for remote sensing of aerosols and trace gases in
the lower troposphere.

Nadir lobal
Measurement | Resolution Globa
Instrument | Platform Period EW x NS | COVerage | Main Products
(km) (days)
GOME ERS-2 1995 t0 2003 | 320 x 40 3 NOz, HCHO,
SOy, O3
MOPITT Terra 2000 — 22 x 22 3.5 (6{0)
Aerosol optical
MISR Terra 2000 — 18 x 18 7 depth (AOD)
Terra 2000 —
MODIS 10 x 10 2 AOD
Agua 2002 —
AIRS Aqua 2002 — 14 x 14 1 CO, SO,
NO,, HCHO,
SCIAMACHY | ENVISAT 2002 — 60 x 30 6 SO, O3, CO
NO,, HCHO,
OoMI Aura 2004 — 24 x 13 1 SO, O3, AOD
TES Aura 2004 — 8 x5 16 03, CO
PARASOL PARASOL 2004 — 7x6 2 AOD
CALIOP CALIPSO 2006 — 0.335 16 AOD
GOME-2 MetOp 2006 — 80 x 40 15 NOz, HCHO,
S0y, O3
IASI MetOp 2006 — 12 x 12 0.5 03, CO

31  ERS-2 (GOME-1)

New and improved tropospheric trace gas measurements began in 1995 with the launch of the
Global Ozone Monitoring Experiment® (GOME) instrument aboard the second European
Research Satellite (ERS-2) (Burrows et al. 1999). GOME-1 measures solar backscatter radiance
in the 240 to 790 nm region with a spectral resolution between 0.2 and 0.4 nm. It is a nadir
viewing instrument that flies on a polar sun-synchronous orbit, approximately 800 km above the
earth and crossing the equator at 10:30 AM local time. It has a spatial resolution of 320 x 40 km,

® See http://gome.aeronomie.be/
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achieving global coverage in three days. Data output from GOME is accumulated at the German
Processing and Archiving Facility, providing information on tropospheric O3z, NO2, H,O, BrO,
S0,, and HCHO, in addition to clouds and aerosol properties (Borrell et al. 2001). GOME-1
global measurements stopped in June 2003 and the operational follow-on (GOME-2) was
launched aboard MetOp in 2006.

The large spatial footprint of GOME makes data validation with in situ measurements
challenging. Aircraft measurements over the Mediterranean Sea, the southeast United States,
and central Europe were employed to validate HCHO retrievals and tropospheric NO, columns,
and the results showed consistency within uncertainty limits (Heland et al. 2002, Ladstatter-
Weillenmayer et al. 2003, Martin et al. 2004). O3 columns retrieved with GOME were within

5 Dobson Units of in situ profiles from ozonesondes (Hoogen et al. 1999, Liu et al. 2005) and the
MOZAIC aircraft program (Liu et al. 2006).

3.2 Terra (MOPITT, MODIS, MISR)

The U.S. National Aeronautics and Space Administration (NASA) launched a Terra satellite
carrying five instruments to study the Earth’s atmosphere, surface, and oceans on December 18,
1999 and began collecting data on February 24, 2000 as part of the EOS program (Kaufman et
al. 1998). Terra operates in a polar sun-synchronous orbit at 705 km above the earth's surface,
crossing the equator at 10:30 AM local time in 16-day cycles. Three of the on-board
instruments, Measurements of Pollution in the Troposphere’® (MOPITT), Moderate Resolution
Imaging Spectroradiometer** (MODIS), and Multi-Angle Imaging SpectroRadiometer*? (MISR),
measure atmospheric constituents.

MOPITT is a Canadian contribution to the Terra mission for measuring CO (Drummond and
Mand 1996). It is a nadir correlation radiometer with a spatial resolution of 22 x 22 km and a
scanning swath of about 650 km (29 pixels), covering the globe in about 4 days (Deeter et al.
2003). MOPITT is unique because it measures CO simultaneously in both the thermal infrared
(TIR) band (4.7 um) and the near-infrared (NIR) band (2.3 pm). NIR observations provide
information about the total CO column, while TIR observations provide CO measurements in the
middle and upper-troposphere. The multispectral instruments, therefore, demonstrates higher
sensitivity to CO in the lower troposphere (Deeter et al. 2011, 2013, Worden et al. 2010).
MOPITT validation indicates that measurements are within the target accuracy and precision
over much of the globe (Deeter et al. 2013, Emmons et al. 2004, 2007). Data from MOPITT are
presented as the total CO column and vertical profiles of CO mixing ratios. The data are
available online at https://eosweb.larc.nasa.gov/project/mopitt/mopitt_table.

MODIS (Barnes et al. 1998) and MISR (Diner et al. 1998) instruments provide improved aerosol
retrievals (Diner et al. 1998, Remer et al. 2005) with high spatial resolution. MODIS measures

10 See http://en.wikipedia.org/wiki/MOPITT

11 See http://modis.gsfc.nasa.gov/

12 See http://www-misr.jpl.nasa.gov/
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upwelling thermal radiation and solar reflectance in 36 wavelengths between 0.4 and 14.5 pm.
Twenty-six bands are used to derive atmospheric properties such as cloud mask, aerosol
properties, and cloud properties with 10 x 10 km spatial resolution. Two MODIS algorithms are
used to retrieve aerosol properties over land (Kaufman et al. 1997) and water (Tanré et al. 1997),
and they are described in detail elsewhere (Remer et al. 2005). Retrieving aerosol properties
over a bright surface is challenging because of high reflectance in the red to NIR spectral region.
Hsu et al. (2004) proposed a new approach, called “Deep Blue”, to retrieve aerosol properties
over bright land surfaces such as arid, semiarid, and urban areas where reflectivity is decreased
in the blue-band region (i.e., wavelength 500 nm). Thus, the surface reflected contribution can
be isolated from the satellite-receiving radiance.

The main aerosol parameter retrieved by MODIS is aerosol optical depth (AOD, a measure of
the integrated aerosol load through the atmosphere) at various wavelengths and fine mode
fraction (FMF, the ratio of small mode AOD (sub-micron) to the total AOD). The wavelength
dependence is expressed by the Angstrom coefficient parameter. Validation studies using data
from the ground-based Aerosol Robotic Network'®* (AERONET) (Levy et al. 2007, Mi et al.
2007) and from a hand-held sun-photometer (Li et al. 2007) indicate that the MODIS AOD
determinations are within uncertainty limits. Daily MODIS atmospheric products are produced
at a spatial resolution of 10 x 10 km and are available online from NASA’s Atmosphere Archive
and Distribution System at http://ladsweb.nascom.nasa.gov/data/search.html.

The MISR instrument has a unique combination of multiple viewing angles and wavelengths. It
uses nine push-broom cameras to view the Earth: one at nadir and eight symmetrical views at
26.1, 45.6, 60.0, and 70.5 degrees forward and aft of nadir. MISR obtains images at four spectral
bands (443, 558, 672, and 866 nm) with a horizontal resolution of 1.1 km in non-red bands and
275 m in the red band (Diner et al. 1998). The multi-view feature enables MISR to provide
detailed aerosol properties including size, sphericity (Chen et al. 2008, Kalashnikova and Kahn
2006), and elevation of aerosol plumes (Diner et al. 1998, Kahn et al. 2007). Instruments with
several viewing directions provide the ability to assess multiple paths through the atmospheric
boundary layer, which is especially useful for aerosol retrieval.

MISR’s retrieval algorithm differs over water, dense dark vegetation (DDV), and heterogeneous
land (Martonchik et al. 1998, 2002), and it can retrieve aerosol information over bright surfaces
(Martonchik et al. 2004). Validation of MISR AODs using AERONET data has been conducted
multiple times (e.g., Abdou et al. 2005, Kahn et al. 2005). Cheng et al. (2012) completed a ten-
year comparison study (2001 to 2011) and showed that 66.8% of MISR retrieved AODs fall
within the error value. MISR data are available online at
https://eosweb.larc.nasa.gov/PRODOCS/misr/level3/download _data.html

13 See http://aeronet.gsfc.nasa.gov/
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33  Agqua (MODIS, AIRS)

Aqua is NASA’s second largest EOS satellite mission, after Terra, and was launched in

May 2002 in a sun-synchronous orbit at an altitude of 705 km crossing the equator at 1:30 PM
local time. It was the first of a group of NASA satellites termed the Afternoon Constellation, or
the A-Train (Figure 5). The A-Train strives to combine information from several sources to
deliver a more integrated view than would be possible from any single satellite (Parkinson 2003).

PARASOL CALIPSO

CloudSat

Aqua

Figure 5. The NASA international Afternoon Constellation, called A-train, includes Aqua,
CALIPSO, CloudSat, PARASOL, and Aura.

Aqua carries six instruments for studying land, oceans, biosphere, and cryosphere. The
satellite’s two atmospheric sensors are Atmospheric Infrared Sounder** (AIRS) and MODIS.
Aqua’s MODIS instrument is the same as the Terra instrument discussed above. AIRS is a high-
spectral-resolution instrument that has 2,378 spectral channels from 3.74 to 15.4 ym. Spatial
resolutions are 13.5 x 2.3 km for infrared measurements and near-infrared measurements,
respectively, in the nadir field of view. It provides atmospheric temperature and humidity
profiles from the surface to an altitude of 40 km, while also measuring trace greenhouse gases
(e.g., CO, O3, and CH,) and, to a lesser extent, CO, (Crevoisier et al. 2004, Parkinson 2003).

CO measurements are conducted at 4.7 mm with a spatial resolution of 45 km at nadir
(McMillan et al. 2005). Measurements from AIRS have also retrieved volcanic SO..
Comparisons between CO measurements from AIRS and MOPITT showed a positive bias (15 to

14 See http://airs.jpl.nasa.gov/
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20 ppb,) for AIRS relative to MOPITT over the ocean and consistency between AIRS and
MOPITT (within 10 to 15 ppby) over land (Warner et al. 2007).

34  ENVISAT (SCIAMACHY)

The European earth observation environmental satellite> (ENVISAT) launched in February
2002 is in a polar, sun-synchronous orbit crossing the equator at 10:00 AM local time and
carrying the SCLAMACHY instrument™®. In contrast to NASA instruments, which analyze
specified wavelengths, SCIAMACHY performs continuous measurements of transmitted,
reflected, and scattered sunlight for the entire solar spectrum — from UV to short wave IR (240 to
2,380 nm) — at moderate resolution (0.2 to 1.5 nm). Additionally, SCIAMACHY functions in
three observation geometries: nadir, limb, and occultation measurement modes (Bovensmann et
al. 1999). These wide spectral radiance measurements assist in providing information about
several atmospheric constituents, including NO, (Martin et al. 2006), O3 (Ebojie et al. 2013, Tan
et al. 2013), SO, (Fioletov et al. 2013, Lee et al. 2008), BrO, OCIO, CO (Gloudemans et al.
2006), CO,, CHa, H,0, and HCHO (Dufour et al. 2009, Wittrock et al. 2006) with a spatial
resolution of 30 x 60 km and global coverage of 6 days. Trace gas concentrations are
determined by subtracting limb measurements from the total columns determined with nadir
measurements (Sierk et al. 2006).

Validations of SCIAMACHY CO, CH,4, CO; and N,O columns were conducted using Fourier
transform infrared spectroscopy (FTIR) (Dils et al. 2006), aircraft remote sensing measurements
(Heue et al. 2005) and aircraft in situ measurements (Martin et al. 2006). Although
SCIAMACHY was designed for the retrieval of trace gas concentrations, its data have also been
used for retrieving aerosol properties (Penning de Vries et al. 2009, Sanghavi et al. 2012). All
data are available online at http://www.iup.uni-bremen.de/sciamachy/dataproducts/index.html.

35 Aura (OMI, TES)

Aura is a NASA EOS satellite launched in July 2004 into a sun-synchronous, near polar orbit at
705 km above the Earth, crossing the equator at approximately 1:45 PM local time. Aura is part
of the A-Train satellite constellation, flying behind the Aqua platform. It studies stratospheric
and tropospheric composition with its four instruments: Microwave Limb Sounder'” (MLS),
Tropospheric Emission Spectrometer*® (TES), OMI and the High Resolution Dynamics Limb
Sounder™ (HIRDLS) (Schoeberl et al. 2006).

OMI is the successor to TOMS, continuing to record total ozone and other parameters related to
ozone chemistry and climate. OMI observes solar backscatter radiation in the visible and UV

15 See http://en.wikipedia.org/wiki/Envisat

16 See http://www.sciamachy.org/

17 See http://mls.jpl.nasa.gov/

18 See http://www.nasa.gov/centers/jpl/missions/tes.html

19 See http://aura.gsfc.nasa.gov/scinst/hirdls.html
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regions with ground resolution of 13 x 24 km, in nadir view. OMI uses a wide swath

(2,600 km), enabling it to achieve global coverage in one day. It measures O3 a,q NO; (Bucsela et
al. 2006), SO, and BrO (Koo et al. 2012, Suleiman et al. 2013), and aerosols (Levelt et al. 2006).
Retrieved aerosol properties include AOD and absorbing aerosol optical depth (AAOD), single-
scattering albedo, layer height, and aerosol index (Veihelmann et al. 2007). Absorbing aerosols
located over bright surfaces and cloudy areas can be detected using the absorbing aerosol index
(AAI). Moreover, measurements in the UV region provide complementary information on
aerosol type, which instruments such as MODIS and MISR that do not include UV analyses
cannot provide. Therefore, different aerosol types can be identified, including smoke, dust, and
sulfates, using OMI UV measurements (Torres et al. 2007). Validation studies were conducted
using ground-based remote sensing, aircraft, and ground-based in situ measurements (Boxe et al.
2010, Fu et al. 2013, Lamsal et al. 2010, Wong et al. 2013). OMI data are available online at
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/collectionlist.pl?keyword=omno2.

TES is a Fourier transform spectrometer (FTS) that provides observations in both limb and nadir
viewing modes. It is capable of measuring vertical profiles of ozone, CO, and H,O with ground
resolution of 5 x 8 km, in nadir view, obtaining global coverage every 16 days. Ozone retrievals
are sensitive to both the lower and upper troposphere, with vertical resolution of about 6 km
when clouds are absent (Bowman et al. 2006). Validations of ozone retrievals were performed
using ozonesonde measurements (Boxe et al. 2010, Worden et al. 2007) and data provided by
different satellites (e.g., Osterman et al. 2008). These studies show that TES tropospheric O3
measurements have a positive bias of 3 to 10 ppb.

TES measures CO at 4.7 pm, similar to MOPITT and AIRS, however, it uses a priori profiles
that vary by region and season (Rinsland et al. 2006). Validation of TES CO measurements
using aircraft data shows a slightly negative (<10%) bias in mid-latitudes and a slightly positive
bias (<10%) in the tropics (Lopez et al. 2008, Luo et al. 2007). Tropospheric methanol
observations from TES are evaluated using a combination of aircraft observations and chemical
transport model over North America. Retrievals agreed well with aircraft observations when
DOFS is >0.5 (Wells et al. 2012). TES data are available online at
https://eosweb.larc.nasa.gov/project/tes/tes_table.

3.6 PARASOL (POLDER)

The PARASOL satellite?® launched in December 2004 carrying the POLDER instrument® as
part of the A-train constellation on a sun-synchronous orbit crossing the equator at 1:30 PM local
time at an altitude of 705 km. POLDER measures spectral, directional, and polarized light
reflected by the earth-atmosphere system at 0.490 pm, 0.670 um, and 0.865 um. Measuring
polarized light in different directions allows for improved characterization of aerosols and clouds
compared to traditional methods that depend on spectral signature only (Tanré et al. 2011). The

20 gee http://smsc.cnes.fr/PARASOL/GP_satellite.htm

2 gee http://smsc.cnes.fr/POLDER/GP_instrument.htm
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ground resolution is 5.3 x 6.2 km at nadir, with global coverage achieved within two days. It can
discriminate large spherical marine aerosols from non-spherical desert aerosols (Herman et al.
2005, 2011). The POLDER algorithm over land only retrieves the optical depth of fine particles
(dp < 2.5 pm) (Maignan et al. 2009). An evaluation of POLDER aerosol measurements against
sun-photometer measurements was performed by Bréon et al. (2011). They showed that
POLDER and MODIS retrievals are of similar quality over the oceans, while over land POLDER
provided a better fine mode estimate than MODIS.

3.7 CALIPSO (CALIOP)

The CALIOP LiDAR?, also part of the A-Train, launched in April 2006 onboard the Cloud
Aerosol LiDAR and Infrared Pathfinder Satellite Observations® (CALIPSO) satellite with
equator-crossing times of about 1:30 PM and 1:30 AM, and a 16-day cycle. CALIOP is an
active instrument, setting it apart from the previously discussed instruments. Processing LIDAR
data makes it possible to retrieve vertical distributions of aerosols and clouds, which is not
possible for passive sensors. However, measurements are limited to the satellite sub-track —
CALIOP does not have cross-track imaging capabilities (the swath width is very narrow). Thus,
validation is challenging because it is difficult to find active measurements sites that coincide
with validation sites (Winker et al. 2009, 2010). The sampling resolution of CALIOP is 30 m
vertical and 335 m horizontal, producing simultaneous backscatter intensities at 1,064 and

532 nm during the day and night. CALIOP algorithms were developed to classify aerosol layers
and evaluate AODs as low as 0.01 (Liu et al. 2011, Omar et al. 2009).

38  MetOP (GOME-2, IASI)

The MetOp mission was initiated by ESA and the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT). MetOp-A was launched on October 19, 2006 as the
first of three successive MetOp satellites. For air quality measurements, MetOp-A carried
GOME-2 (Callies et al. 2000), an update to the original ERS-2 instrument, and the Infrared
Atmospheric Sounding Interferometer® (1ASI) (Clerbaux et al. 2009). GOME-2 is a nadir-
scanning, double spectrometer that covers wavelengths from 240 to 790 nm. It observes the
same species as GOME-1 at a typical resolution of 40 x 80 km with global coverage in 1.5 days
(Nowlan et al. 2011).

IASI measures key species relevant to climate forcing and atmospheric chemistry, including

CO (Turquety et al. 2004), O3 (Boynard et al. 2009), CH,4 (Razavi et al. 2009), HNO3; (Wespes et
al. 2012), NH3 (Clarisse et al. 2009, 2010), and CH3OH (Razavi et al. 2011). In addition, IASI
has excellent horizontal coverage that results from its wide swath (2,200 km), allowing for global
coverage every 12 h with a 12 km footprint diameter.

22 gee http://www.ti.com/solution/satellite_payload_lidar

2 See http://www-calipso.larc.nasa.gov/

24 See http://www.eumetsat.int/website/home/Satellites/CurrentSatellites/Metop/MetopDesign/1ASI/index.html
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CO measurements are most sensitive in the middle troposphere, where limited vertical profile
information is available. George et al. (2009) compared total CO column distributions from
IASI to columns measured with other space-based remote sensors. The authors showed 10% to
17% discrepancies between IASI and three sounders in the Northern Hemisphere and the
equatorial region. Comparisons of tropospheric O3 measurements from ground-based FTIR, the
MOZART-4 model, and 1ASI were performed at Eureka (Canada) and Thule (Greenland).
These comparisons showed that IASI measurements capture temporal variations and spatial
structure of tropospheric O3 in the Northern Hemisphere, although the satellite observations
showed lower sensitivity in the lower troposphere (Wespes et al. 2012).

Although there is strong absorption by water vapor in the same spectral region, weakly absorbing
molecules, such as SO, released during volcanic eruptions were analyzed using the 1ASI
instrument. However, detection of SO, is most sensitive at high altitudes and for strong sources
(high concentrations) (Clarisse et al. 2008). Recent studies report the possibility of also
detecting CH3OH, HCOOH, PAN, C,H,, C3Hg, and C4H4O with 1ASI if their concentrations are
above ambient levels (Clarisse et al. 2011, Clerbaux et al. 2009, Razavi et al. 2011, Stavrakou et
al. 2011).

4 APPLICATIONS

Tropospheric air pollution can be measured at progressively higher spatial and temporal
resolutions using the new generation of satellite measurements. Numerous applications for
satellite data have emerged, and most primary air pollutants can now be detected by one or more
instruments and the corresponding data are openly accessible. In this section, applications that
take advantage of the readily available air quality data are described. Some applications use
satellite data as stand-alone products, while others combine satellite and surface measurements
with air quality models. Four main applications of tropospheric satellite data will be discussed in
this section; analyses of events that affect air quality, modeling evaluation, hemispheric transport
of air pollution and emission estimates.

4.1 Analyses of Events That Affect Air Quality

Satellite data complement ground-based measurements by adding synoptic and geospatial
context. Such context is applied for qualitative and quantitative analyses of events that affect air
quality.

Gautam et al. (2013) employed satellite data from MODIS and CALIOP to better understand
regional aerosol characteristics during Indochina’s pre-monsoon season, quantifying aerosol
optical properties and vertical distribution. Specifically, the researchers showed a strong
correlation between AOD and biomass burning from 2001 to 2010. Multi-year (2007 to 2011)
analysis of aerosol extinction profiles from CALIOP show high aerosol loading that starts in the
lower troposphere and extends to higher altitudes (4 km) (Figure 6b). Analysis of the CALIOP-
derived depolarization ratio product and ground-based sun-photometer AERONET data indicates
that smoke pollution is dominated by fine particulate matter (Figure 6¢) (Gautam et al. 2013).
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Figure 6. CALIOP aerosol extinction and depolarization ratio profile measurements averaged
over the Indochina peninsula domain.
(a) each blue line represents about 40 overlapping CALIOP tracks (with 608 total
tracks available) for the February to April, 2007 period, (b) latitudinal mean aerosol
extinction profile (km), and (c) depolarization ratio, from 5° N to 25° N (Gautam et
al. 2013).

Spatio-temporal variability of a dust episode over Northern China was analyzed using AOD
retrieved from MODIS, OMI, MISR, and CALIPSO. Although there are differences in
characterizations among instruments, all techniques identified the same locations of aerosol
layers in the region of interest (Figure 7). CALIOP LiDAR results showed that dust layers are
located near the surface, threatening human health (Figure 8). Passive sensors (e.g., MODIS)
provide AOD columns, while active sensors (e.g., CALIOP LiDAR) capture the vertical location
of aerosol layers and identify aerosol types. Combining active and passive sensors, therefore,
adds valuable information to air quality assessments and models (Schrader et al. 2013).

Additionally, Zhao et al. (2013) combined MODIS AOD and daily air pollution index (API) data
to assess air quality variability in East China (Shanghai) during the past decade. This study
concluded that environmental initiatives for reducing air pollution are effective, improving air
quality over Shanghai in the range of 1.9% to 22%.
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Figure 7. Multi-satellite AOD data for April 28, 29 and 30, 2011.
The first column shows MODIS Deep Blue AOD for April 28 (a), April 29 (d), and
April 30 (g) and topography (in grey colour).
The second column shows OMI AOD for 500 nm for April 28 (b), April 29 (e), and
April 30(h).
The third column shows MISR AOD for 555 nm for April 28 (c), April 29 (f), and
April 30 (i).
The coloured lines in images (a), (d) and (g) represent the corresponding CALIPSO
path for each day.
The coloured boxes show the specific areas of interest for each day: the pink colour
box in the Taklamakan Desert on April 28, the green colour box in the Central
Chinese desert areas on April 29, and the red colour box in the Beijing area on April
30 (Schrader et al. 2013).
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Figure 8. The CALIPSO feature mask for the three paths over the Taklamakan Desert on April
28, Central China on April 29, and Beijing on April 30 (Schrader et al. 2013).

Nitrogen oxides (NOy) are precursors to tropospheric ozone and aerosols, cause acidification,
and negatively impact human health. NOx emission factors vary according to fuel type and
combustion conditions, so emissions can be difficult to predict. Accordingly, satellite
measurements are employed to aid in estimating NOx emissions given the relationship between
NOx emissions and NO,. The correlation between regional NOy pollution and Indian thermal
power plants was investigated using NO, column data derived from four satellites (GOME-1,
SCIAMACHY, GOME-2, and OMI) from 1996 to 2010. The results showed that emissions
from coal fired power plants should be more stringently regulated because their NOx emissions
are about 96% of total power sector NOx emissions (Lu and Streets 2012).

Dupont et al. (2012) used TES and the Real-time Air Quality Modeling System® (RAQM) to
investigate attribution and dynamic evolution of ozone and CO in Asian wildfire plumes during
spring 2008. In addition to photochemical production due to ozone precursors, they found that
O3 concentrations in biomass burning plumes are significantly influenced by exchange between
the stratosphere and the troposphere after the smoke plumes is lofted to high altitudes (Figure 9).

Tropospheric BrO vertical columns derived from two satellite measurements (OMI and
GOME-2) were combined with surface, aircraft, and ozonesonde measurements to investigate
Arctic ozone depletion (Koo et al. 2012). A negative correlation between tropospheric BrO and
the O3 column was attributed to convective transport of free-tropospheric BrO through the
unstable boundary layer (Koo et al. 2012).

2 See http://ragms-ops.ssec.wisc.edu/
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Figure 9. TES ozone and CO profiles.

(a) Observed TES ozone over Thailand and south of the Himalayas, and (b) observed
TES CO (Dupont et al. 2012).

Wespes et al. (2012) identified Oz plumes transported to the Arctic from fires or anthropogenic
emissions using the IASI satellite (Figure 10). Combining global models with remote sensing
instruments improved detection and allowed for quantification of long-range pollution transport.
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Figure 10. Mean O3 columns (x10*" molecules cm™) from ground to 300 hPa during spring
(from April 1 to 19, 2008) and summer (from June 18 to July 13, 2008) campaigns.
Observed by the IASI satellite and simulated by MOZART-4, smoothed according to
the averaging kernels of the IASI observations (Wespes et al. 2012).

4.2 Model Evaluations

Satellite observations are used to evaluate model simulations, which in many cases are the best
way to bound model estimates. Voulgarakis et al. (2011) extracted tropospheric Oz and CO
concentrations from TES data to evaluate chemistry-climate models (G-PUCCINI and UKCA)
and explore photochemical characteristics and seasonal variability (Figure 11). Results revealed
that correlation between Oz and CO varies by area and season. For example, there is a positive
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correlation in the tropical biomass burning regions for both seasons and a negative correlation in
the Sahara Desert and Middle East.
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Figure 11. Mean 2005 to 2008 middle/lower free tropospheric CO concentrations.
TES (a, b), G-PUCCINI (c, d), and UKCA (e, f) in July and August (left panels) and
December and January (right panels).
Data from 7 TES pressure levels between 800 and 400 hPa were used (Voulgarakis

etal. 2011).

Miyazaki et al. (2012) used observations from multiple satellites to develop advanced chemical
data assimilation. OMI, TES, MOPITT, and MLS were used simultaneously to simulate NO»,
03, CO, and HNO; data for a global chemical transport model, CHASER. The study indicated
that satellite data can provide a powerful global constraint for understanding modeled
tropospheric chemical processes.
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4.3 Hemispheric Transport of Air Pollution

Growth in satellite observations over the past decades has advanced understanding of the
magnitude and impact of hemispheric transport of air pollution. The broad spatial and temporal
coverage of satellite observations allows for tracking the evolution of an aerosol episode,
including dust storms, wildfire smoke, and volcanic eruption plumes (Ansmann et al. 2009, Ben-
Ami et al. 2010). Providing satellite images of major aerosol events assists in the
characterization of transport plumes. For example, Asian outflow and trans-Pacific transport of
CO and O3 have been tracked using satellites, aircraft, and models (Heald et al. 2003). A high
CO episode was detected over China with MOPITT and shown to arise from long range transport
of the pollutant generated from biomass and/or biofuel burning located in the border areas of
Pakistan and India (Zhao et al. 2007). AIRS CO data have also been used to observe long-range
transport of the pollutant (Stohl et al. 2007, Zhang et al. 2008).

Hsu et al. (2006) used TOMS AAI to track Asian dust plume transport across the Pacific Ocean
by merging images from successive days (Figure 12). Hsu et al. (2012) also investigated trans-
Pacific transport in autumn with A-train satellites. SO, plumes over East Asia were first detected
with OMI and tracked to North America in 5 to 6 days. The AIRS instrument showed similar
patterns for CO, suggesting that these plumes were most likely derived from anthropogenic
sources. This study highlighted the importance of trans-Pacific transport in autumn where the
long-range transport of Asian sulfur species happens frequently and could exert strong impacts
on large downstream areas.
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Figure 12. Time series of TOMS AAI composite in April 2001.
The track shows long-range transport of Asian dust across the Pacific Ocean,
reaching as far as the east coast of the US (Hsu et al. 2006).

Quantifying aerosol transport, as well as particle properties, can be accomplished by measuring
AOD from numerous satellite sensors. Combining successive CALIOP curtains simultaneously
with other satellite sensors or models has been used to analyze dust transport across the Pacific
Ocean (Uno et al. 2011, Yu et al. 2008). Yu et al. (2012) studied the long range transcontinental
transport of aerosols using MODIS and CALIOP measurements. They found that the mass of
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aerosols arriving at North American shores from overseas is comparable to the total mass of
particulates emitted domestically.

Kalashnikova and Kahn (2008) analyzed MISR and MODIS aerosol products to identify AOD,
particle size, and particle shape during trans-Atlantic dust transport. They reported various size
and shape characteristics as the plumes traveled from the coast of North Africa to the Caribbean
Sea. Transport height was provided by vertical profiles determined with CALIPSO (LiDAR),
and particle shapes were identified using depolarization ratios. The LiDAR depolarization
method (Winker and Osborn 1992) assumes that irregularly shaped particles (e.g., dust particles)
induce a depolarization signal while spherical particles (e.g., smoke, sea salt) do not (Tesche et
al. 2009).

Liu et al. (2008) analyzed transport of dust from the Sahara desert that originated on August 17,
2006 for a period of 10 days. They utilized CALIPSO colour and depolarization ratio products
and found that dust plumes mixed with other aerosols (e.g., smoke) over the Gulf of Mexico after
they were transported to the Caribbean region. Moreover, CALIOP measurements of LiDAR
backscatter, colour, and depolarization ratios have isolated the influence of clouds on trans-
Atlantic dust properties. Results revealed the complexity of dust mixing with other water-
soluble aerosols (Yang et al. 2012).

Uno et al. (2009) made use of successive CALIPSO LiDAR profiles and aircraft data to track
trans-Pacific dust transport of aerosol to the Arctic during the spring 2008. The CALIOP April
2008 global distribution of the aerosol backscatter revealed two regions with large backscatter
below 2 km: the Northern Atlantic between Greenland and Norway, and Northern Siberia. The
aerosol colour ratio indicated a growth of the aerosol size once transported to the Arctic. The
distribution of the aerosol optical properties in the mid troposphere agreed with the known main
transport pathways between mid-latitudes and the Arctic (Figure 13) (Ancellet et al. 2014).

Combining model and satellite data is useful for characterizing transport events. CALIOP, OMI,
and MODIS measurements together with the chemical transport model and Lagrangian back-
trajectories were used to monitor transport of East Asian aerosols to the Arctic (Di Pierro et al.
2011) and Patagonian dust to Antarctica (Li et al. 2010 ). Detection in Polar Regions is
challenging because aerosol concentrations are low compared to the LIDAR’s detection limit.
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Figure 13. Map of the 532 nm backscatter ratio, aerosol colour ratio, pseudo depolarization ratio
and fraction of cloudless observations using the April 2008 filtered level 1 CALIOP
data in the 0 to 2 km altitude range (Ancellet et al. 2014).

Hemispheric transport of smoke plumes from volcanic eruptions and forest fires have been
characterized by numerous satellite measurements. Satellites including MODIS, TOMS, and
GOME were employed to investigate hemispheric transport of air pollutants associated with
forest fires in southeast Russia in May 2003. Results illustrate that the fires produced NO,, CO,
and other combustion products that can be transported in two directions: Smoke travelling
northwestwards towards Scandinavia was lifted over the Urals and arrived over the Norwegian
Sea. Smoke travelling eastwards to the Okhotsk Sea was also lifted, then crossed the Bering Sea
to Alaska from where it proceeded to Canada and was later even observed over Scandinavia and
Eastern Europe on its way back to Russia. Additionally, transport routes simulated by a
Lagrangian particle dispersion model were validated using the satellite images (Damoah et al.
2004).

Similarly, Dirksen et al. (2009) used OMI and CALIOP measurements to track a smoke plume
released during intense forest fires in Australia. The study showed the front of the plume
traversing the globe in 12 days.

Winker et al. (2012) used CALIOP data to characterize the plumes of volcanic eruption
transported from the Icelandic volcano Eyjafjallajokull in April 2010 during both day and night.
Their results suggest that layers reporting strong LIDAR depolarization are dominated by ash
compared to sulfate, so polarized LiDAR backscatter signals can be used to discriminate between
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volcanic ash and the sulfate aerosol resulting from volcanic SO, emissions. Walker et al. (2012)
developed a scheme to exploit IASI retrievals to track SO, in the presence of clouds and volcanic
ash. Additionally, GOME-2 has successfully measured BrO columns and SO, plume heights
associated with volcanic eruptions (Rix et al. 2012). CO emissions from a volcano have
similarly been observed using MOPITT data (Martinez-Alonso et al. 2012).

Loyola et al. (2008) used GOME, SCIAMACHY, and GOME-2 instruments along with a
trajectory model to identify plume heights from volcanic eruptions in Central and South
America. As a result, they suggested developing a near-real-time SO, data delivery service to
warn of aviation hazards arising from volcanic ash clouds.

4.4 Estimates of Surface Emissions

4.4.1 Inverse Modeling Techniques

Surface emissions can be assessed following a bottom-up or top-down approach. The bottom-up
method uses detailed emissions inventories (EI) at a model resolution. Els are developed based
on several factors, including fuel consumption from all sectors and corresponding measurements
of emission rates for different species (Streets et al. 2003), economic growth, land-use, and fire-
burned areas (van der Werf et al. 2006). The top-down method estimates surface emissions by
inverse modeling of atmospheric observations, as reviewed by Rodgers (2000) and Jacob (2006).
Top-down information is being used to evaluate and improve bottom-up Els because they often
have large uncertainties (Streets et al. 2003) and a number of limitations. First, Els are often not
up-to-date, because it is difficult (and expensive) to characterize all types of sources. Second,
the temporal resolution of Els is typically on monthly or annual scales, which is not adequate for
assessing daily or diurnal emission variability. Third, there is a lack of spatial coverage for
estimating emissions due to limited data availability as Els for several important sources

(e.g., wildfires, volcanic eruptions, and agricultural activities) are not available. All of these
reasons make regional modeling with a uniformly fine resolution challenging (Wang et al. 2006,
Xu et al. 2013).

Inverse modeling develops emissions constraints by combining observations of atmospheric
composition with knowledge of atmospheric processes (e.g., transport, chemistry). Satellites
identify sources and then estimate emissions using inverse modeling techniques, making them a
major source of observations (Sandu and Chai 2011, Streets et al. 2013). A chemical transport
model (CTM), known as the forward model (for the inversion y = F(x), X is a set of emissions to
be estimated and y is a set observed atmospheric concentrations (e.g., satellite data)), solves the
continuity equation to predict concentrations as a function of emissions. An inverse model then
optimizes emission estimates by fitting the CTM to observed concentrations, subject to error
weighting and a priori information (i.e., initial and/or background concentrations) on emissions.
There is an optimal concentration value that minimizes an error-weighted least squares (3°)
scalar cost function, derived from Bayes’ theorem with the assumption of Gaussian errors
(Rodgers 2000). Different top-down techniques have been developed to estimate emissions from
satellite observations (e.g., Heald et al. 2004, Lamsal et al. 2011, Lee et al. 2011a, Wang et al.
2012).
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Several studies have analyzed trace gas sources using top-down methods, including:

e using MOPITT to identify CO sources over Asia (Heald et al. 2004, Kopacz et al.
2009) and across the globe (Kopacz et al. 2010, Stavrakou and Muiller 2006)

e using TES to identify CO, surface flux (Nassar et al. 2011)

e using multiple satellites to identify NO emissions (Lamsal et al. 2011, Lin et al.
2010, Martin et al. 2003), and

e using SCIAMACHY and OMI to identify SO, sources (Lee et al. 2011a).

NH; can be quantified using remote-sensing to overcome a lack of surface measurements. TES
is capable of resolving spatial and temporal gradients in surface NH3; concentrations (Pinder et al.
2011). Heald et al. (2012) used IASI measurements to investigate NH3 concentrations over the
U.S., finding underestimation of emissions in California and the Midwest. Zhu et al. (2013)
showed that TES observations of NH3 can be used to constrain monthly average emissions.
Overall, remote-sensing constraints indicate that NH3 emissions are underestimated in many
parts of the U.S., especially in the West.

Satellite observations also provide a unique resource for constraining CH4 emissions through
inverse modeling using satellite measurements of solar backscatter and TIR instruments
(Frankenberg et al. 2005, Xiong et al. 2009, 2010). Additionally, IASI estimates of global
methanol emissions were used to represent global methanol emission sources (Stavrakou et al.
2011).

Near-real time data from satellites can be used to update bottom-up emission trends. Lamsal et
al. (2011) showed that satellite observations of NO, provide current information about changes in
anthropogenic NOy emissions. Using this approach, they highlighted NOx reductions over the
U.S., Japan, and parts of Europe, and increases over Eastern China (Figure 14).

The growth in NO emissions from Indian power plants was investigated by Lu and Streets
(2012) by combining results from four satellites: GOME, SCIAMACHY, OMI, and GOME-2.
Shipping emissions of NO, were analyzed using SCIAMACHY and GOME-2, providing
monthly estimates (Franke et al. 2009).
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Figure 14. Spatial distributions of anthropogenic NOx emissions.
Bottom-up inventory for 2005 (top); inventory predicted from OMI NO,
observations for 2010 (middle). The difference between the OMI-derived emissions
for 2010 and the bottom-up emissions for 2005 is shown at the bottom (Lamsal et al.
2011).

Figure 15 compares methane concentrations over North America, as observed by SCIAMACHY
(column mixing ratios), a NASA aircraft campaign (INTEX-A, mixing ratios below 700 hPa),
and the corresponding GEOS-Chem model values. SCIAMACHY observations are correlated
with INTEX-A vertical profile data (96%). Comparison to the GEOS-Chem model shows CH,4
underestimation in the Central U.S. and overestimation along the east coast (Streets et al. 2013).
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Figure 15. Methane concentrations over North America in June to August 2004, as observed by
SCIAMACHY (column mixing ratios) and a NASA aircraft campaign (INTEX-A,
mixing ratios below 700 hPa).

The bottom panels show the corresponding GEOS-Chem model values (Streets et al.
2013).

Formaldehyde (HCHO) is a high-yield product of isoprene oxidation, so satellite observations of
HCHO can provide useful constraints on isoprene emissions (Palmer et al. 2003). HCHO
columns have been detected in urban areas, under very polluted conditions using satellite
observations which were used to infer isoprene emissions in different parts of the world, using
HCHO-isoprene relationships derived from a CTM (Marais et al. 2012, Millet et al. 2008, Shim
et al. 2005).

A challenge related to using remote sensing for developing top-down emissions constraints is
determining uncertainties in the resulting inventories. Additionally, emissions of trace gases
cannot be fully constrained with satellite-based counterpart products because some gases react.
For example, SO, can react with other gases such as NH3 to form (NH,4),SO,4 aerosols. As a
result, satellite measurements are necessarily partial constraints on the emission of the
corresponding trace gases. It is beneficial, therefore, to combine measurements of multiple
species, including both gases and aerosols, to provide a more complete representation of total
pollution (Streets et al. 2013). Recently, Huneeus et al. (2012) simultaneously estimated global
emissions of aerosols (e.g., dust, sea salt, black carbon, and organic carbon) by assimilating
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MODIS total and fine-mode AOD. Miyazaki et al. (2012) integrated observations of four
interrelated species NO,, O3, CO, and HNOj3 from four satellites OMI, TES, MOPITT, and MLS
with additional aircraft and ozonesonde data. More work, however, is needed before top down-
estimates can be used for quantifying multiple species (such as NO, and VOC or NO; and O3).
Comparisons against independent satellite, aircraft, and ozonesonde data show that the data
assimilation results are improved for various chemical compounds. These improvements include
a reduced negative tropospheric NO column bias (by 40% to 85%), a reduced negative CO bias
in the Northern Hemisphere (by 40% to 90%), and a reduced positive O3 bias in the middle and
upper troposphere (from 30% to 40% to within 10%).

4.4.2 Oversampling/Spatial Averaging

Oversampling, or spatial averaging, generates higher resolution data from coarse observations,
creating better defined plumes with stronger signals and reduced noise. This technique has been
widely used for NO, measurements (e.g., Beirle et al. 2004, Lamsal et al. 2008, Martin et al.
2003) and was recently applied to SO, measurements from the OMI sensor, improving resolution
to 3 x 3 km for retrievals above Mexico City (de Foy et al. 2009). By averaging OMI NO;
columns to a grid resolution of 0.025 x 0.025 deg., Russell et al. (2011) identified spatial patterns
in weekday-weekend concentrations in the Los Angeles basin. Beirle et al. (2013) used this
technique to identify the volcanic emission rate and lifetime of SO, from GOME-2 satellite
measurements.

A promising application for space-based spectrometers is SO, measurements, although
interference with O3 is problematic (Fioletov et al. 2011). Fioletov et al. (2011) used spatial
averaging techniques to successfully quantify the relationship between OMI SO, observations
and SO, emissions from coal-fired power plants in the Eastern US, ona 2 x 2 km grid

(Figure 16). They showed that an individual source (or multiple sources within 50 km) produces
a statistically significant signal in 3-year averaged OMI pixels within a 12 km radius of the
source. Additionally, for sources greater than 70 kT y~', average OMI SO, concentrations
around the source were correlated (93%) with annual SO, emissions. Fioletov et al. (2011) also
observed reductions in the SO, column with decreases in emissions from 2005 to 2007 and 2008
to 2010.

31



S T T T T T - T T
88°wW 86° W 84w 82°wW 80°W 78°W 88° W 86°W 84°W 82°W 30°wW %W

BT T[T - ° °© °o o o0 0 O O O
03 02 01 0 01 02 03 04 05 06 07 08 <20 2040 4060 60-80 80-100 100-120 120-140 140-160 160-180 >180
OMI SO, (DU) S0, emissions (Gglyear)
a b

Figure 16. Mean SO, concentrations over the Ohio River Basin measured by OMI.
(a) 2005 to 2007 and (b) 2008 to 2010 (Fioletov et al. 2011).

4.43 Emissions from Oil Fields and Oil Sands

Fioletov et al. (2013) developed a technique to identify locations with elevated SO, emissions
using SCIAMACHY, GOME-2, and OMI data, allowing for SO, detection at oil fields in the
Gulf of Mexico (Figure 17). All three instruments generally agree on the SO, sources

(e.g., volcanoes, anthropogenic sources). OMI, however, detected smaller sources better than the
other two instruments due to its improved resolution. As such, OMI can detect SO, when
emissions are as low as 70 kT yr™, compared to 300 kT yr™ for SCITAMACHY and GOME-2.

McLinden et al. (2012) applied the spatial averaging technique described by Fioletov et

al. (2011) to produce high resolution emission distribution maps of NO, for Alberta. Spatial
averaging significantly improved detection and quantification of oil sand NO, emissions,
showing distinct increases in NO, concentrations resulting from surface mining and processing
by averaging OMI NO, columns between 2005 and 2010 over an area of 30 x 50 km (Figure 18).
Time series analyses illustrate an increasing rate of NO, columns by 10.4 + 3.5% that is
consistent with increases in annual bitumen production (McLinden et al. 2012). Further work is
needed to characterize aerosol emissions and complement previous studies in the oil sands region
(Howell et al. 2014).
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Figure 17. Mean SO, distribution over Cantarell and Ku-Maloob-Zaap Oil Fields, Gulf of
Mexico, for 2005 to 2007 and 2008 to 2010.
Data are smoothed using the averaging radius of 60 km (Fioletov et al. 2013).
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Figure 18. OMI annual mean tropospheric NO; vertical column in the oil sands region.
(a) averaged over 2005 to 2010, shown on a 1 x 1 km grid and calculated using an
averaging radius of 8 km.
(b) and (c) as in (a) but separated into 2005 to 2007 and 2008 to 2010 averaging
periods, respectively.
Monitoring stations equipped with in-situ NO instruments are located at locations A
to D for comparison.
Large NO; emission sources are denoted with‘1” and ‘2” (McLinden et al. 2012).

45 Inference of Particulate Matter

The inference of ground-level particulate matter (PM) concentrations from retrieved AOD is a
principal application for satellite observations. Since fine particulate matter (dp < 2.5 um, PM;5)
exposure is associated with negative human health impacts, most studies have emphasized the
relationship between AOD and surface PM; s concentrations. Satellite-derived estimates of
PM, 5 are broadly involved in health impact assessments (Lim et al. 2012) and epidemiological
studies (e.g., Anderson et al. 2012, Crouse et al. 2012, Villeneuve et al. 2011). Analytical
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methods have progressed from semi-quantitative descriptions of air pollution patterns, using
correlations and simple linear regressions, to more sophisticated, multivariate spatial and
temporal models (Kloog et al. 2011, Lee et al. 2011b, Liu et al. 2012, van Donkelaar et al. 2010).
Additional work, however, is still required to improve the accuracy and precision of satellite-
derived PM, s estimates.

Given that passive nadir satellite observations provide little information about vertical profiles,
satellite-derived estimates of PM, s need a conversion factor to relate retrieved AOD to PMys.
This factor should include information about local aerosol optical properties and the aerosol
vertical profile, both of which are temporally and spatially variable. The conversion factor can
be calculated through various empirical techniques (e.g., Kloog et al. 2011, Zhang et al. 2009) or
by using a CTM (e.g., Liu et al. 2004, van Donkelaar et al. 2011). The CTM estimate is based
on meteorological data sets, emissions inventories, and equations that represent the physical and
chemical behavior of atmospheric constituents, as they are the inputs of the model.

van Donkelaar et al. (2010) used AOD from the Terra satellite-based MODIS and MISR
instruments with CTM-simulated AOD-PM s to derive global 0.1 x 0.1 deg. satellite-based
PM, s estimates (Figure 19). Their PM, 5 estimates showed promising agreement with in situ
monitors over North America (r = 0.77) and globally (r = 0.83). The same group recently
developed an estimation tool for determining global PM; s concentrations using MODIS (van
Donkelaar et al. 2013). In some regions, correlation improved compared to previous estimation
methods (e.g., North America, r = 0.82). In other regions (e.g., San Joaquin Valley, California),
however, correlations decreased compared to previous methods.

1
o 5 10

Satllite-derived PM,; (ug/m?

Figure 19. Global satellite-derived PM, s averaged over 2001to 2006.
White space indicates water or locations containing <50 measurements.
Circles correspond to values and locations of comparison sites outside Canada and
the United States; the black box outlines European sites (Van Donkelaar et al. 2010).

35



4.6 Case Study

Spatial and Temporal Variation of CO over Alberta Using Measurements from Satellite,
Aircrafts, and Ground Stations — The full case study is presented in Appendix1.

The process of bitumen extraction and upgrading releases trace gases and aerosols to the
atmosphere. In this study we present satellite-based analysis to explore, for the first time,
various contributing factors that affect tropospheric CO levels over Alberta. The multispectral
product that uses both NIR and the TIR radiances for CO retrieval from MOPITT are examined
for the 13 year period from 2000 to 2012. The MODIS thermal anomaly product from 2001 to
2012 is employed to investigate the seasonal and temporal variations of forest fires.

Additionally, in-situ CO measurements at industrial and urban sites are compared to satellite
data. Furthermore, the available MOZAIC/IAGOS aircraft CO profiles (April 2009 to December
2011) are used to validate MOPITT CO data.

The climatological time curtain plot and spatial maps for CO over northern Alberta indicate the
signatures of transported CO for two distinct biomass burning seasons, summer and spring.
Distinct seasonal patterns of CO at the urban sites (Edmonton and Calgary) point to the strong
influence of traffic. Meteorological parameters play an important role in the CO spatial
distribution at various pressure levels. Northern Alberta shows stronger upward lifting motion
which leads to pronounced CO total column values while the poor dispersion in central and south
Alberta exacerbate the surface CO pollution. Inter-annual variations of satellite data depict a
slightly decreasing trend for both regions while the decline trend is more evident from ground
observations, especially at the urban sites.

MOPITT CO vertical averages and MOZAIC/IAGOS aircraft profiles were in good agreement
within the standard deviations at all pressure levels. There is consistency between the time
evolutions of high CO episodes monitored by satellite and ground measurements and the fire
frequency peak time which implies that biomass burning has affected tropospheric CO
distribution in northern Alberta. These findings have further demonstrated the potential use of
the MOPITT V5 multispectral (NIR+TIR) product for assessing a complicated surface process.

5 CONCLUSIONS

Monitoring of atmospheric key parameters with instruments mounted on satellites orbiting the
Earth has remarkably progressed in the last two decades. The prominent pollutants that can be
observed using satellite based instrumentation are: O3, NO,, CO, and, SO,. It is how also
possible to observe some selected VOCs. Additionally some of the products from photo-
oxidation (such as CH3OH, and HCHO), intensive agriculture (such as NH3), as well cloud and
aerosol optical parameters can be detected. The accumulation of advanced satellite observations
has resulted in a new understanding of our atmospheric environment, the impact of natural
processes, and anthropogenic activities on air quality and trans-boundary pollution. The findings
have important implications for air pollution control and climate mitigation. Combining
information from different sensors and ground-based measurements as well as chemical transport
models provides valuable information to air quality assessments. Additionally, satellite
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measurements have provided several significant inputs for constraining chemical transport
models, and valuable datasets for evaluating and improving model simulations of air quality

Despite the emerging importance of using satellite in air quality applications, there are no studies
using them over Alberta until 2012, when McLinden et. al. (2012) employed the Ozone
Monitoring Instrument (OMI) instrument for NO, and SO, assessment over the oil sand region.
They presented high-resolution maps that revealed distinct increases over background levels for
both species in the area of intensive surface mining. In this work, a study to explore various
contributing factors that affect tropospheric CO levels over the oil sand region and some cities
using satellite remote sensing observations has been accomplished. It demonstrates the potential
use of MOPITT CO multi spectral product measurements to better understand and quantify the
CO sources over Alberta. Further work is needed to analyze SO,, NO,, and aerosol features over
oil sand region especially during the episodic events.

Major progress has been achieved in both passive and active remote sensing from space,
providing better boundary layer sensitivity, improved AOD accuracy and aerosol type (size, and
shape) characterization. The evolution of active remote instruments (e.g., CALIPSO) offers the
advantage of getting vertical distribution of aerosol measurements. Despite the significant
progress in atmospheric remote sensing, substantial effort is needed in the future to develop new
and enhanced satellite missions. Improvements of the spatial and temporal resolution are
required to observe the detailed changes in concentrations of long and short lived active gases.

Current satellites for tropospheric measurements use low Earth orbits, so the maximum temporal
resolution is once per day. When considering cloud coverage and noise, only weekly or monthly
resolution is practical. Some current instruments have exceeded their designed lifetime and few
new satellites have been commissioned. Thus, the National Research Council (NRC) (2007)
recently made recommendations about future missions for satellites using remote sensing to
determine air quality, including the development of missions with geo-stationary orbits (GEO).
Observation from GEO would be of substantial value for air quality investigations, providing
continuous mapping on a continental scale to improve air quality forecasts, monitor pollutant
emissions, and understand pollutant transport. The NASA Geostationary Coastal and Air
Pollution Events®® (GEO-CAPE) mission was recommended for detecting tropospheric
constituents from GEO. This mission, expected to occur by 2020, would measure trace gases
and aerosols hourly over North America with a ground resolution of 4 x 4 km (Fishman et al.
2012, Streets et al. 2013).

In November 2012, a new mission called TEMPO (Tropospheric Emissions: Monitoring of
Pollution?’) was selected under NASA’s Earth Venture Instrument program. The mission uses
GEO and ultraviolet/visible spectroscopy to monitor North America. It will take measurements
from Mexico City to the Canadian oil sands, and from the Atlantic to the Pacific Oceans at
hourly timescales and with spatial resolution of 2.0 x 4.5 km. TEMPO is scheduled to launch no

%6 See http://eospso.gsfc.nasa.gov/missions/geostationary-coastal-and-air-pollution-events

27 See http://eospso.gsfc.nasa.gov/missions/tropospheric-emissions-monitoring-pollution
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later than 2020 and will provide measurements of O3, NO,, SO,, H,CO, C,H,0,, H,0, aerosols,
cloud parameters, and radiation (Chance et al. 2013). TEMPO could be a precursor to or
component of the larger GEO-CAPE suite of instruments. In addition, the Korea Aerospace
Research Institute (KARI) is planning to launch an atmospheric chemistry satellite with a geo-
stationary orbit over East Asia around 2018 (Streets et al. 2013).

In Europe, ESA is planning the Sentinel 4 and Sentinel 5 missions, continuing the legacy of
EUMETSAT meteorological satellites, to measure atmospheric composition. The ESA Sentinel-
5 Precursor (S-5P) polar-orbiting satellite is scheduled to launch in 2015 with a TROPOspheric
Monitoring Instrument?® (TROPOMI) instrument with a 7 year lifetime aimed at global
observations of atmospheric composition for air quality and climate. TROPOMI is a nadir
viewing spectrometer with bands in the ultraviolet, visible, near infrared, and shortwave infrared
regions. It will make daily global observations, with resolution of 7 x 7 km, of key atmospheric
constituents, including Oz, NO,, SO,, CO, CH,4, CH,0, and aerosols. It expands upon the current
data records from OMI on NASA EOS Aura and SCIAMACHY on ESA Envisat, with improved
spatial resolution and signal-to-noise ratio (Veefkind et al. 2012). Diurnal variations over
Europe will be observed by the geo-stationary Sentinel 4 mission after 2018 (Streets et al. 2013).
Multiple satellites in a variety of orbits are needed to infer diurnal variation information at high
spatial resolution on a global scale.
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7 GLOSSARY

7.1 Terms
Active Remote Sensing

A system that emits its own radiation from the active remote sensors and detects back-scattered
radiation from the target.

Aerosol

Solid or liquid particles suspended in air or other gaseous environment.
Air Mass Factor (AMF)

The ratio of the slant column to the vertical column.

Geospatial

Relating to or denoting data that is associated with a particular location.
Ground Track

The path on the earth's surface below an aircraft, or satellite.
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Inclination Angle
The angle between the equatorial plane and the orbital plane.

Limb Geometry

In this geometry light scattered from the Earth’s edge is analysed by sampling the atmosphere
tangentially.

Mixing Ratio

The ratio of the number density of the gas to the total number density of the atmosphere.

Nadir Geometry

Refers to atmospheric volume observations directly beneath the instrument (i.e., the spacecraft).

Negative Bias
The persistent negative difference between two fields.

Occultation
A system of observing the light of the rising or setting sun, moon, or stars through the
atmosphere at different tangent altitudes.

Oversampling

The process of averaging observations from a large number of satellite overpasses, each at a
slightly different location to get better spatial resolution.

Passive Remote Sensing

A system that measures the reflected and emitted electromagnetic radiation that is coming from
naturally available passive sensors (e.g., the sun), after it has passed through the atmosphere.

Polar Orbit

An orbit that has an inclination near 90 degrees, so a satellite passes over both poles of the body
being orbited on every revolution.

Positive Bias

The persistent positive difference between two fields.

Retrieval

The inferred concentration of chemical species from the observed radiation.
Slant Column Density

The trace gas concentration integrated along the atmospheric light paths.

Solar Back Scatter
The process by which electromagnetic radiation interacts with and is redirected by the molecules
of the atmosphere, ocean, or land surface.
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Spatial Resolution

The smallest area on the ground (pixel) that can be resolved by satellite sensor.
Spectral Region

Refers to a finite segment of wavelengths in the electromagnetic spectrum.

Stratosphere

The region of the atmosphere extending from the top of the troposphere (the tropopause), at
heights of approximately 8 km at the poles to 15 km at the equator, to the base of

the mesosphere (the stratopause), at a height of roughly 50 km.

Sun-synchronous

Describes the orbit of a satellite that crosses the equator and each latitude at a fixed local time
each day.

Swath Width

The width of the area observed by a satellite as it orbits the Earth.

Temporal Resolution

Refers to the time needed to revisit and acquire data for the exact same location.
Time Curtain

The contour plot that has x axis as time, y axis as an altitude, and z axis as the measured
quantity.

Troposphere

The lower part of the atmosphere, to a height varying from about 8 km at the poles to 15 km at
the equator, where temperature generally decreases with altitude, clouds form, precipitation
occurs, and convection currents are active.

7.2 List of Acronyms

A Averaging kernel

AAI Absorbing Aerosol Index

AAOD Absorbing Aerosol Optical Depth
ADEQOS Advanced Earth Observing System
AERONET Aerosol Robotic Network

AIRS Atmospheric Infrared Sounder
AMF Air Mass Factor

AOD Aerosol Optical Depth

API Air Pollution Index
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ARCTAS

AVHRR
BUV
CALIOP
CALIPSO

CASA
CT™M
DDV
DOAS
DOFS

DU

El
ENVISAT
EOS
ERTS
ESA
EUMETSAT

FM

FMF

FRP

FTIR
FTS
GDAS
GEO
GEO-CAPE
GOME
HIRDLS
HYSPLIT

Arctic Research of the Composition of the Troposphere
from Aircraft and Satellites

Advanced Very High Resolution Radiometer
Backscattered Ultraviolet
Cloud-Aerosol LiDAR with Orthogonal Polarization

Cloud Aerosol LiDAR and Infrared Pathfinder Satellite
Observations

Clean Air Strategic Alliance
Chemical Transport Model

Dense Dark Vegetation

Differential Optical Absorption Spectroscopy
Degrees Of Freedom for Signal
Dobson Units

Emissions Inventories

Environmental Satellite

Earth Observing System

Earth Resources Technology Satellite
European Space Agency

European Organization for the Exploitation of
Meteorological Satellites

Fine Mode

Fine Mode Fraction

Fire Radiative Power

Fourier Transform Infrared Spectroscopy
Fourier Transform Spectrometer

Global Data Assimilation System
Geo-Stationary Orbits

Geostationary Coastal and Air Pollution Events
Global Ozone Monitoring Experiment

High Resolution Dynamics Limb Sounder

Hybrid Single Particle Lagrangian Integrated Trajectory
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IAGOS In service Aircraft for Global Observing System

IASI Infrared Atmospheric Sounding Interferometer

KARI Korea Aerospace Research Institute

LANCE Land Atmosphere Near-real time Capability for EOS

LEO Low Earth Orbits

MAPS Measurements of Atmospheric Pollution from Satellites

MISR Multi-angle Imaging SpectroRadiometer

MLS Microwave Limb Sounder

MODIS Moderate Resolution Imaging Spectroradiometer

MOPITT Measurements of Pollution in the Troposphere

MSS Multi Spectral Scanner

NASA National Aeronautics and Space Administration

NCAR National Center for Atmospheric Research

NCEP National Centers for Environmental Prediction

NIR Near-Infrared

NOAA National Oceanic and Atmospheric Administration

NRC National Research Council

oMl Ozone Monitoring Instrument

OSRIN Oil Sands Research and Information Network

PARASOL Polarization & Anisotropy of Reflectances for Atmospheric
Sciences coupled with Observations from a LiDAR

PBL Planetary Boundary Layer

POLDER Polarization and Directionality of the Earth's Reflectances

RAQM Real-time Air Quality Modeling System

SCIAMACHY SCanning Imaging Absorption SpectroMeter for
Atmospheric CHartographY

SEE School of Energy and the Environment

SERS Second European Research Satellite

TEMPO Tropospheric Emissions: Monitoring of Pollution

TES Tropospheric Emission Spectrometer

TIR Thermal Infrared
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TOMS
TROPOMI
uv

Vis

Total Ozone Mapping Spectrometer
TROPOspheric Monitoring Instrument
Ultra Violet

Visible

7.3 Aerosols, Gases and Pollutants

BrO
CFC
CoH;
CsHe
C4H,O
CHsOH
CH,4
CO
CO;
H,0
HCl
HCHO
HCOOH
HF
HNO3
N>

N.O
(NH2),S0,
NO,

O3
OCIO
OCS
PAN
PM

Hypobromite
Chlorofluorocarbons
Acetylene
Cyclopropane
Furan

Methanol

Methane

Carbon monoxide
Carbon dioxide
Water
Hydrochloric acid
Formaldehyde
Formic acid
Hydroflouric acid
Nitric acid
Nitrogen

Nitrous oxide
Ammonium sulphate
Nitrogen dioxide
Ozone

Chlorine dioxide
Carbonyl sulfide
Peroxyacyl nitrates

Particulate Matter
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PM2s The fine particulate matter with aerodynamic diameter less

than 2.5 pm
SO, Sulphur dioxide
VOC Volatile Organic Carbon
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APPENDIX 1: Spatial and Temporal Variation of CO Over Alberta Using Measurements
From Satellite, Aircrafts, and Ground Stations

Heba S Marey™?, Zaher Hashisho®, Long Fu® and John Gille*

! University of Alberta, Department of Civil and Environmental Engineering, Edmonton, Alberta, Canada
2 Alexandria University, Institute of Graduate Studies and Research, Alexandria, Egypt.
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A similar version of this study will be submitted for journal publication.

Alberta is Canada’s largest oil producer and its oil sand deposits comprise 30% of the world’s oil
reserves. The process of bitumen extraction and upgrading releases trace gases and aerosols to
the atmosphere. In this study we present satellite-based analysis to explore, for the first time,
various contributing factors that affect tropospheric carbon monoxide (CO) levels over Alberta.
The multispectral products that use both near-infrared (NIR) and thermal-infrared (TIR)
radiances for CO retrieval from Measurements of Pollution in the Troposphere (MOPITT) are
examined for the 13 year period from 2000 to 2012. The Moderate Resolution Imaging
Spectroradiometer (MODIS) thermal anomaly product from 2001 to 2012 is employed to
investigate the seasonal and temporal variations of forest fires. Additionally, in-situ CO
measurements at industrial and urban sites are compared to satellite data. Furthermore, the
available MOZAIC/IAGOS aircraft CO profiles (April 2009 to December 2011) are used to
validate MOPITT CO data.

The climatological time curtain plot and spatial maps for CO over northern Alberta indicate the
signatures of transported CO for two distinct biomass burning seasons, summer and spring.
Distinct seasonal patterns of CO at the urban sites (Edmonton and Calgary cities) point to the
strong influence of traffic. Meteorological parameters play an important role on the CO spatial
distribution at various pressure levels. Northern Alberta shows stronger upward lifting motion
which leads to pronounced CO total column values while the poor dispersion in central and south
Alberta exacerbates the surface CO pollution. Inter-annual variations of satellite data depict a
slightly decreasing trend for both regions while the decline trend is more evident from ground
observations, especially at the urban sites.

MOPITT CO vertical averages and MOZAIC/IAGOS aircraft profiles were in good agreement
within the standard deviations at all pressure levels. There is consistency between the time
evolutions of high CO episodes, monitored by satellite and ground measurements, and the fire
frequency peak time which implies that biomass burning affects tropospheric CO distribution in
northern Alberta.

These findings have further demonstrated the potential use of the MOPITT V5 multispectral
(NIR+TIR) product for assessing a complicated surface process.
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INTRODUCTION

Canada's crude oil reserves are the world’s 3" largest after Saudi Arabia and Venezuela, and
Canada is currently the world’s 7™ largest producer of crude oil (Canadian Association of
Petroleum Producers 2012). Alberta is Canada’s largest oil producer and its 0il sands deposits
comprise 30% of the world’s oil reserves (Kean 2009). Alberta’s oil sands deposits are located
in three regions: Athabasca, Peace River and Cold Lake. The Athabasca oil sands region
(AOSR) (Figure 1) contains most of the oil sands reserves. About 20% of the deposits in the
Athabasca region are shallow (<75 m deep) and hence can be surface mined.

PEACE RIVER

AREA

B Oil sands deposits

Figure 1. Alberta’s oil sands deposits in the Athabasca, Peace River and Cold Lake regions
(Percy 2013).

The bitumen contained within the sand is extremely heavy crude oil, requiring heat or solvents to
extract it from the sand (Alberta Environment 2012). Processing mined bitumen utilizes hot
water and caustic for extraction; the process releases SO,, H,S and light hydrocarbons as well as
CO; and CO (Strausz et al. 1977). After extraction, bitumen is separated from the water and
solids using solvents/diluents such as naphtha (Siddique et al. 2007) and paraffins (Siddique et
al. 2006) which are also used to decrease bitumen’s viscosity. Deeper deposits are not
recoverable by surface mining so in-situ recovery methods such as steam injection are used.
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The rapid expansion of oil sands developments, and massive energy requirements (NEB 2013) to
extract and upgrade the bitumen, lead to numerous environmental concerns, particularly for air
quality (Timoney and Lee 2009) and hence an environmental monitoring program that measures
the ambient air quality is needed. Air monitoring in Alberta is carried out through airshed
associations that were launched as non-profit societies under the umbrella of the Clean Air
Strategic Alliance (CASA). Air quality in the AOSR is monitored locally by the Wood Buffalo
Environmental Association (WBEA), which is a multi-stakeholder organization (Wood Buffalo
Environmental Association 2013).

In addition to the existing continuous air quality monitoring network in Alberta, independent
studies were conducted to investigate the impact of the oil sands mining operations on the air
quality over Alberta (e.g., Bytnerowicz et al. 2010, Howell et al. 2014, Jacob et al. 2010,
Simpson et al. 2010). Recent studies of aerosol and trace gas emissions were carried out in
summer 2008 when the NASA DC-8 and P-3B research aircraft were deployed at the Canadian
Forces Base Cold Lake (Jacob et al. 2010). Their work reported significantly elevated levels of
trace gases (CO,, CHg4, CO, NO, NO,, NQy, SO, and 53 VOCs) above background (Simpson et
al. 2010). However, these data are limited in spatial coverage as they reflect local air quality and
cannot provide information about the overall regional air quality.

A complementary approach to surface and aircraft measurements is satellite-based monitoring
which can provide large spatial coverage and make measurements over extended periods of time,
allowing the study of the impact of intense emission sources on regional and global scale air
quality. Over the last decade, satellite remote sensing of trace gases and aerosols for air quality
applications has progressed (Martin 2008). Despite the emerging importance of using satellites
in air quality applications, there was no research using them over Alberta until 2012, when
McLinden et al. (2012) employed the Ozone Monitoring Instrument (OMI) for NO, and SO,
assessment over the AOSR. They presented high-resolution maps that revealed distinct increases
for both species over the area of intensive surface mining compared with background levels. In
addition, they showed that NO, was increasing at a rate of 11%/year which is generally
consistent with the annual increase of bitumen production. Accordingly, further study to
characterize more trace gases and aerosols that are emitted from various natural and
anthropogenic sources in Alberta is required.

Beside oil sands operations, Alberta has other anthropogenic sources, such as combustion of
fossil fuels and various industrial processes which emitted about 432,277 tonnes of CO in
2011(Environment Canada 2011). Additionally, natural emissions such as boreal forest fires are
a major source of CO. Boreal forest fires in summer influence the carbon cycle (Preston and
Schmidt 2006), climate (Amiro et al. 2001), and air quality of the Arctic atmosphere (Colarco et
al. 2004). The fire frequency at high latitudes (>55° N), is expected to increase (Gillett et al.
2004, Girardin 2007) as a result of global warming (Flannigan et al. 2005, Stocks et al. 1998)
which is accompanied by increased dryness and temperature (Marlon et al. 2008).

One of the most important trace gases emitted from anthropogenic pollution and biomass
burning is CO. CO can also be produced from photochemical oxidation of CH, and non-
methane hydrocarbons (Duncan et al. 2007, Novelli et al. 1998). CO plays a critical role in the
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tropospheric chemistry where it is the dominant sink of the hydroxyl radical (OH), which is the
major oxidizing agent in the troposphere. It has also significant impacts on regional air quality
where it can be a precursor to photochemical ozone smog in areas with sufficient NOy (Ridley et
al. 1992). Additionally, CO was recognized as an important indirect greenhouse gas that could
have an effect on global climate (Daniel and Solomon 1998).

With a relatively long life-time (the global average CO lifetime is about 2 months), CO is an
excellent tracer for tropospheric transport processes (Pétron et al. 2004) and plumes from strong
emission sources that are extending great distances. Fortunately, CO is one of the few
tropospheric gases that can be successfully monitored from space at the present time. It can be
measured by the Measurements of Pollution in the Troposphere (MOPITT) instrument which has
global data from 2000 till now. This long term record of MOPITT data allows investigating the
inter-annual and spatial variability of tropospheric CO air quality.

The current study aims to address the general features of the overall CO loading over Alberta
using MOPITT data. Major source contributions of CO and their impacts on temporal and
spatial variability will be examined through the use of MOPITT and Moderate Resolution
Imaging Spectroradiometer (MODIS) sensors, meteorology and ground level measurements.
This work is the first study to explore various contributing factors that affect tropospheric

CO levels over Alberta using satellite remote sensing observations. The data and methods used
in the study are described briefly. Climatological spatial distribution and time-altitude profiles of
MOPITT CO over Alberta are presented and compared with aircraft CO profiles and ground-
level measurements. Contribution of forest fires to CO levels in the AOSR are analysed using
MODIS fire counts analysis.

DATA AND METHODS

This study uses data from two satellite instruments, MODIS (available from
https://earthdata.nasa.gov/data/near-real-time-data/firms) and MOPITT V5J (available from
ftp://I5eil01.larc.nasa.gov/MOPITT/MOP02J.005) coupled with ground measurement data
(available from http://www.casadata.org/). Fort McMurray, Edmonton, and Calgary are chosen
for analysis where the former represents an industrial region and the latter two represent urban
regions. The boundaries of the study areas are:

Fort McMurray 56.0 to 58.0N 112.0 to 110.0W
Edmonton 52.0to 54.0N 114.0 to 112.0W
Calgary 50.0 to 52.0N 115.0 to 113.0W

Satellite Data
MOPITT

The MOPITT instrument on board the Terra spacecraft is specifically designed to measure CO
and CH,4 columns (Drummond 1992). It takes about 3 days for near-complete global coverage
with a horizontal resolution of 22 km x 22 km at nadir (Deeter et al. 2003). MOPITT has a
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unique feature, compared to other tropospheric CO satellite instruments, as it measure CO
simultaneously in both the thermal infrared (TIR) band (4.7 pum) and the near-infrared (NIR)
band (2.3 um). The NIR observations mainly provide information about the CO total column
whereas TIR radiances are often most sensitive to CO in the middle and upper-troposphere.

In this study we used the MOPITT multispectral product that exploits both channels (TIR+ NIR)
which has been shown to have higher sensitivity to CO in the lower troposphere (Deeter et al.
2011, 2012, Jiang et al. 2013, Worden et al. 2010). MOPITT V5 data have been recently
validated using in situ CO profiles measured from aircrafts (Deeter et al. 2013). Only daytime
MOPITT retrievals were used in this study because they have better information content than
nighttime data (Deeter et al. 2010).

MODIS Thermal Anomaly Products

MODIS sensors are located on the Terra and Aqua satellite platforms. They were designed to
offer a broad range of information about land, oceanic, and atmospheric conditions (Kaufman et
al. 1998a, Masuoka et al. 1998). They detect fires globally on a daily basis at 1 km spatial
resolution. The fire detection algorithm has been described by Kaufman et al. (1998b) and
Giglio et al. (2003).

In this study we used the Collection 5.1 Terra and Aqua MODIS MOD1/MYD14 product from
November 2000 (Terra) and July 2002 (Aqua) through December 2012. Each fire pixel is
associated with a confidence limit parameter to specify the quality of the data which ranges from
0% to 100% (Giglio 2007). The threshold limit for fire pixel confidence that is used in this study
is 20%. We used the MODIS fire data in shape file format to use them in geographic
information system (GIS) maps. Data were obtained from the Land Atmosphere Near-real time
Capability for EOS (LANCE) system operated by the NASA/GSFC/Earth Science Data.

CASA Ground Measurements

CASA Data Warehouse is a central repository for ambient air quality data collected in Alberta.
In-situ measurements of surface CO are recorded at nine monitoring stations. CO is monitored
continuously either by non-dispersive infrared photometry or gas filter correlation (Alberta
Environment 2013).

MOZAIC/IAGOS (In service Aircraft for Global Observing System) Aircraft
Measurements

IAGOS (formerly MOZAIC) instruments, used onboard commercial aircraft since August 1994,
aim to sample tropospheric gases with high vertical resolution over about 50 airports (Marenco et
al. 1998). CO has been monitored since 2001 using the infrared CO analyzer (Model 48CTL
from Thermo Environmental Instruments, USA) with a precision of 5 ppbv (Nedelec et al.
2003). Data are available at http://www.iagos.org.
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Meteorological Data and HYSPLIT Trajectories

The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) model Version 4 was
used to generate air mass backward trajectories. It is the latest version of an integrated system
for computing air parcel trajectories, dispersion and deposition simulations. The model
calculates the trajectories using the Global Data Assimilation System (GDAS) meteorological
dataset which has been operated by National Centers for Environmental Prediction (NCEP)
(Draxler and Rolph 2013, Rolph 2013). Trajectory calculation is conducted by time integration
of the position of an air parcel as it is transported by the 3-D winds (Draxler and Hess 1998).
Data of mean monthly omega for the study period were taken from the National Oceanic and
Atmospheric Administration (NOAA) Climate Data Assimilation System I, based on the
National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis Project. The NCEP/NCAR global re-analysis meteorological dataset
is described in detail by Kalnay et al. (1996).

RESULTS AND DISCUSSION
Climatological Spatial Distribution of MOPITT CO over Alberta

Figure 2 shows the seasonally averaged distribution of MOPITT CO total column measurements
over Alberta for the period March 2000 to December 2012. The symbols F, E and C represent
Fort McMurray, Edmonton and Calgary, respectively. Data are gridded at 0.25 x 0.25 degree
resolution.

High CO loadings extended from the North East to North West of Alberta in all seasons except
in winter (December to February) where the spatial variations are less prominent. Maximum
variations around Fort McMurray are more remarkable in the spring (March to May) where the
CO total column ranges are 2.5 to 2.75 « 10*® and 2.0 to 2.25 « 10*® molecules cm™, respectively.
Additionally, it is apparent that summer (June to August) and fall (September to November)
seasons displayed minimum CO loading, especially in the center and south of Alberta.

The spatial distributions of CO mixing ratios at the surface level (Figure 3) reveal distinct
enhancements, covering south east Alberta in winter with CO mixing ratios of 180 to 200 ppb.
While in the spring, the CO mixing ratios are generally high in the whole province. Thus, the
spatial distributions of surface CO in spring and winter have a different pattern than CO total
column (Figure 2) for the same period. However, summer season demonstrated relatively high
surface CO concentrations (140 to160 ppb) north of Fort McMurray, although it shows minimum
levels for the rest of Alberta, while fall season illustrates similar spatial distribution.
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Figure 2. The MOPITT daytime CO total column measurements over Alberta for the period
March 2000 to December 2012 in (a) winter, (b) spring, (c) summer and (d) fall.

The symbols F, E and C represent Fort McMurray, Edmonton Calgary, respectively.
Data are gridded at 0.25 x 0.25 degree resolution.
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Figure 3. MOPITT daytime CO mixing ratios at the surface level over Alberta for the period
March 2000 to December 2012 in (a) winter, (b) spring, (c) summer and (d) fall.
The symbols F, E and C represent Fort McMurray, Edmonton and Calgary,
respectively. Data are gridded at 0.25 x 0.25 degree resolution.
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To assist in the interpretation of the results, the vertical velocity (Omega) which is defined as
change of pressure with time is analyzed. The spatial distributions of Omega (dp/dt) at pressure
level 850 mb for four seasons are depicted in Figure 4. They demonstrate upward movements of
air mass in the northeast and southwest areas of Alberta as indicated by negative values. This
suggests that the CO emissions are uplifted raising the CO total column values in the north area.
Conversely, downward movements (positive values) are recorded in the central and south east
areas of Alberta allowing subsidence of CO emissions as conditions are favorable. Therefore,
there is a general consistency between the climatological maps of Omega and the CO spatial
distributions where the CO total columns shows remarkable enhancements in the north while
there are elevated surface CO values in the south. This highlights the important role of
meteorological parameters in ambient air quality.

The southwestern area of Alberta exhibits minimum CO levels, which are less than

1.5 molecule/cm? and 60 ppb for CO total column (Figure 2) and surface concentration

(Figure 3), respectively. Alberta has a varied topography, from mountain peaks along the
western border, to lowland areas in northeastern Alberta. It follows, then, that topographical
features influence air quality — mountainous regions with little population contribute to
background conditions of CO resulting in the lowest CO concentrations in the southwest area of
Alberta.

The main sources of CO in the atmosphere are combustion processes and photochemical
oxidation of hydrocarbons (Duncan et al. 2007, Novelli et al. 1998). Hence, it is assumed that
CO spatial variations in northern Alberta are associated with oil sands industrial activities. It is
reported that the oil sands industry consumption of natural gas was 17 x 10° m%day in 2003 and
is expected to increase to 40 to 45 million m®/day in 2015 (National Energy Board 2013).

Extracted bitumen is upgraded at mine sites north of Fort McMurray as well as at downstream
industrial centres such as the industrial heartland in Fort Saskatchewan (north east Edmonton).

A small fraction of diluent (mainly aromatic and aliphatic hydrocarbons) used in bitumen
extraction and transport is emitted to the atmosphere (Siddique et al. 2006, 2007). As reported in
earlier studies, the measured CO on July 10, 2008, as part of Arctic Research of the Composition
of the Troposphere from Aircraft and Satellites (ARCTAS) mission, showed a strong correlation
with alkanes, aromatics and cycloalkanes that are associated with direct emissions from the oil
sands and/or diluent (Simpson et al. 2010). Furthermore, the timing, distribution of other
sporadic sources such as fires, and the effects of large-scale transport have a substantial influence
on the spatial discrepancies of CO.
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Figure 4. Spatial distributions of Omega at pressure level 850 mb for the period from 2000 to
2012 in winter (a), spring (b), summer (c), and fall (d).

Time-Altitude MOPITT CO

To gain further insight about the impact of various emission sources on CO levels, temporal
climatology of 13 years for Fort McMurray, Edmonton, and Calgary areas are calculated. The
monthly mean CO profiles using all the available MOPITT data between March 2000 and
December 2012 are used for altitude/month contours for the two regions (Figure 5). The vertical
profiles of MOPITT CO are retrieved on only 10 altitude levels (surface, 900, 800, 700, 600,
500, 400, 300, 200, 100 hPa), so levels in between have been linearly interpolated. Generally,
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the regions demonstrate the same profile structure where CO mixing ratios are higher at low
altitudes (high pressure) than high altitudes (low pressure).

Calgary

Fort McMurray orea

40 55 70 85 100 115 130 145 160 175
CO (ppb)

Figure 5. Climatological MOPITT CO profiles for the period March 2000 to December 2012
over Calgary, Edmonton, and Fort McMurray area.

At Edmonton and Calgary, vertical CO profile exhibits significant elevated levels in winter and
spring, occurring in February and April with maximum mixing ratios of 160 to 175 ppb at low
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altitude levels (< 800 hPa), while it shows minimum mixing ratios in summer. This pattern is
consistent with the general seasonal cycle of CO in the Northern Hemisphere. Edwards et al.
(2004) analyzed CO variability from the Terra MOPITT satellite in the Northern Hemisphere
and their results showed peak values in the early spring due to fossil fuel burning for heating and
increased power requirements. The wintertime CO emissions persist for several weeks after the
emissions themselves have ceased causing high CO concentrations which are detected in early
spring. In fact, the seasonal cycle of CO loading is driven primarily by the balance of
photochemical production and destruction of hydroxyl radical (OH) (Novelli et al. 1998).
During the summer months under conditions of high solar illumination, OH is produced mainly
through O3 photolysis and subsequent reaction with H,O which accounts for strongest sink of
CO in summer. Thus the main (90%) CO loss is caused by OH oxidation, followed by dry
deposition (Thompson 1992).

Although both Calgary and Edmonton represent urban pollution, Calgary CO concentrations
show lower values in winter, especially in January (Figure 5). Different air masses and weather
systems influence Alberta, and it is likely that these have a significant impact on air quality.
Southwestern Alberta has a complex and non-uniform spatial pattern of chinook frequency in
winter which is associated with warmer temperatures and strong westerly winds that carry
cleaner air from the mountains and may contribute to pollution dilution (Cullen and Marshall
2011). Additionally, Calgary has less industrial development than Edmonton.

The seasonality at Fort McMurray is less pronounced, where there is a marked increase of CO
loading in summer, especially at low altitude levels (< 800 hPa). However, because the OH
loading is higher in summer than the springtime, the CO peak does not persist long and declines
rapidly. Simpson et al. (2011) calculated backward trajectories for ten days starting on July 10,
2008 over the Athabasca surface mines (northeast Alberta) as part of the summer deployment of
the ARCTAS field mission. The aircraft flew over both boreal forest and industrial land
including tailings ponds and upgrader facilities. Then the aircraft flew in a clean air area south
of the oil sands. The ten-day backward trajectories of the area to the south (by one degree) of the
oil sands and clean areas revealed that the air masses are transported at the aircraft’s pressure
level from the west and not from oil sands mines to the north. Consequently, summer CO
increments can be attributed to other sporadic sources such as forest fires. Thus, the forest fire
emissions will be discussed in the MODIS Fire Counts section Furthermore, the winter/spring
levels over Fort McMurray start to peak late in April and May with maximum mixing ratios of
145 to 160 ppb (< 800 hPa). Figure 5 illustrates higher CO mixing ratios at low altitude levels
(<800 hPa) over Edmonton and Calgary than the Fort McMurray area, especially in winter and
spring which point out to the significance of the non-industrial sources (e.g., vehicle and heating
emissions). CO emissions from mobile sources (e.g., transportation emissions) over Alberta in
2011 were about 900 thousand tonnes, which is about 60% of the total CO emissions (1.5 million
tonnes) (Environment Canada 2011).

For all locations, CO mixing ratios in spring exhibit greater values at higher altitudes (>700 hPa)
compared to other seasons. This could be attributed to seasonal variations in deep convection,
which lofts surface emissions into the upper troposphere (e.g., Duncan et al. 2007, Jiang et al.
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2007, Liu et al. 2010, Livesey et al. 2013). This is further confirmed by monthly Omega
averages (2000 to 2012) at 700 hPa (Figure 6) which indicate that the vertical mixing is more
pronounced in May and June when Omega averages range from -0.02 to -0.01.
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Figure 6. Omega averages at 700 hPa from 2000 to 2012.

Although CO mixing ratios over Edmonton and Calgary areas are higher at lower altitudes, the
CO total column data for all regions are comparable (not shown). This indicates that northern
Alberta is affected more by CO plumes transported vertically above the planetary boundary layer
(PBL) whereas cities such as Edmonton and Calgary are more influenced by local emissions
confined in the PBL.

Figure 7 shows the 11 year inter-annual variation of monthly averaged CO mixing ratios (ppb) as
measured by MOPITT from January 2002 to December 2012 at the ten pressure levels over Fort
McMurray, Edmonton and Calgary. The first two years are not considered for inter-annual
analysis since this period (referred to as phase 1) corresponded to times when the instrument was
experiencing problems, such instrument cooler failure which might affect the retrieval validity.
Accordingly, different channels and a different retrieval configuration called mission phase 2, are
used to get the information (Emmons et al. 2004). The annual mean for each year is calculated
and then subtracted from monthly averages of that year to show inter-annual variation. The
white intervals indicate missing data due calibration events, instrument problem or the pressure
at that location is less than MOPITT pressure level.
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Figure 7. The 11 year inter-annual variation monthly averaged daytime MOPITT CO mixing
ratios (ppb) as measured by MOPITT from January 2002 to December 2012 over
Calgary, Edmonton, and Fort McMurray areas.
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Strong seasonal cycles are seen over all regions through all the years with maximum values in
springtime. The degree of repeatable seasonal variability varies by year and region where it is
more pronounced over Edmonton and Calgary areas. However, Fort McMurray data (Figure 7)
show highest inter-annual variation where for example the CO loading during the winter-spring
of 2003 was considerably greater than that of the next winter seasons. The upstream oil and gas
emissions in Alberta peaked in 2000 (Alberta Environment 2008) and this increment could affect
CO levels especially around Fort McMurray (Figure 7). CO emission trends from 2000 to 2011
for anthropogenic sources over Canada reached a maximum value in 2000 of about 11 million
tonnes (Environment Canada 2011).

The monthly average time series from 2002 to 2012 of CO mixing ratios over Fort McMurray
area displays a secondary peak in summer while its magnitude varies from year to year.
Summer CO episodes over Fort McMurray area could be a signature of polluted air parcels
coming from biomass burning emissions (e.g., forest fires). Accordingly, the impact of forest
fire on CO levels is examined in the MODIS Fire Counts section. Furthermore, CO mixing
ratios of Edmonton and Calgary areas at lower altitudes are higher than Fort McMurray area
during the entire period except 2000. This result indicates the significance of the anthropogenic
local urban sources (e.g., transportation) compared to the industrial sources (oil sand activities).

The inter-annual variation of CO total column is calculated in the same way as CO profiles
(mentioned above) (Figure 8). To investigate whether there is a trend a linear regression analysis
was performed to fit the observations of the monthly CO total column for Fort McMurray,
Edmonton and Calgary areas. A slightly decreasing trend is identified for all regions with a rate
of -1%. The seasonal variation is evident each year with small inter-annual variability.

However, Calgary and Fort McMurray show higher spring values in 2002 and 2003,
respectively. The striking feature in 2012 is the presence of an air pollution episode in the
Edmonton and Fort McMurray areas in summer which is reflected by the highest, among all
summers, CO total column (2.6 « 10*® molecules cm?) value in July. Thus a case study of
summer 2012 is analyzed.
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Comparison with MOZAIC/IAGOS Aircraft CO Profiles

To verify MOPITT measurements, profiles of CO MOZAIC/IAGOS aircraft on descent to or
ascent from Calgary airport are exploited for comparisons. The available aircraft data are
between April 2009 and December 2011 with a total of 186 profiles. Because of MOPITT’s
temporal resolution of 2 to 3 days and the blockage of clouds, there are missing data in daily CO
profiles and hence only the matching MOPITT and aircraft profiles in time and location are
utilized. For comparison, MOZAIC/IAGOS profiles are first interpolated to the pressure level of
the corresponding MOPITT retrievals.

Since the MOPITT retrieval derives CO concentration profiles by convolution of its radiometric
observations with a priori estimates of the vertical profile of atmospheric CO, the sensitivity of
the retrievals to the actual concentration profiles must be considered when conducting
quantitative comparison to independent measurements (Emmons et al. 2004, 2007). The
sensitivity of the MOPITT measurements to the true CO profile is represented by averaging
kernels (Deeter et al. 2003). Accordingly, the interpolated aircraft profile is transformed by
applying the averaging kernel and a priori profile associated with the corresponding MOPITT
retrieval using equation 1 (Emmons et al. 2009). The transformed profiles (X) are denoted as
MOZAIC/IAGOS (AK), and then they are averaged and plotted with corresponding MOPITT
retrieved vertical profiles of CO as illustrated in Figure 9a.

Xret:AX+( I _A)Xa

where X, is the a priori CO profile, A is the averaging kernel, and x is the in situ
CO profile.

Both aircraft and MOPITT measurements show that CO mixing ratios below 700 hPa are higher
than those above 700 hPa. The vertical distributions and gradients of aircraft and MOPITT

CO mixing ratios are in good agreement where their averages values match fairly well within the
standard deviations at all pressure levels. However, MOPITT averages generally have positive
bias in the upper troposphere where the largest differences are seen below 400 mb.

Nevertheless, the comparison demonstrates the potential of using multispectral MOPITT

CO data in estimating surface air quality (Deeter et al. 2011, Worden et al. 2010). The seasonal
profiles of the available MOZAIC/IAGOS data are computed and displayed in Figure 9b. They
illustrate higher concentrations in winter for all altitudes and minimum values in summer.
Additionally, spring measurements exhibited relatively high mixing ratios above ~2 km. Thus
the seasonal variation results are generally consistent with MOPITT results over Calgary except
that MOPITT shows the maximum in spring rather than winter. This discrepancy suggests that
winter surface emissions are more entrained in the boundary layer which exacerbates the local
surface pollution, resulting in high concentrations in winter. As MOPITT’s sensitivity to CO is
relatively low in the boundary layer (Deeter et al. 2007) surface emission may not be captured
very well. Since the meteorological conditions in spring favor lofting the emissions up (warm air
has lower density), the retrieved MOPITT signal at mid-troposphere can capture the enhanced
CO where its sensitivity is better (Hyer et al. 2007). As a result MOPITT data record the
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seasonal peak in spring rather than winter. This finding suggests the significant influence of

transported emissions on CO levels. The surface seasonal variations of CO are further confirmed
by analysis of ground level measurements in the next section.
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Figure 9. MOZAIC/IAGOS (AK) and the corresponding MOPITT CO profiles (a) and

MOZAIC/IAGOS seasonal averages CO profiles, the horizontal bars are standard
errors.
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Comparison with Ground Measurements

The in-situ ground measurements are more sensitive to the boundary layer than the MOPITT
CO, where earlier studies of the averaging kernels indicated that there are effectively two
independent pieces of information in the vertical profiles retrieved by MOPITT with more
sensitivity to the middle troposphere. MOPITT retrieval does not have more than two pieces of
information where the DFS values ranges from 1.4 to 2.0 (Deeter et al. 2007, Worden et al.
2010).

In this section we consider analysis of surface CO recorded at nine monitoring stations. The
elevation, exact location, starting date, and the status are presented in Table 1. The selected
stations represent various anthropogenic sources of CO where Fort McMurray-Athabasca Valley
is an industrial town and the other stations are main urban sites (Edmonton and Calgary). The
monthly-averaged time series of CO mixing ratio (ppb) at these stations are computed from 2000
to 2012 for comparison with MOPITT CO surface variability (Figure 10). The availability of
CASA data differs among the stations as shown in Table 1. The MOPITT data are centred at
each location in a one degree grid box.

Table 1 Location, elevation and starting date of selected CASA monitoring stations

Name of the station Longitude Latitude Elevation Stg:;ieng
Calgary Central 2 51.046944 -114.074722 1051.0 01/04/2008
Calgary Central 51.0471506 -114.0731477 1051.0 01/05/1979
Calgary East 51.009444 -114.025278 1028.0 01/08/1974
Calgary Northwest 51.079167 -114.141944 1106.0 01/08/1974
:&r;b“:scc?s;;ﬁg 56.732778 -111.390278 260.0 | 01/12/1997
Edmonton Central 53.544453 -113.498842 663.0 03/12/1976
Edmonton East 53.548139 -113.368194 679.0 01/10/1972
Edmonton Northwest 53.594167 -113.54 679.0 12/07/1973
Edmonton South 53.500139 -113.526056 681.0 21/09/2005
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Figure 10. CASA CO in-situ measurements (left axis) and MOPITT CO at surface level (right
axis) at (a) Calgary, (b) Edmonton and (c) Athabasca Valley.
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The CO temporal data from all stations reveal distinct inter-annual variations with a significant
decline trend. The trend is more recognizable over Edmonton and Calgary (Figure 10a and 10b)
than Fort McMurray (Figure 10c) where their maximum declining rates are 4.4, 5.7 and 0.6,
respectively. Furthermore, the CO levels are much higher at the urban stations than the
industrial one where their maximum concentrations are about 1,000 ppb and 500 ppb,
respectively. Additionally, it is apparent that the first 7 years (2000 to 2006) have larger inter-
annual variations than the next years (2006 to 2012), especially over Edmonton and Calgary. In
other words, the decreasing rate in the last 6 years is not as significant as the first years which
reflect the influence of improvement in vehicle carbon monoxide emissions (Alberta
Environment 2008).

Moreover, for each city, there are discrepancies in the CO concentrations among different
locations, where the central and east Calgary and central and northwest Edmonton stations
exhibited greatest values (not shown). This increase could be attributed to high traffic or
industrial load at these locations which imply the substantial impact of these emissions sources
on ambient CO levels. This finding is consistent with the results of Simpson et al. (2010) that
showed relatively low emitted levels of CO throughout the mining operations, suggesting
efficient combustion, although the CO concentrations were 48% greater than the local
background. Compared to MOPITT, the spatial and the temporal variations of surface

CO mixing ratios also experienced higher values over Edmonton than Fort McMurray.

The seasonal cycle of CO is evident for all years at all stations where it is characterized by a
maximum in winter (December and January) and a minimum in summer (Figure 10). MOPITT
CO surface data capture monthly variation in ground data except at Fort McMurray in 2006.
However, the magnitude of MOPPIT CO surface data is less than ground data which could be
because MOPITT surface values are the layer average from the surface to the next level

(e.g., 900 hPa) as well as MOPITT surface sensitivity. Seasonal variations at Fort McMurray
(Athabasca Valley station) (Figure 10c) are different for the whole study period with a secondary
peak in summer which is more pronounced in some years such as 2012. Interestingly, the
summer 2012 peak value exceeds the winter values of the same year, where monthly CO mixing
in July 2012 was more than 300 ppb. Although MOPITT temporal resolution is about 3 days
(Liu et al. 2005), the same observation is detected by MOPITT CO total column where the
monthly July average in 2012 over Fort McMurray area was ~ 2.6 * 10™® molecules cm ™. This
implies the substantial impact of a non-industrial source such as forest fires, on air quality.
Consequently, it is essential to analyze biomass burning over Alberta which is one of the major
sources of CO (Morris et al. 2006).

MODIS Fire Counts

To assess the impact of forest fires on CO levels, the MODIS thermal anomaly product was
analyzed for 12 years (2001 to 2012). GIS maps were used to display the spatial distributions of
active fire points using ArcGIS software version 10.1.

Figure 11 illustrates the seasonal variations of fire counts for the study period over Alberta. A
significant number of fires occur during summer (June to August) in northern areas of Alberta
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extending from west to east. In the spring (February to April), large forest fires are spatially
clustered in the area north of Fort McMurray as well as in central Alberta. In winter (December
to February) and fall (September to November) seasons, most of the fire locations are distributed
in the west and northwest areas of Alberta, especially in the fall season.

Temporal analysis of fire count monthly averages for the entire period (2001 to 2012)
demonstrates that July, June and May comprise more than 75% of the total fire occurrence where
their relative frequencies are 28%, 24%, and 18%, respectively (Figure 12a). Thus, the period of
May to July is recognized to be the main biomass burning season where the largest fires occur in
Northern Alberta. High pressure subsidence (a slow, sinking motion of high level air occurring
in high pressure areas) and dry conditions were identified as the dominant meteorological
conditions in this period which cause fires where the subsiding air is warmed by compression
and becomes more stable (Skinner et al. 2002, Soja et al. 2007).

Inter-annual variations of seasonal fire frequency (Figure 12b) indicate a large variability with an
ascending trend where the total number of fire counts over Alberta increased from 1,959 in 2001
to 10,608 in 2012. A very distinct increase in fire frequency is observed in summer with peak
number in 2012. Additionally, 2011 had more than 5,500 fires in spring and in summer. The
overall pattern of fires is largely consistent with the seasonal and temporal variations of MOPITT
CO values of northern Alberta as well as the ground level in situ measurements at Fort
McMurray station. Therefore, it is suggested that the high CO concentrations that emerge each
summer in the area around Fort McMurray (northern Alberta) are mainly caused by the biomass
burning of boreal forest fires. Earlier studies pointed out the significance of biomass burning on
air quality, where it accounts for about 30% of the global total CO sources (Galanter et al. 2000).
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Figure 11. Seasonal variations of MODIS fire counts for the study period (2001-2012) over

Alberta.
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Figure 12. Monthly variations of MODIS fire counts for the study period (2001 to 2012) over
Alberta (a) and inter-annual variations of seasonal fire frequency (b).

To analyze in further detail the impact of fire emissions on CO levels and their transport, the
variability of fire counts during July 2012 is examined as a case study. The daily time series of
fire frequency in summer 2012 (not shown) shows a severe fire period from July 4 to 18 with
maximum number on July 10 and 11 when the fire counts exceeded 1,200 and the fire radiative
power (FRP?) reached 9,510 MW. Figures 13a and b display the MODIS Terra image
combined with fire hot spots indicated by red points for July 10 and 11, 2012, respectively. It is.

2 ERP is the measure of thermal heat emitted from detected fires.
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clear that most of the red fire points are included in or headed the smoke plumes, indicating that
the plumes originated from those fires.

On July 10, 2012, the air mass was transported across Alberta to the north then on July 11 it went
east at which time it split, with part of the air mass being transported south to the Fort McMurray
area. To verify the transport pathway of smoke plumes, HYSPLIT forward trajectories analyses
were performed for July 10, 2012 for a 48 hour period (Figure 13e). The starting conditions for
these analyses included three fire point locations chosen from the MODIS fire data. The blue
circles in the trajectories represent time intervals of 6 hours. Analyses were done for 500, 1,000,
and 2,000 m heights, and it seems that the plumes stayed in the PBL during the first 12 hours,
then all of the plumes moved upward reaching heights up to 3,000 m. Moreover, the trajectories
indicate that the air parcels traveled from the northwest toward the northeast which coincides
with MODIS smoke plume paths (Figures 13a and 13b). Therefore, the HYSPLIT forward
trajectory analysis provides evidence that some cities in Alberta such as Fort McMurray could be
affected by fire emissions after a short time (24 to 48 h) depending on the starting plume height.

CO total column and surface composites for July 10 to 20 are displayed in Figure 13c and 13d.
The CO plume expanded across northeastern Alberta where the CO total column and surface
exceeded 3.25 « 10" molecules cmZand 300 ppb, respectively. Despite the limited vertical
resolution of MOPITT measurements, a general enhancement of CO can be clearly seen for
surface measurements where the CO mixing ratio close to fires was as high as 300 ppbv, in
comparison with a CO mixing ratio of 60 to 90 ppb in the background. However, the spatial
pattern of total column and surface CO are not similar where the former is more distinct in the
west area of Alberta where fires originated than the latter. This suggests that the enhanced CO
was transported vertically as well as horizontally.

Although most of the summer of 2012 fires originated in the northwest area of Alberta, MOPITT
images revealed the intense CO plumes in the east which match remarkably well with MODIS
and HYSPLIT trajectories. This implies the substantial influence of long range transport on

CO levels where its long lifetime allows plumes with elevated CO to travel long distances
affecting air quality downstream of the point source emissions. Zhao et al. (2007) indicated that
a high CO episode at a remote area can result from long-range transport from active biomass
burning and biofuel burning areas rather than local air pollution.

Daily time series of in-situ measurements at the Athabasca Valley station for July 2012 reveals
elevated CO concentrations during the intense forest fire period (Figure 13f). Although the total
number of hotspots peaked on July 10, the enhancement of CO was found to reach the maximum
value later on July 12 where it exceeded 700 ppb. This further confirms the important effect of
transport on atmospheric CO values.

Generally, the in-situ measurements are in good agreement with MOPITT data, however the
magnitude of in-situ measurements is higher than surface MOPITT data. The reason could be
due to the larger spatial resolution of MOPITT data (22 km x 22 km) while in-situ measurements
represent point data. In addition, since MOPITT is not very sensitive to the CO in the boundary
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layer, it is possible that the sharp surface features are masked and hence the retrieved CO values
in the boundary layer are lower than reality during biomass burning emissions.

SUMMARY AND CONCLUSIONS

This study demonstrated the potential use of MOPITT CO measurements to better understand
and quantify the CO sources over Alberta. MOPITT-based climatology and inter-annual
variations were evaluated for 13 years (2000 to 2012) on spatial and temporal scales. MOPITT
V5 multispectral product that uses both near-infrared and the thermal-infrared radiances for CO
retrieval were used. Available MOZAIC/IAGOS aircraft CO profiles over Calgary were used to
validate MOPITT CO data. Additionally, CO ground measurements were compared to satellite
data. The MODIS thermal anomaly product from 2001 to 2012 was employed to investigate the
effect of seasonal variations of fires on climatological and inter-annual CO levels. To further
recognize the fate and the impact of biomass burning emissions on air quality, forest fires on a
severe day have been analyzed as a case study.

Seasonal climatological maps for CO total columns indicated conspicuous spatial variations

in all seasons except in winter where the CO spatial variations are less prominent. High

CO loadings are observed to extend from the northeast to northwest of Alberta, with highest
values (2.5 to 2.75 « 10" molecules cm ™) in spring. The CO mixing ratios at the surface level in
winter and spring seasons exhibited dissimilar spatial distribution patterns, where enhancements
are detected in central Alberta (east of Edmonton) rather than north, with a mixing ratio range of
250 to 300 ppb. Analyzing spatial distributions of Omega at pressure level 850 mb for four
seasons implied that conditions in northeast Alberta are more favorable for uplifting while in the
south subsidence of CO emissions is more likely. Thus, meteorological parameters may affect
the CO spatial distribution profile where the CO total columns show remarkable enhancements
in the north while the surface CO experiences high values in the south area.

Time altitude CO profile climatology, as well as the inter-annual variability, were investigated
for Fort McMurray and Edmonton regions to compare impact of various sources on CO loading.
Monthly variations over Edmonton region are consistent with the general seasonal cycle of CO
in the Northern Hemisphere (Edwards et al. 2004) — significant enhancement in winter and
spring, and minimum mixing ratios in summer. The typical seasonal CO variations over Fort
McMurray area are less prominent, where there is an obvious rise of CO in summer. The same
seasonal patterns are detected at various surface monitoring stations; however the magnitudes of
in-situ measurements are higher. Inter-annual variations of satellite data display a slightly
decreasing trend for both regions while the decline trend is more evident from ground
observations, especially in Edmonton. These discrepancies (between satellite and ground data)
may be explained by larger MOPITT spatial resolution and its lower sensitivity to the surface
CO.

MOPITT CO profiles are validated by comparing them to the available MOZAIC/IAGOS
aircraft profiles after applying averaging kernel (Emmons et al. 2009). Both vertical
distributions showed good agreement within the standard deviations at all pressure levels.
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Time altitude CO profile measurements over the Edmonton region illustrated relatively elevated
CO values in the lower troposphere than the corresponding values (over the same elevations)
over Fort McMurray area. However, the total column CO values are similar. This striking
feature suggests that Edmonton and Calgary regions may be affected by regional pollution while
Fort McMurray area (northern Alberta) may be influenced by CO plumes transported either
vertically or horizontally which could be from industry and/or regional biomass burning.
Temporal analysis of fire frequency showed that the main biomass burning season is from May
to July where the largest fires are clustered spatially in northern and central Alberta. The spatial
distributions of fires match remarkably the spatial distributions of MOPITT CO total column in
spring and summer. Additionally, there is a consistency between the time evolutions of high CO
episodes that are monitored by satellite and ground measurements in the Fort McMurray area and
the fire frequency peak time. This finding implies that biomass burning and its transport have
interesting consequences for the tropospheric CO distribution in northern Alberta, given the
complex meteorology that prevails in this area.

Since 2012 had high fire frequency, July 10, 2012 was selected to analyze the biomass burning
smoke plumes. Daily time series of ground measurements in Fort McMurray revealed elevated
CO concentrations on July 12 (> 700 ppb) which is two days after peak fire frequency (July 10).
Furthermore, the MOPITT composite image for the fire severity period (July10 to 20) displayed
a more intense CO plume in the east rather than west area where most of the fires originated.
This result reflects the significant influence of long range transport of biomass burning emissions
on CO levels which is further confirmed by MODIS smoke plume images and HYSPLIT
forward trajectories.
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