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Abstract

The wealth of air quality information provided by satellite infrared observations of am-
monia (NH3), carbon monoxide (CO), formic acid (HCOOH), and methanol (CH3OH) is
currently being explored and used for number of applications, especially at regional or
global scales. These applications include air quality monitoring, trend analysis, emis-5

sions, and model evaluation. This study provides one of the first direct validations of
Tropospheric Emission Spectrometer (TES) satellite retrieved profiles of NH3, CH3OH,
and HCOOH through comparisons with coincident aircraft profiles. The comparisons
are performed over the Canadian oil sands region during the intensive field campaign
(August–September 2013) in support of the Joint Canada–Alberta Implementation Plan10

for the Oil Sands Monitoring (JOSM). The satellite/aircraft comparisons over this region
during this period produced errors of: (i) +0.08±0.25 ppbv for NH3, (ii) +7.5±23 ppbv for
CO, (iii) +0.19±0.46 ppbv for HCOOH, and (iv) −1.1±0.39 ppbv for CH3OH. These val-
ues mostly agree with previously estimated retrieval errors; however, the relatively large
negative bias in CH3OH and the significantly greater positive bias for larger HCOOH15

and CO values observed during this study warrant further investigation. Satellite and
aircraft ammonia observations during the field campaign are also used in an initial
effort to perform preliminary evaluations of Environment Canada’s Global Environmen-
tal Multi-scale – Modelling Air quality and CHemistry (GEM-MACH) air quality mod-
elling system at high-resolution (2.5km×2.5 km). These initial results indicate model20

under-prediction of ∼ 0.6 ppbv (∼ 60 %) for NH3, during the field campaign period. The
TES-model CO comparison differences are ∼ +20 ppbv (∼ +20 %), but given that under
these conditions the TES/aircraft comparisons also show a small positive TES CO bias
indicates that the overall model under-prediction of CO is closer to ∼ 10 % at 681 hPa
(∼ 3 km) during this period.25
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1 Introduction

There is a total of more than ∼ 170 billion barrels (∼ 2.7×107 m3) of proven fossil fuel
reserves in the Canadian oil sands region in Alberta, Canada. The bitumen (thick and
sticky oil often mixed with sand, water, or clay) located near the surface may be surface
mined, but the deeper deposits need to be extracted through different stimulation meth-5

ods, either by heating or water flooding, and then pumped to the surface. The Canadian
Association of Petroleum Producers (CAPP) states that production from the oil sands
has grown from 0.1 mBPD (million barrels-per-day) in 1980 to 1.8 mBPD in 2012, and
is expected to more than double and reach 4.5 mBPD by the year 2025 (CAPP, 2013).
With this increasing growth come increasing environmental and health concerns as-10

sociated with the petroleum extraction development and operations (e.g. Kelly et al.,
2010), including air quality issues and acid deposition. Despite these concerns, there
are relatively few current published studies on air quality monitoring from the Canadian
Oil sands (e.g. Percy et al., 2012; Gordon et al., 2015; McLinden et al., 2012, 2014),
and additional monitoring and emission modeling efforts are required to better under-15

stand the oil sands emissions and their impacts. To help address this need, the Joint
Canada and Alberta plan for monitoring of the air, water, and wildlife in and around the
oil sands was created (Abbatt et al., 2011). Satellite observations are included in this
effort.

Satellite observations can provide regional and global scale coverage over rela-20

tively long time periods (typically over a 5–15 year time period for a single sensor).
They provide unique observations for air quality monitoring in and around the Cana-
dian oil sands, as has previously been demonstrated by the NASA Aura Ozone Mon-
itoring Instrument (OMI) nitrogen dioxide (NO2) and sulphur dioxide (SO2) measure-
ments (McLinden et al., 2012, 2014). The Aura Tropospheric Emission Spectrometer25

(TES) sensor has also been collecting special observations directly over the oil sands
petroleum extraction regions of Alberta, Canada for more than two years. These special
satellite observations in conjuction with specifically designed coincident aircraft vertical
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profile measurements over the oil sands provide a rare opportunity for direct validation
of satellite NH3, HCOOH and CH3OH retrievals, and evaluation of air quality model
simulations (e.g. emissions and processes) of ammonia.

Ammonia is a short lived gas, often only residing in the atmosphere from hours to
a day (Seinfeld and Pandis, 1998; Aneja et al., 2001). It is an important base that reacts5

in the atmosphere with sulphuric acid (H2SO4) and nitric acid (HNO3) to form ammo-
nium sulphate ((NH4)2SO4) and ammonium nitrate (NH4NO3), respectively, which are
significant constituents of fine particulate matter (PM2.5). In this aerosol phase NH3 can
last from days to several weeks in the atmosphere (Galperin and Sofiev, 1998; Park
et al., 2004; Paulot et al., 2014) and can be responsible for long-range transport of re-10

active nitrogen on the order of 100’s of km (Galloway et al., 2008). Deposition of these
aerosols can lead to soil acidification (e.g. Carfrae et al., 2004). Despite ammonia’s
contribution to adverse health impacts (e.g. Lee et al., 2015), climate radiative forcing
by aerosols, and playing a significant environmental role in the deposition of reactive
nitrogen, historically anthropogenic emissions of NH3 have largely been unregulated.15

The lack of regulation has contributed to the lack of observations and large uncertain-
ties in our knowledge of ammonia emissions. Global ammonia emissions levels have
increased several fold since preindustrial times, and are the only precursor source of
ambient aerosol particles whose global emissions are projected to rise throughout the
next century (Moss et al., 2010; Lamarque et al., 2011; Ciais et al., 2013). Thus, am-20

monia is expected to play an even more significant role in the future in determining
air quality, climate change, and environmental degradation. Recent satellite observa-
tions are providing valuable insight on ammonia concentrations and emissions both
on regional and global scales (e.g. Beer et al., 2008; Clarisse et al., 2009; Shephard
et al., 2011; Shephard and Cady-Pereira, 2015; Van Damme et al., 2014; Zhu et al.,25

2013). Furthermore, ammonia and particulate matter are listed as Canadian Criteria
Air Contaminants (CACs) (Environment Canada, 2013) in order to help address air
quality issues such as smog and acid rain.
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Methanol (CH3OH) is the most abundant non-methane VOC and a source (precur-
sor) of carbon monoxide (CO), formaldehyde (HCHO), and tropospheric ozone (O3)
through secondary photochemical production (Singh et al., 1995, 2001; Tie et al., 2003;
Millet et al., 2006; Duncan et al., 2007; Choi et al., 2010; Hu et al., 2011). The main
source of methanol emissions on the global scale is generally considered to be terres-5

trial plants (Millet et al., 2008a; Stavrakou et al., 2011; Guenther et al., 2012) during cell
wall growth (Fall and Benson, 1996; Fall, 2003) with other more minor sources being
biomass burning (Holzinger et al., 1999; Andreae and Merlet, 2001) and anthropogenic
emissions (Holzinger et al., 1999; de Gouw et al., 2005; Hu et al., 2011), which can be
important at regional scales. Methanol plays a pronounced photochemical role early in10

the plant growth seasons when its emissions are high and when isoprene emissions
are still relatively low (Wells et al., 2012). For example, Wells et al. (2014) showed
that in April in the northern mid-latitudes methanol contributes up to 25 % of the sec-
ondary production of CO and HCHO; with the later onset of the growing season in the
more northern boreal regions methanol can contribute up to ∼ 50 % of the local CO15

and HCHO production. The lifetime of methanol in the atmosphere is on the order of
5–6 days (Millet et al., 2008b; Stavrakou et al., 2011), which is why methanol is gener-
ally more abundant than isoprene in the atmosphere, which can have up to 4× greater
emissions but has a lifetime of just hours (Paulot et al., 2012; Xie et al., 2013).

Formic acid (HCOOH) is a dominant source of atmospheric acidity, and is the domi-20

nant source (60–80 %) over boreal forest regions (i.e. surrounding the oil sands opera-
tions) (Stavrakou et al., 2012). Thus, it is important for pH-dependent processes in the
atmosphere. The main source of atmospheric formic acid is secondary photochemi-
cal production (Millet et al., 2015) from precursors including isoprene, monoterpenes,
other terminal alkenes (e.g., Neeb et al., 1997; Lee et al., 2006; Paulot et al., 2011)25

and alkynes (Hatakeyama et al., 1986; Bohn et al., 1996). Direct emissions of formic
acid are thought to be smaller and include biomass and biofuel burning (e.g., Goode
et al., 2000), biogenic emissions from plants and soils (e.g., Kesselmeier et al., 1998;
Kuhn et al., 2002; Jardine et al., 2011; Sanhueza and Andreae, 1991), agriculture (e.g.,
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Ngwabie et al., 2008), and urban emissions (e.g., Kawamura et al., 1985; Talbot et al.,
1988). Formic acid is a major contributor to acid rain in remote environments (Keene
and Galloway, 1988; Andreae et al., 1988) and reduces the pH in rainwater by 0.25–0.5
units over boreal forests and Amazonia in the summertime, accounting for as much as
60–80 % of the rainwater acidity over these remote regions in the summer (Stavrakou5

et al., 2012). The average lifetime of formic acid is ∼ 3–4 days (Stavrakou et al., 2012),
and it is mainly removed through wet and dry deposition. For regions where there is
also a significant source of dust, such as fugitive dust from large transport vehicles in
the oil sands mining locations (Watson et al., 2014), there can be an irreversible uptake
of formic acid on dust (Falkovich et al., 2004; Hatch et al., 2007; Paulot et al., 2011).10

Recent work has shown that the atmospheric abundance of formic acid is much larger
than expected based on current knowledge of its budget (Millet et al., 2015; Stavrakou
et al., 2012; Paulot et al., 2011). The fact that the discrepancy is widespread, mani-
festing over forests (Stavrakou et al., 2012), cities (Le Breton et al., 2012; Yuan et al.,
2015), oil and gas fields (Yuan et al., 2015), and in the free troposphere (Paulot et al.,15

2011), implies a key gap in present understanding and the presence of one or more
substantial missing sources (Millet et al., 2015).

Carbon monoxide (CO) is one of the primary atmospheric pollutants and listed as
a Canadian Criteria Air Contaminants (CACs) (Environment Canada, 2013). CO is
a colorless toxic gas that can have severe effects on human health (e.g. Burnett et al.,20

1998a, b). The role of CO in tropospheric chemistry and climate is well established
(Logan et al., 1981; Shindell et al., 2006). In addition to its photochemical source from
the oxidation of methane and other VOCs, sources of CO is incomplete combustion,
which occurs in open fires, domestic biofuel use, vehicle use, and industrial activities.
Reaction with the hydroxyl radical (OH) is the main removal process for CO. The lifetime25

of CO is a few weeks in mid-to-high latitudes, long enough to allow intercontinental
transport. Satellite observations of global CO have been made by multiple sensors
over the past decades (Deeter et al., 2014; McMillan et al., 2011; Luo et al., 2007a;
George et al., 2009).
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In addition to the information provided by each satellite-retrieved species on its own,
the relatively short-lived species including ammonia, methanol and formic acid can
be used with other simultaneously retrieved species to provide ratios (tracers) that
can be used for identifying and constraining sources (i.e. biomass burning or biogenic
emissions) (e.g. Coheur et al., 2009; Wells et al., 2014; Luo et al., 2015); if the species5

has a longer lifetime, as does CO, the ratios can also be used for determining loss rates.
As an example of source identification, a high correlation between HCOOH and CH3OH
along with a weak correlation between HCOOH and CO might indicate a dominance of
biogenic emissions over a region, season, or episode.

Satellite observations of these species are inferred from measured spectral radi-10

ances, which generally require a complex retrieval inversion process with assumptions
on the profile shape and its variability (e.g., Bowman et al., 2006; Shephard et al., 2011;
Cady-Pereira et al., 2012, 2014). The available retrieval information from these species
is limited as the infrared spectral signal is often less than 0.3 % (or less < 1 K brightness
temperature) of the total background signal (on the order of 300 K brightness tempera-15

ture). Thus, these satellite retrievals can be challenging and require validation against
other available observations. To this end, aircraft observations from the intensive Joint
Canada-Alberta Oil Sands Monitoring (JOSM) Air Component field campaign held over
the oil sands region during August and September of 2013 are used. One of the goals
of the aircraft campaign was to validate satellite observations with coincident aircraft20

in-situ observations in order to obtain better estimates on the capabilities and errors of
the satellite retrievals in this environment.

In general it is inherently difficult to validate the satellite data with in-situ observations
due to the nature of the remote sensing sampling, especially if the species of interest
varies significantly in space or time in the atmosphere (e.g. Shephard et al., 2008a).25

Also, in-situ vertical profile measurements of these compounds from aircraft require fast
response instrumentation that has not been available until recently. Thus, to date there
have been relatively few coincident “validation” profiles for the more recently developed
NH3, CH3OH and HCOOH retrieval algorithms that can be used to directly evaluate
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the TES satellite performance. The evaluations of these molecules performed thus far,
although very useful, can be seen as more qualitative or “indirect” comparisons due to
sampling differences (e.g. surface vs. boundary layer) or non-coincident observations
(i.e. Pinder et al., 2011; Wells et al., 2012; Shephard and Cady-Pereira, 2014; Sun
et al., 2015). There have also been some general NH3, CH3OH, and HCOOH com-5

parisons between satellites such as TES and Infrared Atmospheric Sounding Interfer-
ometer (IASI) (i.e. Clarisse et al., 2010; Wells et al., 2012) and TES and Cross-track
Infrared Sounder (CrIS) (Shephard and Cady-Pereira, 2015). Presented in this analy-
sis are direct comparisons of TES retrieved NH3, CH3OH, and HCOOH profiles, along
with CO, with the coincident aircraft profile observations over a small targeted oil sands10

region during early September of 2013 These direct satellite/aircraft comparisons pro-
vide actual error values in terms of bias and uncertainties that are used to evaluate the
estimated errors reported for the TES operational retrieval (e.g. observational error)
and from simulations (Shephard et al., 2011; Cady-Pereira et al., 2012, 2014) under
conditions representative of summertime/fall atmospheric conditions over oil sands re-15

gion. Also provided are initial TES comparisons against environment Canada’s Global
Environmental Multi-scale – Modelling Air quality and CHemistry (GEM-MACH) model
(Makar et al., 2015a, b) runs simulated at a high-resolution of 2.5km×2.5km over the
oil sands region during the JOSM field campaign, demonstrating the satellite’s potential
value in evaluating the model performance for these trace gases.20

2 Measurements and simulations

2.1 Satellite

TES is a Fourier Transform Spectrometer (FTS) sensor that was launched on the NASA
Aura satellite on 15 July 2004 (Beer et al., 2001). It is a well calibrated high spectral
resolution FTS (0.10 cm−1 apodized) instrument with 4 bands spanning the infrared25

spectral region from 650–2250 cm−1 with good radiometric accuracy (Worden et al.,
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2006; Shephard et al., 2008b; Connor al., 2011). It has the capability to simultaneously
observe a number of species with atmospheric signatures in the infrared portion of the
spectrum.

In addition to TES’s original standard products, NH3 (implemented in Version 5),
CH3OH and HCOOH (implemented in Version 6) have relatively recently become stan-5

dard TES operational product additions. The TES retrieved products are generated
using an optimal estimation retrieval method (Bowman et al., 2006). The specific re-
trieval details as well as retrieval characteristics for NH3, CH3OH, and HCOOH are
provided in Shephard et al. (2011) and Cady-Pereira et al. (2012, 2014), respectively.
Some general summary characteristics of all three of these retrievals are provided10

here. Due to the relatively weak atmospheric signal of NH3, CH3OH, and HCOOH in
the infrared spectra, the individual retrievals generally provide at most ∼ 1 indepen-
dent piece of information (represented by Degrees Of Freedom for Signal (DOFS)).
CO typically has slightly more information, but still less than 2 DOFS. These retrievals
are most sensitive to atmospheric concentrations in the lower troposphere, generally15

between 900–600 hPa (1–4 km) (Luo et al., 2007a, b).
As presently there are no actual errors based on direct profile comparisons for NH3,

CH3OH, and HCOOH, we summarize the current estimated retrieval errors for these
species in Table 1. Most of these values were obtained from Observing System Simu-
lation Experiments (OSSE) simulations. For HCOOH we also present statistics of the20

estimated retrieval errors from the set of TES Global Surveys from July 2009. The
OSSE simulations have the advantage of a known true state with which to compare;
however, they do not include additional systematic errors (i.e. spectroscopic errors,
propagation errors (e.g. temperature), interfering species, etc.), which generally results
in an underestimate of the true error. CO is one of the original TES standard products25

and has been more extensively evaluated against in-situ measurements and data from
other satellites (Luo et al., 2007a, b; Lopez et al., 2008). These previous studies show
that the TES retrieved lower-to-mid tropospheric CO is biased slightly low compared to
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other satellite measurements, but within the variability and the observation errors of all
the data analyzed. The estimated TES CO retrieval error is 10–20 % in the troposphere.

Another characteristic that needs to be taken into consideration for satellite infrared
retrievals of NH3, CH3OH, and HCOOH is the minimum detection limit, since back-
ground surface concentrations for these species can be below 1 ppbv. The minimum5

detection limit for NH3 is a profile with a surface value of at least ∼ 1 ppbv, which given
the typical profile shape when the concentrations decrease sharply in altitude, corre-
sponds to a profile value of ∼ 0.4 ppbv at ∼ 825 hPa where the TES NH3 observations
are typically most sensitive (Shephard et al., 2011). TES’s minimum detection limit for
HCOOH is a peak profile value of ∼ 0.7 ppbv (typically at the surface), under condi-10

tions with good thermal contrast between the atmosphere and surface (∼ 10 K), with
reduced sensitivity under conditions with weaker thermal contrast (Cady-Pereira et al.,
2014). Similarly, the minimum detection limit for CH3OH is a profile with a peak value
of ∼ 0.5–1 ppbv (Cady-Pereira et al., 2012).

This analysis mainly focuses on the TES satellite observations of NH3, CO, HCOOH,15

and CH3OH observations over the Canadian oil sands region. TES started performing
special oil sands transect observations on 14 July 2012, and in general makes a special
observation over the Canadian oils sands region every 2 to 7 days depending on the
TES observation schedule. The transects consist of 20 consecutive 5km×8 km pixels
spanning 240 km in a nearly South/North direction centred on the surface mining region20

near Fort Mackay in Alberta, Canada (e.g. see pixels in Figs. 1 or 2).

2.2 Aircraft

During the aircraft component of the JOSM field campaign there were dedicated aircraft
observations made from the National Research Council Institute for Aerospace Re-
search (NRC Aerospace) Convair-580 research aircraft that included flights designed25

for satellite validations. The unusually large number of cloudy days during the first part
of the campaign limited the number of flights suitable for TES validation purposes. The
dedicated aircraft spiral profiles near Fort MacKay, Alberta, that were coincident with
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the TES overpass for satellite validation purposes occurred on 3 September (Flight
18) and 5 September (Flight 20) in 2013. These days were selected during the cam-
paign for periods when there were scheduled TES oil sands special observations, and
the atmosphere was relatively cloud-free. Figure 1 shows the flight tracks coloured as
a function of relative aircraft altitude for Flights 18 and 20. Since the TES special oil5

sands transects were designed so that the oil sands surface mining region was near
the middle of the ∼ 240 km transect, the spatial difference between the aircraft and
the furthest pixel in the TES transect was .120 km at the TES overpass time. Flight
20 was designed as a “transformation flight” in which the aircraft sampled the same air
mass leaving the main oil sands refining facilities starting at the TES overpass time and10

sampled several times downwind throughout the afternoon. This resulted in some air-
craft observations being further than 120 km away, but none more than ∼ 200 km away.
Limited altitude (partial) profiles provided additional data that can be compared with
the satellite observations. Details of the aircraft observations for the satellite species
validated in this analysis are provided in the subsequent sections.15

2.2.1 Ammonia (NH3)

NH3 measurements were conducted with a Dual Quantum Cascade Laser Trace Gas
Monitor (Aerodyne Inc., Billerica, MA, USA) (McManus et al., 2008), collecting data
at 1 Hz. Outside air was sampled through a heated Teflon inlet tube shared with the
HR-ToF-CIMS (see Sect. 2.2.4); the flow rate through the QCL was 10.8 Lmin−1. The20

response time was approximately 60 s. Calibrations were performed before, once dur-
ing, and after the project using a zero air generator (Sabio, Model 1001, Georgetown,
TX) and permeation tubes with known release rates (Vici Metronics, Poulsbo, WA). In-
flight zero checks were done before, 2–3 times during, and after each flight by switching
the flow from the inlet to an activated charcoal scrubber (model Junior King, Koby, Marl-25

boro MA). The average ammonia volume mixing ratio was 1.2±0.2 (standard deviation)
ppbv, with a median of 1.0 ppbv. The lower quartile was 0.5 ppbv, and the upper quar-
tile 1.7 ppbv. The aircraft data for the whole project were compared with a stationary
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surface NH3 instrument running simultaneously near Fort McKay (Ambient Ion Monitor
– Ion Chromatograph (J. Murphy, personal communication, 2015)), with the distribu-
tions of the surface and aircraft mixing ratios comparing well (not shown). Aircraft data
gaps for NH3 occurred during flight 18 and parts of flight 20 due to instrumental prob-
lems in-flight. The 1-σ uncertainty for a 1 Hz measurement during flight 20 is estimated5

to be ±0.3 ppbv (∼ ±35 %).

2.2.2 Carbon monoxide (CO)

CO measurements were made with an Off-axis Integrated Cavity Output Spectrometer
(CO-23r; Los Gatos Research Inc., Mountain View, CA; Provencal et al., 2005) at 2 Hz,
and averaged to 1 Hz. CO mixing ratios for the project ranged from 74 to 774 ppbv10

with a mean of 110±20 (standard deviation) ppbv and a median of 107 ppbv. The
lower quartile (25 %) was 96 ppbv, and the upper quartile (75 %) 119 ppbv. Based on
instrument calibrations the CO measurements can have a bias error up to 2 ppbv, and
a 1-σ standard deviation of ±0.5 ppbv.

2.2.3 Methanol (CH3OH)15

A Proton Transfer-Time Of Flight-Mass Spectrometer (PTR-ToF-MS, Ionicon AnalytiK)
was used to measure volatile organic compounds (VOCs) on the aircraft. Details of the
PTR-ToF-MS technique have been described previously (Jordan et al., 2009 and Graus
et al., 2010). Briefly, this instrument uses soft ionization of target VOC compounds with
H3O+ as the reagent ion. Methanol was detected as CH3OH• (H+) at m/z 33.03. VOC20

data were collected at a sampling rate of 0.5 Hz. During the flights, the PTR drift tube
pressure and temperature were maintained constant at 2.15 mbar and 60 ◦C, respec-
tively. Ambient air was sampled through a 6.35 mm (1/4 inch) Teflon tube at a flow rate
of 6 Lmin−1. A portion of this ambient air (270 Lmin−1) was drawn into the PTR inlet
at standard pressure and temperature. The delay time for the instrument was 2 s. In-25

strumental backgrounds were determined using a custom-built zero-air generating unit
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containing a catalytic converter heated to 350 ◦C with a continuous flow of one litre per
minute ambient air. The catalyst removed methanol and other VOCs from the ambient
air while maintaining the humidity of the sampled air. A total of four instrument zeros
were sampled during each flight for 5 min each. Zeros were interpolated and subtracted
from the methanol peak. Methanol was calibrated on the ground with a 1.01 ppm gas5

standard mixture containing 17 VOCs (Ionimed) diluted with zero air. The detection
limit for methanol, defined as 2× the standard deviation of the blank catalyst value,
was 0.64 ppbv. The uncertainty in the aircraft CH3OH observations during this period
is ∼ ±20 %. The data were processed using TOFWARE (Tofwerk AG, Switzerland)
with peak fitting that is able to accurately integrate and separate the methanol peak10

from adjacent peaks and from the baseline. This method was previously described by
Moussa et al. (2015). Above 5800 m altitudes, the PTR-ToF-MS was unable to maintain
a constant drift pressure and therefore data collected while the aircraft flew above this
altitude were removed and reported as invalid.

2.2.4 Formic acid (HCOOH)15

Formic acid measurements were conducted with a high resolution Time-of-flight Chem-
ical Ionization Mass Spectrometer (HR-ToF-CIMS; Aerodyne Research Inc.) using ac-
etate reagent ion (A-CIMS). A detailed description of the instrument and principles of
operation have been given elsewhere (Bertram et al., 2011; Lee et al., 2014). To reduce
the residence time in the overall sampling manifold, the total flow was maintained at20

> 15 Lmin−1, resulting in a residence time of less than 1 s. Instrumental backgrounds
were determined 3–5 times per flight for a duration of 5 min each, by diverting the
sample flow through dual acidic gas traps. Calibrations of formic acid were conducted
both in the field and post study using a liquid calibration unit (LCU; Ionimed Analytic),
which provided stable gas streams of analyte by volatilizing a known aqueous standard25

of formic acid. A constant flow of 1 mLmin−1 containing a known gaseous concentra-
tion of isotopically labelled formic acid (C13) was also introduced into the A-CIMS to
correct for any dynamic fluctuations in response factors. The detection limit for formic
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acid was defined as 2x the standard deviation of the blank t value was estimated to
be 20 pptv, with a 2 s time resolution. At higher altitudes ('1500 m), the pressure of
the Ion-Molecule Reaction (IMR) region of the Chemical Ionization Mass Spectrometer
(CIMS) could not be reliably controlled due to pumping limitations, resulting in por-
tions of the data at upper altitudes being invalidated and not available for the satellite5

comparisons. The uncertainty (1-σ) in the CIMS HCOOH observations is contributed
to by several factors including; uncertainty in derived response factors (±10–15 %),
variations in flow, pressure and temperature (5–10 %), transmission through lines (10–
15 %), degradation of standards (10 %) and uncertainty in fitting mass spectral peak in
software (< 5 %). The overall propagated uncertainty is estimated to be ∼ 20–25 %.10

2.3 Global environmental multi-scale – modelling air quality and chemistry
(GEM-MACH) model

The model used by Environment Canada for the JOSM Oil Sands simulations is
GEM-MACH. GEM-MACH is a comprehensive air-quality simulation system, which
operates in an on-line configuration with Environment Canada’s meteorological fore-15

cast model (GEM). It was first described in Moran et al. (2010), and a recent inter-
comparison between GEM-MACH and other air-quality models using annual obser-
vations may be found in Im et al. (2015a, b) and Makar et al. (2015a, b). Note that
the direct and indirect aerosol feedback effects were not included in these simula-
tions. A three-level nested grid version of GEM-MACH model is used in the simu-20

lations over Canadian oil sands region, where the innermost and highest-resolution
grid has a grid size of 643×544 with a spatial resolution of 2.5km×2.5 km cov-
ering the provinces of Alberta and Saskatchewan (domain of 2 186 200 km2). The
time steps for the high-resolution simulations were 2 min for the chemistry, and 1 min
for the meteorology. Formic acid and methanol are lumped model VOC species in25

GEM-MACH; therefore they are not specifically modelled and readily available for
evaluation against satellite observations. For these initial comparisons we focused
on GEM-MACH ammonia and carbon monoxide simulations over the oil sands re-
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gion. GEM-MACH anthropogenic emissions, including ammonia and carbon monox-
ide, are generated using the Sparse Matrix Operator Kernel Emissions (SMOKE)
emissions processing system (Houyoux et al., 2000; CEP, 2003) based on the 2010
Canadian Air Pollutant Emission Inventory (APEI, obtained from Environment Canada,
http://www.ec.gc.ca/pollution/default.asp?lang=En&n=E96450C4-1) and the projected5

2012 US (obtained from US EPA, http://www.epa.gov/ttn/chief/emch/index.html#2005)
national emissions inventories (NEI) based on 2005. The NH3 chemistry used in the
model is described in detail in Makar et al. (2009). These high-resolution GEM-MACH
oil sands runs did not include any biomass burning or natural emissions sources, and
presently do not include an ammonia bi-directional flux.10

3 Satellite and aircraft comparisons

3.1 Comparison methodology

The comparison approach selected depends on the goals of the study and the quan-
tities being compared. Since the main goal here is to validate just the retrieved in-
formation provided by satellite measurements it is often desirable to perform a profile15

comparison using the satellite observation operator, especially for species with lim-
ited information content. This approach provides direct comparisons of the satellite-
retrieved quantities by taking into consideration the reduced vertical resolution of the
retrieved values, as well as removing the influence of the a priori information (i.e. profile
shape, etc.) used in the inversion of the satellite observed radiances to concentration20

values at each level. Alternatively, if the comparisons are performed on the retrieved
profiles (observed atmospheric state + a priori) without taking into consideration the a
priori profile, xa, one would get a different comparison result for each selected a priori
profile, which can easily be changed even post retrieval (Rodgers and Conner, 2003;
Kulawik et al., 2008). Thus, evaluating the satellite retrieval by removing the a priori pro-25

vides more robust comparison results in terms of being less influenced by the a priori
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information and evaluating just the information provided by the satellite measurements
themselves.

Since the TES retrievals use an optimal estimation approach this direct comparison
is achieved in a straight-forward manner by applying the satellite observation operator
to the comparison profile, xc. The observation operator applies the a priori vector, xa,5

used in the retrieval, and the satellite retrieved averaging kernel, A, which specifies the
satellite sensitivity and vertical resolution (half-width-of-half-maximum of the rows of
the averaging kernel). This method generates an estimated profile, xest

c , representing
what the satellite would measure for the atmospheric profile sampled by either the
aircraft or model mapped onto the retrieval pressure levels, xmapped

c , with the following10

operation,

xest
c = xa +A

(
x

mapped
c −xa

)
(1)

Thus, differencing x
est
c and the retrieved profile, x̂, removes the effect of the a priori, with

the remaining differences presumed to be associated with the satellite measurement
error on the retrieval, and systematic errors resulting from parameters that were not well15

represented in the radiative transfer forward model (e.g. temperature errors, interfering
gases, spectroscopic errors, and instrument calibration).

There are typically greater than 200 instantaneous aircraft observations being aver-
aged onto each coarse satellite profile level used in these comparisons. Thus, assum-
ing uncorrelated aircraft observations with similar levels of uncertainty, the weighted20

mean aircraft values, xmapped
c , used in these satellite comparisons have at least a ∼ 10×

reduction in the single value uncertainties (reported in Sect. 2.2). This reduces the un-
certainties in the aircraft estimated comparison profile, xest

c , down to a few percent,
rendering them much less than the satellite uncertainties and allowing them to be ne-
glected in the satellite/aircraft comparison differences. Also, for this analysis we as-25

sume the in-situ aircraft data are unbiased and attribute any systematic differences in
the satellite/aircraft comparisons to satellite biases.
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3.2 Back-trajectories

Flight 20 on 5 September 2013 was a transformation flight where the plume from the
oil sands surface mining region was tracked and sampled downwind from the TES
overpass time for several hours. In order to match the instantaneous satellite overpass
observations along the ∼ 240 km transect with the aircraft observations, we performed5

model back-trajectories from the aircraft “profiles”. The model trajectories were com-
puted using the Canadian Meteorological Centre’s (CMC) trajectory model procedure
(D’Amours and Pagé, 2001), which use the 3-D wind field output of a numerical weather
prediction (NWP) model. These trajectories used the wind fields from the 2.5 km GEM-
MACH model. The model was run with a two-miunte time step; thus, each trajectory10

includes latitude, longitude, and altitude information every two minutes up to two days
prior to the trajectory arrival time. These back-trajectories in Fig. 2 show that the air-
craft profiles, noted by letters in measurement succession, are sampling the same air
mass as it is advected along during the afternoon going eastward from Alberta into
Saskatchewan. The back trajectories bracketing the bottom to the ∼ 750 hPa levels of15

each aircraft profile show that the profiles span approximately 6 of the TES satellite
footprints as the aircraft approaches Saskatchewan. This would indicate that for Flight
20 the aircraft profiles would match up best with the available TES observations from
the 9–14 pixels counting from the South. However, it should be noted that for the coinci-
dent aircraft spirals timed with the TES overpass times, the spatial difference between20

the aircraft and the furthest pixel in the TES transect is still <∼ 120 km for any TES
pixel.

3.3 Altitude comparisons

The aircraft profiles used in the comparison are the two coincident spirals from Flight
18, and the 5 sets of upward and downward profiles consisting of the high altitude25

spirals at the TES overpass time and 4 smaller lower altitude partial sets of profiles
later in the afternoon from Flight 20. Each of these aircraft profiles were compared
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against as many valid TES retrieved profiles as possible that were ≤∼ 35 km away
from the spirals at the TES overpass time for both flights. In addition, the 6 TES pixels
deemed suitable based on the back-trajectory analysis in Fig. 2 were compared against
the partial aircraft profiles sampling the same plume downwind later in the afternoon for
Flight 20. Note, for ammonia there are no aircraft measurements available for Flight 18.5

As the total number of profiles in the summary statistics is relatively small, we report
a median value for the bias and the standard deviation (SD) derived from the robust
median absolute deviation (MAD) for the variability (Leys et al., 2012), which are more
robust statistics that are less influenced by outliers.

As the goal of the comparisons in this study is to validate the satellite observations10

the TES observation operator in Eq. (3.2) was applied to all the aircraft profiles to ac-
count for both the reduced vertical resolution of the satellite data and the influence of
any a priori information (i.e. profile shape). The aircraft profiles were extended to the
full vertical range of the satellite by scaling the apriori profile to match the ends of the
aircraft profile (using the shape of the a priori profile). To reduce the impact of numeri-15

cal errors when applying the log-space observation operator at upper levels, where the
concentrations are orders of magnitude smaller than in the troposphere with virtually no
associated averaging kernel values (i.e. Worden et al., 2013), a linearized observation
operator was applied and the levels between 100 and 0.1 hPa were combined into one.
It is also valuable to compare the actual error statistics derived from these TES/aircraft20

comparisons with the estimated profile errors routine calculated and reported for each
observation. Note that the observation error estimates from the operational TES re-
trieval are reported and plotted in this analysis for comparison purposes (as opposed
to the total error estimates) as the TES observation operator has already been applied
to the comparison profiles, which takes into consideration the smoothing error com-25

ponent (Shephard and Cady-Pereira, 2015). The retrieval observation error estimates
vary depending on the atmospheric conditions. Thus, for representative comparison
purposes during JOSM the operational retrieval estimated observation errors at se-
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lected levels from the examples in the following sections are provided in Table 2 for
reference.

3.3.1 Methanol (CH3OH)

Presented in Fig. 3 is a comparison for a single methanol TES/aircraft example pro-
file from Flight 18 for the downward part of the spiral that was coincident with the5

TES overpass. The rows of the TES averaging kernel in Fig. 3a show that the peak
CH3OH sensitivity occurs at 825 hPa. The aircraft plotted in Fig. 3b shows that there
was one dedicated aircraft spiral up and down between 12:45 and 13:30 LST, and
another smaller “profile” later in the afternoon ∼ 16:00 LST that was not used in this
study. The same aircraft profile plotted as a gray line plot in Fig. 3c shows the fine10

vertical structure for the CH3OH observations. Applying the TES observation operator
to the aircraft profile smoothes out the aircraft profile to the TES coarse vertical res-
olution and inserts the TES a priori information with the resulting profile shown in red
(essentially an estimate of what the satellite would report for the atmospheric profile
measured by the aircraft). In this example the a priori profile (plotted in green) is larger15

than the aircraft measured atmospheric state; thus, in the region of the profile where
there is limited information the satellite observation operator will smooth and “pull” the
aircraft profile towards the apriori. Figure 3d shows the difference between the TES
retrieved profile (purple) and the aircraft profile with the observation operator applied
(red). In this example the retrieved TES profile is less than the profile measured by the20

aircraft with a maximum difference of ∼ −1.1 ppbv for a value of ∼ 3.2 ppbv at 825 hPa.
A summary of the CH3OH profile comparisons in Flights 18 and 20 is plotted in

Fig. 4. Similar to the example single profile shown in Fig. 3, the TES profile values
are generally less than the aircraft observed profiles with a maximum median differ-
ence of −1.23 ppbv (∼ −45 %) for a median value of 2.76 ppbv at 825 hPa. At the TES25

peak sensitivity retrieval level of 750 hPa the bias is −1.1 ppbv (∼ −54 %) for a median
value of 2.06 ppbv. This actual TES negative bias differs from the estimated positive
bias based on simulations (Cady-Pereira et al., 2012); however, the simulations did
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not include any systematic errors. A possible source of error could be errors in the re-
trieved ozone profile. The CH3OH spectral feature is located within the ozone band, and
any interfering errors from the ozone retrieval will propagate into the CH3OH retrieval.
The corresponding standard deviation at 750 and 825 hPa are ±0.39 ppbv (∼ ±20 %)
and ±0.41 ppbv (∼ ±15 %), respectively. These values are consistent with the TES5

estimated uncertainty errors based on simulations of ±0.52 ppbv (±22 %) at 825 hPa
under conditions with a mean 825 hPa value of 2.3 ppbv (Cady-Pereira et al., 2012).
These values are also consistent with (slightly lower than) with the reported TES ob-
servation error estimate of ∼ 25–30 % for these atmospheric conditions (Fig. 3c). Note,
for these conditions no retrieved surface level values pass the minimum information10

content threshold of having a diagonal element of the averaging kernel ≥ 0.05.

3.3.2 Carbon monoxide (CO)

A similar comparison to the one reported above for CH3OH was repeated for CO.
Even though CO also has limited information content it generally has slightly more
information than CH3OH, HCOOH, and NH3. The representative example in Fig. 5a has15

1.18 DOFS, with the rows of the averaging kernel peaking in sensitivity around 700 hPa.
The downward spiral of profile “A” shown in Fig. 5b is plotted in detail as a profile
in Fig. 5c along with the comparison pixel 12 profile from the TES transect. Again,
one can see the smoothing of the original aircraft profile as it gets mapped onto the
TES retrieval and the TES observation operator is applied. Fig. 5c shows that TES20

does well in capturing the general profile shape of the smoothed aircraft profile, but the
retrieved profile is slightly larger than the aircraft observations. The differences between
the aircraft and TES plotted in Fig. 5d show a maximum difference of +10 ppbv at
∼ 700 hPa, which corresponds to a relative difference of +10 %.

A summary of all the Flight 18 and 20 comparisons for CO is provided in Fig. 6.25

Under the atmospheric loading conditions during this intensive observation period TES
retrieved a median value of 100 ppbv with a TES-aircraft bias difference of +7.5 ppbv
(7.5 %) and a standard deviation of ±22.8 ppbv (23 %) at the TES peak CO retrieval
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sensitivity level of 681 hPa. Compared to previous error estimates, under these condi-
tions we have a slight positive bias where previous studies have shown a small negative
bias in the mid to upper troposphere (i.e. Luo et al., 2007a, b). The uncertainty esti-
mates are similar to the ones previously reported and range from 10–20 %. Also, these
results over the oil sands have slightly higher errors than typical TES CO reported op-5

erational retrieval estimated observation uncertainty error of ∼ 10 % (Table 2) under
these atmospheric conditions.

3.3.3 Formic acid (HCOOH)

The formic acid profile comparisons are somewhat limited due to the aircraft instrument
issues at higher altitudes as noted in Sect. 2.2.4. However, there were still many par-10

tial profile comparison opportunities where the aircraft observations extended to the
TES peak sensitivity level (∼ 750 hPa), (Fig. 7a), which is a big advantage over only
using surface values where there is little satellite measurement information. Figure 7 is
a comparison example of the downward part of the partial aircraft profile “D” from Flight
20 at ∼ 16:20 LST (Fig. 7b) with the TES transect pixel 14 from 13:19 LST. As shown15

from the trajectory analysis in Fig. 2 the aircraft profile is sampling approximately the
same air mass that was previously measured by TES pixel 14 at the satellite overpass
time ∼ 3 h earlier. The detailed comparison in Fig. 7c shows that both the selected
a priori profile and the TES retrieved profile (∼ 1.5 ppbv) are higher than the native
aircraft profile (∼ 1 ppbv). Thus, when the TES observation operator is applied to the20

aircraft profile it shifts the aircraft observations to larger values providing a good com-
parison to the actual TES observations (not its a priori information). In other words, if
an a priori profile with smaller values closer to the aircraft observations were swapped
into the TES retrieved profile (either prior or post retrieval) the resultant retrieved profile
(purple line comprised of observation + a priori) would approach the atmospheric state25

measured by the aircraft (blue line). In this example, the difference between TES and
the aircraft is ∼ 0.07 ppbv (or 6 %) for a value of ∼ 1.1 ppbv at the peak TES sensitivity
level of 750 hPa
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The summary values generated from all the available profile comparison values from
Flights 18 and 20 are presented in Fig. 8. This figure shows that at the peak TES
sensitivity level of 750 hPa the median retrieved profile value is 1.04 ppbv with a bias
of 0.19 ppbv (∼ 20 %) and a standard deviation of ±0.46 ppbv (∼ 45 %). Note that the
differences between the mean and median values can be large indicating that there are5

a few large outliers in the sample, and the reason why the more robust statistics are
reported for these comparisons. The actual uncertainty errors are similar in magnitude
to the errors of ∼ ±0.4 ppbv for values in the 1.0–2.0 ppbv range (∼ ±30 %) previously
reported from TES retrieval simulations in Table 1. The aircraft comparison results show
that under these conditions the TES retrieval has a small positive bias of ∼ +0.2 ppbv,10

which differs slightly from the very little to no bias reported from simulation analysis
(Cady-Pereira et al., 2014), but as noted previously, there were no systematic errors
included in those simulations. Both the actual errors presented in this study and the
previous simulated error values (Table 1) appear to generally be a little higher than the
TES reported observation error estimate of ∼ 25 % under these conditions (Table 2).15

3.3.4 Ammonia (NH3)

Figure 9 contains an example profile comparison of TES pixel 7 with partial aircraft pro-
file “B” (Fig. 9b). Figure 9 a shows the peak sensitivity level of the TES NH3 retrieval to
be 825 hPa for this example. The detailed profile comparison in Fig. 9c shows that the
TES retrieved profile (purple) measured higher concentrations than the original aircraft20

observations below ∼ 825 hPa, and lower above. However, the a priori profile (green)
selected in the retrieval has much higher concentrations than the observations (blue),
“pulling” the retrieved profile (purple) to larger values. In fact, once the influence of the
a priori and the coarse vertical resolution of the satellite are taken into consideration the
TES observations themselves are slightly lower than the aircraft below 750 hPa. This25

is another example of how detailed comparisons are required if the goal of the com-
parison is to validate what the satellite observations themselves are providing and not
just the retrieved product, which can contain a significant amount of a priori information
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when there is limited measurement information content. Figure 9c and d shows that for
a value of ∼ 0.7 ppbv at 825 hPa the TES-aircraft difference is −0.16 ppbv (∼ 23 %).

Figure 10 contains the summary results from all the available comparisons for NH3.
Note for NH3 there are no available aircraft profiles from Flight 18 so all the compar-
isons are from Flight 20. Also, given the relatively small amounts of NH3 detected in5

this region on this day, there are only 5 out of the possible 20 pixels along the TES
transect that contain enough retrieval information for the comparison. Thus, in order
to make statistical inferences, all the available pixels along the TES transect are com-
pared with all the available aircraft profiles (A–E) (Fig. 10b). Even though NH3 can be
short lived and the emission sources localized, there is not a lot of variability seen in10

the 5km×8 km pixels across the TES 240 km transect when looking at all the observa-
tions available from the TES oil sands special observations taken over the 2013–2015
period (Shephard et al., 2014). Therefore, selecting all the available observations as
being representative is a reasonable approach. The summary of the TES-aircraft pro-
file comparison results in Fig. 10 show that for the median profile value of 0.97 ppbv at15

825 hPaNH3 there is a small positive bias of 0.08 ppbv (∼ 8 %) with a standard devi-
ation of ±0.25 ppbv (∼ 25 %). This bias of +7 % is the same as the reported value by
Shephard et al. (2011), with the standard deviation being about twice as large as the
±10 % reported from their simulations, but more in-line with the TES estimated obser-
vation error uncertainty of ±15–30 % reported by the operational algorithm under these20

conditions (Fig. 9c).

3.4 Magnitude comparisons

In the previous sections we showed the actual errors as a function of height. In addition
it is also useful to report the actual comparison errors as a function of the species
volume mixing ratio in both absolute and relative terms. Figure 11 shows the results25

from the satellite/aircraft comparisons with the differences binned by the magnitude of
the observations, as opposed to by altitude as shown previously. For consistency, the
same data screening was used as before in that each profile selected has at least 0.5
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DOFS and each level selected has a diagonal averaging kernel value of at least 0.05.
Note that bins were only reported if they had at least 10 data points, and data points
were not included for retrieval pressure levels above ∼ 380 hPa (close to the maximum
aircraft observational level). These results are generally consistent with the previous
results presented as a function of height, which is to be expected given that typically5

the mixing ratios for these species drop with increasing altitude. One general point
that should be highlighted is the magnitude range (e.g. limited range of NH3 and CO)
over which the comparisons were performed. Ammonia values below 2.0 ppbv typically
have a bias of ∼ 10 % with an uncertainty of ∼ ±25 %. Methanol values in the range of
∼ 1 to 3 ppbv generally have a bias of ∼ −40 to −50 % with an uncertainty of ∼ ±10 to10

±20 %. The formic acid results show that for values under 1.5 ppbv there is a positive
bias of ∼ +10 to +20 % with an uncertainty of ∼ ±20 %. However, for larger values from
2 to 3 ppbv the positive bias jumps to ∼ +60 % with a smaller uncertainty of < ±10 %.
Carbon monoxide values below 135 ppbv tend to have a small bias varying between
∼ −7 and +7 % depending of the magnitude bin. However, there is also an increase in15

the bias to ∼ +30 % for values between 135 and 170 ppbv.

4 Initial GEM-mach model evaluation

The validated TES observations over the oil sands region can be used with more confi-
dence for a variety of applications. Provide here are examples of using the satellite ob-
servations for initial model evaluation. Satellite/model comparisons are performed from20

both ammonia and carbon monoxide as formic acid and methanol are not specifically
modelled in GEM-MACH and available for satellite comparisons. The satellite/model
comparisons were performed following the same procedure as the satellite/aircraft in
that the TES observation operator was also applied to the model profile, which ac-
counted for the satellite retrieval a priori and vertical sensitivity (i.e. vertical resolution).25

The main difference is that the match-ups do not have the same space and time con-
straints of the satellite/aircraft comparisons since the model provides a 3-D field of
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observations at a time step of 2 min for the chemistry. All the available model simu-
lations for the full JOSM campaign period were searched for matchups with the TES
transects collected on seven different days. Unlike the aircraft comparisons, each TES
pixel was compared against just the closest simulation. Note that it would be possible
to extend these comparisons to cover the already completed two-year period of the5

TES special oil sands observations provided that the high-resolution oil sand model
simulations are generated. For this initial comparison just the 2.5km×2.5km model
profile closest to the centre of the TES 5km×8km footprint was used (i.e. the model
profiles were not aggregated to be of similar spatial extent of the satellite footprint as it
would not impact the results). As done with the aircraft comparisons, the comparisons10

were restricted to TES retrievals that contained at least 0.5 DOFS.

4.1 Carbon monoxide (CO)

Presented in Figs. 12 and 13 are the initial satellite/model CO comparison results.
The single profile comparison example is from 3 September 2013 for TES Pixel 12
at 13:31 LST, which corresponds to the TES/aircraft comparison in Fig. 5 and is one15

of the pixels directly over the oil sands mining region. For this profile both the TES-
aircraft (+9.8 ppbv at 681 hPa) and TES-model (+8.3 ppbv at 681 hPa) show similar
differences indicating that the model is doing very well at capturing the aircraft observed
CO concentrations (at the TES resolution and sensitivity) for this example.

A summary of the CO satellite/model comparisons for all co-located and coincident20

profiles that meet the DOFS≥ 0.5 criteria for the JOSM period is provided in Fig. 13.
These results show that the model under-predicts the CO concentrations relative to
what is observed by the satellite; for example at 681 hPa the median TES-model is
+19.6 ppbv (+19 %). Comparing this to the corresponding summary value with the
TES-aircraft bias difference of +7.5 ppbv (+7.5 %) indicates the GEM-MACH model25

under-prediction of CO is closer to ∼ 10 % under these conditions. The model under-
prediction is reduced near the surface with a bias of +11.0 ppbv (+9 %) at 908 hPa
level, which is double the TES-aircraft difference of +6.1 ppbv (∼ +5 %). However, it
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should be noted that the TES sensitivity near the surface is reduced as showed by the
reduced values in the averaging kernel diagonal values at 908 hPa in Fig. 13.

4.2 Ammonia (NH3)

Ammonia has not been extensively validated in the GEM-MACH model. Presented in
Figs. 14 and 15 are the initial satellite/model comparison results. Figure 14 is a single5

profile comparison example from 5 September 2013, which is the same day as aircraft
Flight 20. Pixel 7 is compared with the coincident and co-located model profile, which
corresponds to the same TES pixel that was compared with the aircraft profile in Fig. 9
(note that the aircraft observations were taken about 1 h after the satellite overpass).
The noticeable difference in this model comparison is the much lower ammonia levels10

(∼< 0.05 ppbv) in the model simulations compared with both the satellite (Fig. 14) and
the aircraft (Fig. 9), which is ∼ 0.6 ppbv at 825 hPa. It should also be noted that the
model surface values never get above ∼ 0.2 ppbv across the oil sands mining region.

A summary of the NH3 model/satellite comparisons for co-located and coincident
profiles that meet the DOFS≥ 0.5 criteria for the JOSM period is provided in Fig. 15.15

These results show that the model under-predicts the ammonia concentrations rela-
tive to what is observed by the satellite; for example at 825 hPa the median difference
is +0.59 ppbv (∼ 60 %). Presently there are a number of updates being investigated
to address this apparent under-prediction of NH3 by GEM-MACH over the oil sands
region during the JOSM period: the inclusion of biomass burning in the GEM-MACH20

2.5km×2.5 km special oil sands simulations (even though there were no large forest
fires burning nearby during this period), inclusion of a NH3 bi-directional flux model
(Bash et al., 2013a; Zhu et al., 2015), updating the diurnal emission profile of NH3
(Bash et al., 2013b, 2015), inclusion of natural sources, and potential underestimates
in the CAC NH3 inventory. For example, the compensation point, the concentration25

at which emissions from the surface are equal to atmospheric deposition, for NH3
over conifers ranges from ∼ 0.2 to ∼ 0.6 ppb in unpolluted conditions at 10 ◦C (Zhang
et al., 2010) and could possibly account for some of the model underestimate.
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5 Conclusions

Presented in this study are TES actual errors derived from comparisons with aircraft
observations taken during the intensive field campaign over the oil sands region in Al-
berta, Canada. The comparison results are from the aircraft observations designed to
be coincident with the Aura TES overpass times for two flights with clear-sky conditions5

at the beginning of September 2013. Even with the dedicated validation satellite/aircraft
observations, the comparison results represent a limited range of sampling conditions
that occurred during this intensive study period (i.e. they do not span the full magnitude
range that can be observed by TES globally under many atmospheric conditions). In
this analysis we are fortunate to have comparison values of the exact quantity being10

retrieved (i.e. volume mixing ratio values at profile levels) and a retrieval procedure that
provides the vertical sensitivity (i.e. averaging kernels) for each profile so that we can
directly validate the satellite observations, and not the impact of the a priori profile se-
lection. Thus, we do not need to rely on other indirect methods to try to account for
the vertical resolution and the influence of the a priori information (i.e. compute the15

Representative Volume Mixing Ratio (RVMR) (Shephard et al., 2011)), which is often
required when comparing different quantities (i.e. single column or surface observa-
tions) when there is limited information content. The TES-aircraft profile comparison
average differences for these atmospheric conditions are presented in Table 3.

These actual errors generally compare well with both the estimated retrieval obser-20

vation errors from previous studies (Table 1), and estimated errors reported in the TES
operational retrieval product for these atmospheric conditions (Table 2). However, there
are some notable exceptions that require further investigation with additional validation
observations: (i) the relatively large negative bias of ∼ −45 % for CH3OH, (ii) the jump
of ∼ +50 % in relative bias of the HCOOH for values > 2.0 ppbv, and (iii) the sharp in-25

crease in the relative bias reported for CO values > 135 ppbv during this study (possibly
due to the small sample size).
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In addition to the aircraft comparisons, the satellite retrievals of ammonia were com-
pared against special high-resolution model simulations carried out over the oil sands
region during the JOSM field campaign. Only ammonia and carbon monoxide model
comparisons were performed as GEM-MACH does not explicitly model formic acid and
methanol. These initial comparisons identified a general under-prediction of ammo-5

nia concentrations by the model relative to both aircraft and satellite observations. This
apparent under-prediction of ammonia concentrations from the satellite/model compar-
isons of ∼ 0.6 ppbv over the oil sands region is currently being investigated both with
the high-resolution regional GEM-MACH 2.5 km model and the lower spatial resolution
global GEOS-Chem model, which incorporates biomass burning, bi-directional fluxes,10

the newest diurnal variability model, and has an adjoint model to help identify where the
ammonia over the oil sands originates (Zhu et al., 2015). The CO is much better pre-
dicted in the model with TES-model comparison differences of ∼ +20 ppbv (∼ +20 %),
but the slight positive bias from the TES/aircraft comparisons of ∼ 7.5 % indicates that
the overall model under-prediction of CO is closer to ∼ 10 % at 681 hPa (∼ 3 km). Also,15

since biomass burning was not included in these GEM-MACH simulations, any ad-
ditional contribution from potential long range transport of CO from biomass burning
would further improve the model prediction of CO during this period over the oil sands
region.

Acknowledgements. We would like to thank Susan S. Kulawik for helping provide us with the20

original updated TES version 6 lite files and Craig Stroud for his helpful discussions and sup-
port with the back-trajectory analysis. We would like to acknowledge other members of the
aircraft team for their contributions to the airborne measurements used to validate the satellite
observations, in particular Andrew Budden, Stewart Cober, Andrea Darlington, Andrew Elford,
Anthony Liu, Peter Liu, Aaron McCay, Robert McLaren, Bill McMurty, Richard L. Mittermeier,25

Julie Narayan, Jason O’Brien, Andrew Sheppard, Ka Sung, Danny Wang, Mohammad Wasey,
and the National Research Council Flight Research Laboratory team. We would also like thank
the other members of oil sands modelling working group for their insights on the initial GEM-
MACH ammonia simulations over the oil sands region, in particular Michael Moran. Work at
the University of Minnesota was supported by NSF (Grant #1148951). Although this work was30

9531

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

reviewed by EPA and approved for publication, it may not necessarily reflect official Agency
policy. This study was supported in part by the Joint Canada-Alberta Implementation Plan for
Oil Sands Monitoring, the Clean Air Regulatory Agenda (CARA), and NASA ACMAP (Grant
#NNX10AG63G).

References5

Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols from biomass burning,
Global Biogeochem. Cy., 15, 955–966, doi:10.1029/2000GB001382, 2001.

Andreae, M. O., Andreae, T. W., Talbot, R. W., and Harriss, R. C.: Formic and acetic acid
over the central Amazon region, Brazil I Dry season, J. Geophys. Res., 93, 1616–1624,
doi:10.1029/JD093iD02p01616, 1988.10

Aneja, V. P., Bunton, B., Walker, J. T., and Malik, B. P.: Measurement and analysis of at-
mospheric ammonia emissions from anaerobic lagoons, Atmos. Environ., 35, 1949–1958,
2001.

Bash, J. O., Cooter, E. J., Dennis, R. L., Walker, J. T., and Pleim, J. E.: Evaluation of a regional
air-quality model with bidirectional NH3 exchange coupled to an agroecosystem model, Bio-15

geosciences, 10, 1635–1645, doi:10.5194/bg-10-1635-2013, 2013a.
Bash, J. O., Henze, D. K., Zhu, L., Jeong, G.-R., Walker, J. T., Nowak, J. B., Neuman, J. A.,

Cady-Pereira, K. E., Shephard, M. W., Luo, M., and Pinder, R. W.: New insights into the
diurnal variability of animal NH3 emissions using in situ, satellite and aloft observations,
American Geophysical Union (AGU) Fall Meeting, San Francisco, CA, 12 December 2013,20

abstract #A42B-06, 2013b.
Bash, J., Henze, D. K., Jeong, G.-R., Zhu, L., Cady-Pereira, K. E., Shephard, M. W., Pin-

der, R. W., and Luo, M.: The impact of the diurnal temporal allocation of ammonia emissions
on air-quality model estimates of ambient ammonia and inorganic aerosol, in preparation,
2015.25

Beer, R., Glavich, T., and Rider, D. M.: Tropospheric emission spectrometer for the Earth ob-
serving system’s aura satellite, Appl. Optics, 40, 2356–2367, 2001.

Beer, R., Shephard, M. W., Kulawik, S. S., Clough, S. A., Eldering, A., Bowman, K. W.,
Sander, S. P., Fisher, B. M., Payne, V. H., Luo, M., Osterman, G. B., and Worden, J. R.:

9532

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2000GB001382
http://dx.doi.org/10.1029/JD093iD02p01616
http://dx.doi.org/10.5194/bg-10-1635-2013


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

First satellite observations of lower tropospheric ammonia and methanol, Geophys. Res.
Lett., 35, L09801, doi:10.1029/2008GL033642, 2008.

Bertram, T. H., Kimmel, J. R., Crisp, T. A., Ryder, O. S., Yatavelli, R. L. N., Thornton, J. A.,
Cubison, M. J., Gonin, M., and Worsnop, D. R.: A field-deployable, chemical ionization time-
of-flight mass spectrometer, Atmos. Meas. Tech., 4, 1471–1479, doi:10.5194/amt-4-1471-5

2011, 2011.
Bohn, B., Siese, M., and Zetzschn, C.: Kinetics of the OH + C2H2 reaction in the presence of

O:2, J. Chem. Soc. Faraday T., 92, 1459–1466, 1996.
Bowman K, Rodgers, C. D., Sund-Kulawik, S., Worden, J., Sarkissian, E., Osterman, G.,

Steck, T., Luo, M., Eldering, A., Shephard, M. W., Worden, H., Clough, S. A., Brown, P. D.,10

Rinsland, C. P., Lampel, M., Gunson, M., and Beer, R.: Tropospheric emission spectrometer:
retrieval method and error analysis, IEEE T. Geosci. Remote, 44, 1352–1358, 2006.

Burnett, R. T., Brook, J. R., Cakmak, S., Raizenne, M., Stieb, D., Vincent, R., Krewski, D.,
Philips, O., and Ozkaynak, H.: The association between ambient carbon monoxide levels
and daily mortality in Toronto Canada, JAPCA J. Air Waste Ma., 48, 689–700, 1998a.15

Burnett, R. T., Cakmak, S., and Brook, J. R.: The effect of the urban ambient air pollution mix
on daily mortality rates in Canadian Cities, Canadian, J. Public Health, 89, 152–156, 1998b.

Cady-Pereira, K. E., Shephard, M. W., Millet, D. B., Luo, M., Wells, K. C., Xiao, Y., Payne, V. H.,
and Worden, J.: Methanol from TES global observations: retrieval algorithm and seasonal
and spatial variability, Atmos. Chem. Phys., 12, 8189–8203, doi:10.5194/acp-12-8189-2012,20

2012.
Cady-Pereira, K. E., Chaliyakunnel, S., Shephard, M. W., Millet, D. B., Luo, M., and Wells, K. C.:

HCOOH measurements from space: TES retrieval algorithm and observed global distribu-
tion, Atmos. Meas. Tech., 7, 2297–2311, doi:10.5194/amt-7-2297-2014, 2014.

Canadian Association of Petroleum Producers (CAPP): The facts on: Oil Sands: Upstream25

Dialogue, CAPP e-newsletter, p. 57, available at: http://www.capp.ca/getdoc.aspx?DocId=
220513&DT=NTV (last access: 8 September 2015), 2013.

Carfrae, J. A., Sheppard, L. J., Raven, J., Stein, W., Leith, I. D., Theobald, A., and Crossley, A.:
Early effects of atmospheric ammonia deposition on Calluna vulgaris (L.) hull growing on
anombrotrophic peat bog, Water Air Soil Pollut. Focus, 4, 229–239, 2004.30

Carolina Environmental Program (CEP): Sparse Matrix Operator Kernel Emission (SMOKE)
modelling system, University of North Carolina, Carolina Environmental Programs, Chapel

9533

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2008GL033642
http://dx.doi.org/10.5194/amt-4-1471-2011
http://dx.doi.org/10.5194/amt-4-1471-2011
http://dx.doi.org/10.5194/amt-4-1471-2011
http://dx.doi.org/10.5194/acp-12-8189-2012
http://dx.doi.org/10.5194/amt-7-2297-2014
http://www.capp.ca/getdoc.aspx?DocId=220513&DT=NTV
http://www.capp.ca/getdoc.aspx?DocId=220513&DT=NTV
http://www.capp.ca/getdoc.aspx?DocId=220513&DT=NTV


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hill, NC, available at: http://www.smoke-model.org/index.cfm (last access: 8 September
2015), 2003.

Choi, W., Faloona, I. C., Bouvier-Brown, N. C., McKay, M., Goldstein, A. H., Mao, J.,
Brune, W. H., LaFranchi, B. W., Cohen, R. C., Wolfe, G. M., Thornton, J. A., Sonnen-
froh, D. M., and Millet, D. B.: Observations of elevated formaldehyde over a forest canopy sug-5

gest missing sources from rapid oxidation of arboreal hydrocarbons, Atmos. Chem. Phys.,
10, 8761–8781, doi:10.5194/acp-10-8761-2010, 2010.

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Gal-
loway, J., Heimann, M., Jones, C., Le Quéré, C., Myneni, R. B., Piao, S., and Thornton, P.:
Carbon and Other Biogeochemical Cycles, in: Climate Change 2013: The Physical Science10

Basis, Contribution of Working Group I to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change, edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M.,
Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., Cambridge Univer-
sity Press, Cambridge, UK and New York, NY, USA, 465–570, 2013.

Clarisse, L., Clerbaux, C., Dentener, F., Hurtmans, D., and Coheur, P.-F.: Global ammo-15

nia distribution derived from infrared satellite observations, Nat. Geosci., 2, 479–483,
doi:10.1038/ngeo551, 2009.

Clarisse, L., Shephard, M. W., Dentener, F., Hurtmans, D., Cady-Pereira, K., Karagulian, F., Van
Damme, M., Clerbaux, C., and Coheur, P.-F.: Satellite monitoring of ammonia: a case study of
the San Joaquin Valley., J. Geophys. Res., 115, D13302, doi:10.1029/2009JD013291, 2010.20

Coheur, P.-F., Clarisse, L., Turquety, S., Hurtmans, D., and Clerbaux, C.: IASI measurements
of reactive trace species in biomass burning plumes, Atmos. Chem. Phys., 9, 5655–5667,
doi:10.5194/acp-9-5655-2009, 2009.

Connor, T. C., Shephard, M. W., Payne, V. H., Cady-Pereira, K. E., Kulawik, S. S., Luo, M.,
Osterman, G., and Lampel, M.: Long-term stability of TES satellite radiance measurements,25

Atmos. Meas. Tech., 4, 1481–1490, doi:10.5194/amt-4-1481-2011, 2011.
D’Amours, R. and Pagé, P.: Atmospheric Transport Models for Environmental Emergencies,

Canadian Meteorological Centre, Environment Canada, available upon request from Envi-
ronment Canada: http://iweb.cmc.ec.gc.ca/cmc/bibliotheque/PREVISIONS/e_8.pdf (last ac-
cess: 8 September 2015), 2001.30

Deeter, M. N., Martínez-Alonso, S., Edwards, D. P., Emmons, L. K., Gille, J. C., Wor-
den, H. M., Sweeney, C., Pittman, J. V., Daube, B. C., and Wofsy, S. C.: The MOPITT Ver-

9534

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.smoke-model.org/index.cfm
http://dx.doi.org/10.5194/acp-10-8761-2010
http://dx.doi.org/10.1038/ngeo551
http://dx.doi.org/10.1029/2009JD013291
http://dx.doi.org/10.5194/acp-9-5655-2009
http://dx.doi.org/10.5194/amt-4-1481-2011
http://iweb.cmc.ec.gc.ca/cmc/bibliotheque/PREVISIONS/e_8.pdf


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

sion 6 product: algorithm enhancements and validation, Atmos. Meas. Tech., 7, 3623–3632,
doi:10.5194/amt-7-3623-2014, 2014.

de Gouw, J. A., Middlebrook, A. M., Warneke, C., Goldan, P. D., Kuster, W. C., Roberts, J. M.,
Fehsenfeld, F. C., Worsnop, D. R., Canagaratna, M. R., Pszenny, A. A. P., Keene, W. C.,
Marchewka, M., Bertman, S. B., and Bates, T. S.: Budget of organic carbon in a polluted5

atmosphere: results from the New England air quality study in 2002, J. Geophys. Res., 110,
D16305, doi:10.1029/2004JD005623, 2005.

Duncan, B. N., Logan, J. A., Bey, I., Megretskaia, I. A., Yantosca, R. M., Novelli, P. C.,
Jones, N. B., and Rinsland, C. P.: Global budget of CO, 1988–1997: source estimates and
validation with a global model, J. Geophys. Res., 112, D22301, doi:10.1029/2007JD008459,10

2007.
Environment Canada: Criteria Air Contaminants and Related Pollutants, available at: https:

//www.ec.gc.ca/air/default.asp?lang=En&n=7C43740B-1 (last access: 8 September 2015),
2013.

Falkovich, A. H., Schkolnik, G., Ganor, E., and Rudich, Y.: Adsorption of organic compounds15

pertinent to urban environments onto mineral dust particles, J. Geophys. Res.-Atmos., 109,
D02208, doi:10.1029/2003JD003919, 2004.

Fall, R.: Abundant oxygenates in the atmosphere: a biochemical perspective, Chem. Rev., 103,
4941–4951, doi:10.1021/cr0206521, 2003.

Fall, R. and Benson, A. A.: Leaf methanol – the simplest natural product from plants, Trends20

Plant Sci., 1, 296–301, doi:10.1016/S1360-1385(96)88175-0, 1996.
Galperin, M. V. and Sofiev, M. A.: The long-range transport of ammonia and ammonium in the

Northern Hemisphere, Atmos. Environ., 32, 373–380, doi:10.1016/S1352-2310(97)00045-9,
1998.

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z. C., Freney, J. R.,25

Martinelli, L. A., Seitzinger, S. P., and Sutton, M. A.: Transformation of the nitro-
gen cycle: recent trends, questions, and potential solutions, Science, 320, 889–892,
doi:10.1126/Science.1136674, 2008.

George, M., Clerbaux, C., Hurtmans, D., Turquety, S., Coheur, P.-F., Pommier, M., Hadji-
Lazaro, J., Edwards, D. P., Worden, H., Luo, M., Rinsland, C., and McMillan, W.: Carbon30

monoxide distributions from the IASI/METOP mission: evaluation with other space-borne re-
mote sensors, Atmos. Chem. Phys., 9, 8317–8330, doi:10.5194/acp-9-8317-2009, 2009.

9535

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/amt-7-3623-2014
http://dx.doi.org/10.1029/2004JD005623
http://dx.doi.org/10.1029/2007JD008459
https://www.ec.gc.ca/air/default.asp?lang=En&n=7C43740B-1
https://www.ec.gc.ca/air/default.asp?lang=En&n=7C43740B-1
https://www.ec.gc.ca/air/default.asp?lang=En&n=7C43740B-1
http://dx.doi.org/10.1029/2003JD003919
http://dx.doi.org/10.1021/cr0206521
http://dx.doi.org/10.1016/S1360-1385(96)88175-0
http://dx.doi.org/10.1016/S1352-2310(97)00045-9
http://dx.doi.org/10.1126/Science.1136674
http://dx.doi.org/10.5194/acp-9-8317-2009


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Goode, J. G., Yokelson, R. J., Ward, D. E., Susott, R. A., Babbitt, R. E., Davies, M. A., and
Hao, W. M.: Measurements of excess O3, CO2, CO, CH4, C2H4, C2H2, HCN, NO, NH3,
HCOOH, CH3COOH, HCHO, and CH3OH in 1997 Alaskan biomass burning plumes by
airborne Fourier transform infrared spectroscopy (AFTIR), J. Geophys. Res., 105, 22147–
22166, 2000.5

Gordon, M., Li, S.-M., Staebler, R., Darlington, A., Hayden, K., O’Brien, J., and Wolde, M.: De-
termining air pollutant emission rates based on mass balance using airborne measurement
data over the Alberta oil sands operations, Atmos. Meas. Tech. Discuss., 8, 4769–4816,
doi:10.5194/amtd-8-4769-2015, 2015.

Graus, M., Müller, M., and Hansel, A.: High resolution PTR-TOF: quantification and formula10

confirmation of VOC in real time, J. Am. Chem. Soc. Mass Spectr., 21, 1037–1044, 2010.
Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K.,

and Wang, X.: The Model of Emissions of Gases and Aerosols from Nature version 2.1
(MEGAN2.1): an extended and updated framework for modeling biogenic emissions, Geosci.
Model Dev., 5, 1471–1492, doi:10.5194/gmd-5-1471-2012, 2012.15

Hatakeyama, S., Washida, N., and Akimoto, H.: Rate constants and mechanisms for the reac-
tion of hydroxyl (OD) radicals with acetylene, propyne, and 2-butyne in air at 297±2 K, J.
Phys. Chem., 6, 173–178, 1986.

Hatch, C. D., Gough, R. V., and Tolbert, M. A.: Heterogeneous uptake of the C1 to C4 organic
acids on a swelling clay mineral, Atmos. Chem. Phys., 7, 4445–4458, doi:10.5194/acp-7-20

4445-2007, 2007.
Holzinger, R., Warneke, C., Hansel, A., Jordan, A., Lindinger, W., Scharffe, D. H., Schade, G.,

and Crutzen, P. J.: Biomass burning as a source of formaldehyde, acetaldehyde, methanol,
acetone, acetonitrile, and hydrogen cyanide, Geophys. Res. Lett., 26, 1161–1164, 1999.

Houyoux, M. R., Vukovich, J. M., Coats, C. J. Jr., and Wheeler, N. J. M.: Emission inventory de-25

velopment and processing for the seasonal model for regional air quality (SMRAQ) project, J.
Geophys. Res., 105, 9079–9090, 2000.

Hu, L., Millet, D. B., Mohr, M. J., Wells, K. C., Griffis, T. J., and Helmig, D.: Sources and season-
ality of atmospheric methanol based on tall tower measurements in the US Upper Midwest,
Atmos. Chem. Phys., 11, 11145–11156, doi:10.5194/acp-11-11145-2011, 2011.30

Im, U., Bianconi, R., Solazzo, E., Kioutsioukis, I., Badia, A., Balzarini, A., Brunner, D.,
Chemel, C., Curci, G., Davis L, Denier van der Gon, H., Esteban, R. B., Flemming, J.,
Forkel, R., Giordano, L., Jimenez Geurro, P., Hirtl, M., Hodzic, A., Honzak, L., Jorba, O.,

9536

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/amtd-8-4769-2015
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/acp-7-4445-2007
http://dx.doi.org/10.5194/acp-7-4445-2007
http://dx.doi.org/10.5194/acp-7-4445-2007
http://dx.doi.org/10.5194/acp-11-11145-2011


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Knote, C., Kuenen, J. P., Makar, P., Manders-Groot, A., Piravano, G., Pouliot, G., San
Jose, R., Savage, N., Schroder, W., Syrakov, D., Torian, A., Werhahn, J., Wolke, R.,
Yahya, K., Zakbar, R., Zhang, Y., Hogrefe, C., and Galmarini, S.: Evaluation of op-
erational online-coupled regional air quality models over Europe and North America
in the context of AQMEII phase 2, Part I: Ozone, Atmos. Environ., 115, 404–420,5

doi:10.1016/j.atmosenv.2014.08.072, 2015a.
Im, U., Bianconi, R., Solazzo, E., Kioutsioukis, I., Badia, A., Balzarini, A., Brunner, D.,

Chemel, C., Curci, G., Davis L, Denier van der Gon, H., Esteban, R. B., Flemming, J.,
Forkel, R., Giordano, L., Jimenez Geurro, P., Hirtl, M., Hodzic, A., Honzak, L., Jorba, O.,
Knote, C., Kuenen, J. P., Makar, P., Manders-Groot, A., Piravano, G., Pouliot, G., San10

Jose, R., Savage, N., Schroder, W., Syrakov, D., Torian, A., Werhahn, J., Wolke, R.,
Yahya, K., Zakbar, R., Zhang, Y., Hogrefe, C., and Galmarini, S.: Evaluation of opera-
tional online-coupled regional air quality models over Europe and North America in the
context of AQMEII phase 2, Part II: Particulate matter, Atmos. Environ., 115, 421–441,
doi:10.1016/j.atmosenv.2014.08.072, 2015b.15

Jardine, K., Yañez Serrano, A., Arneth, A., Abrell, L., Jardine, A., Artaxo, P., Alves, E.,
Kesselmeier, J., Taylor, T., Saleska, S., and Huxman, T.: Ecosystem-scale compensation
points of formic and acetic acid in the central Amazon, Biogeosciences, 8, 3709–3720,
doi:10.5194/bg-8-3709-2011, 2011.

Jordan, A., Haidacher, S., Hanel, G., Hartungen, E., Märk, L., Seehauser, H., Schottkowsky, R.,20

Sulzer, P., and Märk, T. D.: A high resolution and high sensitivity proton-transfer-reaction time-
of-flight mass spectrometer (PTR-TOF-MS), Int. J. Mass Spectrom., 286, 122–128, 2009.

Kawamura, K., Ng, L. L., and Kaplan, I. R.: Determination of organic acids (C1–C10) in the
atmosphere, motor exhausts, and engine oils, Environ. Sci. Technol., 19, 1082–1086, 1985.

Keene, W. C. and Galloway, J. N.: The biogeochemical cycling of formic and acetic acids25

through the troposphere: an overview of current understanding, Tellus B, 40, 322–334, 1988.
Kesselmeier, J., Bode, K., Gerlach, C., and Jork, E. M.: Exchange of atmospheric formic and

acetic acids with trees and crop plants under controlled chamber and purified air conditions,
Atmos. Environ., 32, 1765–1775, 1998.

Kuhn, U., Rottenberger, S., Biesenthal, T., Ammann, C., Wolf, A., Schebeske, G., Oliva, S. T.,30

Tavares, T. M., and Kesselmeier, J.: Exchange of short-chain monocarboxylic acids by
vegetation at a remote tropical forest site in Amazonia, J. Geophys. Res., 107, 8069,
doi:10.1029/2000JD000303, 2002.

9537

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.atmosenv.2014.08.072
http://dx.doi.org/10.1016/j.atmosenv.2014.08.072
http://dx.doi.org/10.5194/bg-8-3709-2011
http://dx.doi.org/10.1029/2000JD000303


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Kulawik, S. S., Bowman, K. W., Luo, M., Rodgers, C. D., and Jourdain, L.: Impact of nonlinearity
on changing the a priori of trace gas profile estimates from the Tropospheric Emission Spec-
trometer (TES), Atmos. Chem. Phys., 8, 3081–3092, doi:10.5194/acp-8-3081-2008, 2008.

Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C.,
Mieville, A., Owen, B., Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van Aar-5

denne, J., Cooper, O. R., Kainuma, M., Mahowald, N., McConnell, J. R., Naik, V., Riahi, K.,
and van Vuuren, D. P.: Historical (1850–2000) gridded anthropogenic and biomass burn-
ing emissions of reactive gases and aerosols: methodology and application, Atmos. Chem.
Phys., 10, 7017–7039, doi:10.5194/acp-10-7017-2010, 2010.

Le Breton, M., McGillen, M. R., Muller, J. B. A., Bacak, A., Shallcross, D. E., Xiao, P., Huey, L. G.,10

Tanner, D., Coe, H., and Percival, C. J.: Airborne observations of formic acid using a chemical
ionization mass spectrometer, Atmos. Meas. Tech., 5, 3029–3039, doi:10.5194/amt-5-3029-
2012, 2012.

Lee, A., Goldstein, A. H., Kroll, J. H., Ng, N. L., Varutbangkul, V., Flagan, R. C., and Sein-
feld, J. H.: Gas-phase products and secondary aerosol yields from the photooxidation of 1615

different terpenes, J. Geophys. Res., 111, D17305, doi:10.1029/2006JD007050, 2006.
Lee, B. H., Lopez-Hilfiker, F. D., Mohr, C., Kurtén, T., Worsnop, D. R., and Thornton, J. A.: An

iodide-adduct high-resolution time-of-flight chemical-ionization mass spectrometer: applica-
tion to atmospheric inorganic and organic compounds, Environ. Sci. Technol., 48, 6309–
6317, 2014.20

Lee, C. J., Martin, R. V., Henze, D. K., Brauer, M., Cohen, A., and van Donkelaar, A.: Response
of global particulate-matter-related mortality to changes in local precursor emissions, Envi-
ron. Sci. Technol., 49, 4335–4344, doi:10.1021/acs.est.5b00873, 2015.

Leys, C., Ley, C., Klein, O., Bernard, P., and Licata, L.: Detecting outliers: do not use standard
deviation around the mean, use absolute deviation around the median, J. Exp. Soc. Psychol.,25

49, 764–766, doi:10.1016/j.jesp.2013.03.013, 2013.
Logan, J., Prather, M. J., Wofsy, S. C., and McElroy, M. B.: Tropospheric chemistry: a global

perspective, J. Geophys. Res., 86, 7210–7254, 1981.
Lopez, J. P., Luo, M., Christensen, L. E., Loewenstein, M., Jost, H., Webster, C. R., and

Osterman, G.: TES carbon monoxide validation during two AVE campaigns using the30

Argus and ALIAS instruments on NASA’s WB-57F, J. Geophys. Res., 113, D16S47,
doi:10.1029/2007JD008811, 2008.

9538

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-8-3081-2008
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/amt-5-3029-2012
http://dx.doi.org/10.5194/amt-5-3029-2012
http://dx.doi.org/10.5194/amt-5-3029-2012
http://dx.doi.org/10.1029/2006JD007050
http://dx.doi.org/10.1021/acs.est.5b00873
http://dx.doi.org/10.1016/j.jesp.2013.03.013
http://dx.doi.org/10.1029/2007JD008811


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Luo, M., Rinsland, C. P., Rodgers, C. D., Logan, J. A., Worden, H., Kulawik, S., Elder-
ing, A., Goldman, A., Shephard, M. W., Gunson, M., and Lampel, M.: Comparison of carbon
monoxide measurements by TES and MOPITT: influence of a priori data and instrument
characteristics on nadir atmospheric species retrievals, J. Geophys. Res., 112, D09303,
doi:10.1029/2006JD007663, 2007a.5

Luo, M., Rinsland, C., Fisher, B., Sachse, G., Diskin, G., Logan, J., Worden, H., Kulawik, S.,
Osterman, G., Eldering, A., Herman, R., and Shephard, M. W.: TES carbon monoxide val-
idation with DACOM aircraft measurements during INTEX-B 2006, J. Geophys. Res., 112,
D24S48, doi:10.1029/2007JD008803, 2007b.

Luo, M., Shephard, M. W., Cady-Pereira, K. E., Henze, D. K., Zhu, L., Bash, J. O., Pin-10

der, R. W., Capps, S., and Walker, J.: Satellite observations of tropospheric ammonia and
carbon monoxide: global distributions, correlations and comparisons to model simulations,
Atmos. Environ., 106, 262–277, doi:10.1016/j.atmosenv.2015.02.007, 2015.

Makar, P. A., Moran, M. D., Zheng, Q., Cousineau, S., Sassi, M., Duhamel, A., Besner, M., Davi-
gnon, D., Crevier, L.-P., and Bouchet, V. S.: Modelling the impacts of ammonia emissions re-15

ductions on North American air quality, Atmos. Chem. Phys., 9, 7183–7212, doi:10.5194/acp-
9-7183-2009, 2009.

Makar, P. A., Gong, W., Milbrandt, J., Hogrefe, C., Zhang, Y., Curci, G., Zabkar, R., Im, U.,
Balzarini, A., Baro, R., Bianconi, R., Cheung, P., Forkel, R., Gravel, S., Hirtl, H., Honzak, L.,
Hou, A., Jimenz-Guerrero, P., Langer, M., Moran, M. D., Pabla, B., Perez, J. L., Pirovano, G.,20

San Jose, R., Tuccella, P., Werhahn, J., Zhang, J., and Galmarini, S.: Feedbacks between
air pollution and weather, part 1: Effects on chemistry, Atmos. Environ., 115, 442–469,
doi:10.1016/j.atmosenv.2014.12.003, 2015a.

Makar, P. A., Gong, W., Hogrefe, C., Zhang, Y., Curci, G., Zabkar, R., Milbrandt, J., Im, U.,
Balzarini, A., Baro, R., Bianconi, R., Cheung, P., Forkel, R., Gravel, S., Hirtl, H., Honzak, L.,25

Hou, A., Jimenz-Guerrero, P., Langer, M., Moran, M. D., Pabla, B., Perez, J. L., Pirovano, G.,
San Jose, R., Tuccella, P., Werhahn, J., Zhang, J., and Galmarini, S: Feedbacks between
air pollution and weather, part 2: Effects on chemistry, Atmos. Environ., 115, 499–526,
doi:10.1016/j.atmosenv.2014.10.021, 2015b.

McLinden, C. A., Fioletov, V., Boersma, K. F., Krotov, N., Sioris, C. E., Veefkind, P., and Yang, K.:30

Air quality over the Canadian oil sands: a first assessment using satellite observations, Geo-
phys. Res. Lett., 39, L04804, doi:10.1029/2011GL050273, 2012.

9539

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2006JD007663
http://dx.doi.org/10.1029/2007JD008803
http://dx.doi.org/10.1016/j.atmosenv.2015.02.007
http://dx.doi.org/10.5194/acp-9-7183-2009
http://dx.doi.org/10.5194/acp-9-7183-2009
http://dx.doi.org/10.5194/acp-9-7183-2009
http://dx.doi.org/10.1016/j.atmosenv.2014.12.003
http://dx.doi.org/10.1016/j.atmosenv.2014.10.021
http://dx.doi.org/10.1029/2011GL050273


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

McLinden, C. A., Fioletov, V., Boersma, K. F., Kharol, S. K., Krotkov, N., Lamsal, L., Makar, P. A.,
Martin, R. V., Veefkind, J. P., and Yang, K.: Improved satellite retrievals of NO2 and SO2 over
the Canadian oil sands and comparisons with surface measurements, Atmos. Chem. Phys.,
14, 3637–3656, doi:10.5194/acp-14-3637-2014, 2014.

McManus, J. B., Shorter, J. H., Nelson, D. D., Zahniser, M. S., Glenn, D. E., and McGov-5

ern, R. M.: Pulsed quantum cascade laser instrument with compact design for rapid, high
sensitivity measurements of trace gases in air, Appl. Phys., B92, 387–392, 2008.

McMillan, W. W., Evans, K., Barnet, C., Maddy, E., Sachse, G., and Diskin, G.: Validating the
AIRS Version 5 CO Retrieval with DACOM in situ measurements during INTEX-A and-B,
IEEE T. Geosci. Remote Sens., 49, 2802–2813, doi:10.1109/TGRS.2011.2106505, 2011.10

Millet, D. B., Jacob, D. J., Turquety, S., Hudman, R. C., Wu, S., Fried, A., Walega, J.,
Heikes, B. G., Blake, D. R., Singh, H. B., Anderson, B. E., and Clarke, A. D.: Formaldehyde
distribution over North America: implications for satellite retrievals of formaldehyde columns
and isoprene emission, J. Geophys. Res., 111, D24S02, doi:10.1029/2005JD006853, 2006.

Millet, D. B., Jacob, D. J., Custer, T. G., de Gouw, J. A., Goldstein, A. H., Karl, T., Singh, H. B.,15

Sive, B. C., Talbot, R. W., Warneke, C., and Williams, J.: New constraints on terres-
trial and oceanic sources of atmospheric methanol, Atmos. Chem. Phys., 8, 6887–6905,
doi:10.5194/acp-8-6887-2008, 2008a.

Millet, D. B., Jacob, D. J., Boersma, K. F., Fu, T. M., Kurosu, T. P., Chance, K., Heald, C. L., and
Guenther, A.: Spatial distribution of isoprene emissions from North America derived from20

formaldehyde column measurements by the OMI satellite sensor, J. Geophys. Res., 113,
D02307, doi:10.1029/2007JD008950, 2008b.

Millet, D. B., Baasandorj, M., Farmer, D. K., Thornton, J. A., Baumann, K., Brophy, P.,
Chaliyakunnel, S., de Gouw, J. A., Graus, M., Hu, L., Koss, A., Lee, B. H., Lopez-
Hilfiker, F. D., Neuman, J. A., Paulot, F., Peischl, J., Pollack, I. B., Ryerson, T. B., Warneke, C.,25

Williams, B. J., and Xu, J.: A large and ubiquitous source of atmospheric formic acid, Atmos.
Chem. Phys., 15, 6283–6304, doi:10.5194/acp-15-6283-2015, 2015.

Moran, M. D., Ménard, S., Talbot, D., Huang, P., Makar, P. A., Gong, W., Landry, H., Gravel, S.,
Gong, S., Crevier, L- P., Kallaur, A., and Sassi, M.: Particulate-matter forecasting with GEM-
MACH15, a new Canadian air-quality forecast model, in: Air Pollution Modelling and Its Ap-30

plication XX, edited by: Steyn, D. G. and Rao, S. T., Springer, Dordrecht, 289–292, 2010.
Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, S. K., van Vuuren, D. P.,

Carter, T. R., Emori, S., Kainuma, M., Kram, T., Meehl, G. A., Mitchell, J. F. B., Naki-

9540

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-14-3637-2014
http://dx.doi.org/10.1109/TGRS.2011.2106505
http://dx.doi.org/10.1029/2005JD006853
http://dx.doi.org/10.5194/acp-8-6887-2008
http://dx.doi.org/10.1029/2007JD008950
http://dx.doi.org/10.5194/acp-15-6283-2015


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

cenovic, N., Riahi, K., Smith, S. J., Stouffer, R. J., Thomson, A. M., Weyant, J. P., and
Wilbanks, T. J.: The next generation of scenarios for climate change research and assess-
ment, Nature, 463, 747–756, 2010.

Moussa, S., Leithead, A., Li, S- M., Chan, T., Wentzell, J., Stroud, C., Zhang, J., Lee, P., Lu, G.,
Hayden, K., Brook, J., and Liggio, J.: Emissions of hydrogen cyanide from on-road gaso-5

line and diesel vehicles: implications for urban population exposure, Environ. Sci. Technol.,
submitted, 2015.

Neeb, P., Sauer, F., Horie, O., and Moortgat, G. K.: Formation of hydroxymethyl hydroperoxide
and formic acid in alkene ozonolysis in the presence of water vapour, Atmos. Environ., 31,
1417–1423, 1997.10

Ngwabie, N. M., Schade, G. W., Custer, T. G., Linke, S., and Hinz, T.: Abundances and flux
estimates of volatile organic compounds from a dairy cowshed in Germany, J. Environ. Qual.,
37, 565–573, 2008.

Park, R. J., Jacob, D., Field, B. D., Yantosca, R., and Chin, M.: Natural and transboundary
pollution influences on sulfate-nitrate-ammonium aerosols in the United States: implications15

for policy, J. Geophys. Res., 109, D15204, doi:10.1029/2003JD004473, 2004.
Paulot, F., Wunch, D., Crounse, J. D., Toon, G. C., Millet, D. B., DeCarlo, P. F., Vigouroux, C.,

Deutscher, N. M., González Abad, G., Notholt, J., Warneke, T., Hannigan, J. W., Warneke, C.,
de Gouw, J. A., Dunlea, E. J., De Mazière, M., Griffith, D. W. T., Bernath, P., Jimenez, J. L.,
and Wennberg, P. O.: Importance of secondary sources in the atmospheric budgets of20

formic and acetic acids, Atmos. Chem. Phys., 11, 1989–2013, doi:10.5194/acp-11-1989-
2011, 2011.

Paulot, F., Henze, D. K., and Wennberg, P. O.: Impact of the isoprene photochemical cascade on
tropical ozone, Atmos. Chem. Phys., 12, 1307–1325, doi:10.5194/acp-12-1307-2012, 2012.

Paulot, F., Jacob, D. J., Pinder, R. W., Bash, J. O., Travis, K., and Henze, D. K.: Ammonia emis-25

sions in the United States, European Union, and China derived by high-resolution inversion
of ammonium wet deposition data: interpretation with a new agricultural emissions inventory
(MASAGE_NH3), J. Geophys. Res., 119, 4343–4364, doi:10.1002/2013jd021130, 2014.

Percy, K. E.: Ambient Air Quality and Linkage to Ecosystems in the Athabasca Oil
Sands, Alberta, Geoscience Canada Special Issue: Environmental Management of the30

Alberta Oil Sands, edited by: Andrew, D. Miall, Geoscience Canada, 40, 182–201,
doi:10.12789/geocanj.2013.40.014, 2013.

9541

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003JD004473
http://dx.doi.org/10.5194/acp-11-1989-2011
http://dx.doi.org/10.5194/acp-11-1989-2011
http://dx.doi.org/10.5194/acp-11-1989-2011
http://dx.doi.org/10.5194/acp-12-1307-2012
http://dx.doi.org/10.1002/2013jd021130
http://dx.doi.org/10.12789/geocanj.2013.40.014


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Provencal, R., Gupta, M., Owano, T. G, Baer, D. S., Ricci, K. N., O’Keefe, A., and Podolske, J. R.:
Cavity-enhanced quantum-cascade laser-based instrument for carbon monoxide measure-
ments, Appl. Optics, 44, 6712–6717, 2005.

Rodgers, C. D.: Inverse Methods For Atmospheric Sounding: Theory and Practice, World Sci.,
Hackensack, N. J., 2000.5

Rodgers, C. D. and Conner, B. J.: Intercomparisons of remote sounding instruments, J. Geo-
phys. Res.-Atmos., 108, 4116, doi:10.1029/2002JD002299, 2003.

Sanhueza, E. and Andreae, M. O.: Emission of formic and acetic acids from tropical savanna
soils, Geophys. Res. Lett., 18, 1707–1710, 1991.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and Physics: from Air Pollution to10

Climate Change, Wiley-Intersci., New York, 1998.
Shephard, M. W., Herman, R. L., Fisher, B. M., Cady-Pereira, K. E., Clough, S. A., Payne, V. H.,

Whiteman, D. N., Comer, J. P., Vömel, H., Milosevich, L. M., Forno, R., Adam, M., Os-
terman, G. B., Eldering, A., Worden, J. R., Brown, L. R., Worden, H. M., Kulawik, S. S.,
Rider, D. M., Goldman, A., Beer, R., Bowman, K. W., Rodgers, C. D., Luo, M., Rins-15

land, C. P., Lampel, M., and Gunson, M. R.: Comparison of tropospheric emission spec-
trometer (TES) water vapor retrievals with in situ measurements, J. Geophys. Res., 113,
D15S24, doi:10.1029/2007JD008822, 2008a.

Shephard, M. W., Worden, H. M., Cady-Pereira, K. E., Lampel, M., Luo, M., Bowman, K. W.,
Sarkissian, E., Beer, R., Rider, D. M., Tobin, D. C., Revercomb, H. E., Fisher, B. M.,20

Tremblay, D., Clough, S. A., Osterman, G. B., and Gunson, M.: Tropospheric emis-
sion spectrometer spectral radiance comparisons, J. Geophys. Res., 113, D15S05,
doi:10.1029/2007JD008856, 2008b.

Shephard, M. W., Cady-Pereira, K. E., Luo, M., Henze, D. K., Pinder, R. W., Walker, J. T.,
Rinsland, C. P., Bash, J. O., Zhu, L., Payne, V. H., and Clarisse, L.: TES ammonia retrieval25

strategy and global observations of the spatial and seasonal variability of ammonia, Atmos.
Chem. Phys., 11, 10743–10763, doi:10.5194/acp-11-10743-2011, 2011.

Shephard, M. W., McLinden, C., Fioletov, V., Cady-Pereira, K. E., Krotkov, N. A., Boersma, F.,
Li, C., Luo, M., Bhartia, P. K, and Joiner, J.: “Satellite Monitoring Over the Canadian Oil
Sands: Highlights from Aura OMI and TES”, Aura Science Team Meeting, September, Col-30

lege Park, MD, USA., available at: http://ntrs.nasa.gov/search.jsp?R=20150000708 (last ac-
cess: 8 September 2015), 15–18, 2014.

9542

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2002JD002299
http://dx.doi.org/10.1029/2007JD008822
http://dx.doi.org/10.1029/2007JD008856
http://dx.doi.org/10.5194/acp-11-10743-2011
http://ntrs.nasa.gov/search.jsp?R=20150000708


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Shephard, M. W. and Cady-Pereira, K. E.: Cross-track Infrared Sounder (CrIS) satellite obser-
vations of tropospheric ammonia, Atmos. Meas. Tech., 8, 1323–1336, doi:10.5194/amt-8-
1323-2015, 2015.

Shindell, D. T., Faluvegi, G., Stevenson, D. S., Krol, M. C., Emmons, L. K., Lamarque, J.-F. ,
Pétron, G., Dentener, F. J., Ellingsen, K., Schultz, M. G., Wild, O., Amann, M., Atherton, C.5

S., Bergmann, D. J., Bey, I., Butler, T., Cofala, J., Collins, W. J., Derwent, R. G., Doherty, R.
M., Drevet, J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A., Horowitz, L. W.,
Isaksen, I. S. A., Lawrence, M. G., Montanaro, V. Müller, J.-F., Pitari, G., Prather, M. J., Pyle,
J. A., Rast, S., Rodriguez, J. M., Sanderson, M. G., Savage, N. H., Strahan, S. E., Sudo,
K., Szopa, S., Unger, N., van Noije, T. P. C., and Zeng G.: Multi-model simulations of carbon10

monoxide: comparison with observations and projected near-future changes, J. Geophys.
Res., 111, D19306, doi:10.1029/2006JD007100, 2006.

Singh, H. B, Kanakidou, M., Crutzen, P. J., and Jacob, D. J.: High concentrations and photo-
chemical fate of oxygenated hydrocarbons in the global troposphere, Nature, 378, 50–54,
1995.15

Stavrakou, T., Guenther, A., Razavi, A., Clarisse, L., Clerbaux, C., Coheur, P.-F., Hurtmans, D.,
Karagulian, F., De Mazière, M., Vigouroux, C., Amelynck, C., Schoon, N., Laffineur, Q.,
Heinesch, B., Aubinet, M., Rinsland, C., and Müller, J.-F.: First space-based derivation of
the global atmospheric methanol emission fluxes, Atmos. Chem. Phys., 11, 4873–4898,
doi:10.5194/acp-11-4873-2011, 2011.20

Stavrakou, T., MuüLler, J.-F., Peeters, J., Razavi, A., Clarisse, L., Clerbaux, C., Coheur, P.-F.,
Hurtmans, D., De Mazière, M., Vigouroux, C., Deutscher, N. M., Griffith, D. W. T., Jones, N.,
and Paton-Walsh, C.: Satellite evidence for a large source of formic acid from boreal and
tropical forests, Nat. Geosci., 5, 26–30, doi:10.1038/ngeo1354, 2012.

Sun, K., Cady-Pereira, K., Miller, D. J., Tao, L., Zondlo, M. A., Nowak, J. B., Neuman, J. A.,25

Mikoviny, T., Müller, M., Wisthaler, A., Scarino, A. J., and Hostetler, C. A.: Validation of TES
ammonia observations at the single pixel scale in the San Joaquin Valley during DISCOVER-
AQ, J. Geophys. Res. Atmos., 120, 5140–5154, doi:10.1002/2014JD022846, 2015.

Talbot, R. W., Beecher, K. M., Harriss, R. C., and Cofer, W. R.: Atmospheric geochemistry of
formic and acetic acids at a mid-latitude temperate site, J. Geophys. Res., 93, 1638–1652,30

1988.
Tie, X., Guenther, A., and Holland, E.: Biogenic methanol and its impacts on tropospheric oxi-

dants, Geophys. Res. Lett., 30, 1881, doi:10.1029/2003GL017167, 2003.

9543

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/amt-8-1323-2015
http://dx.doi.org/10.5194/amt-8-1323-2015
http://dx.doi.org/10.5194/amt-8-1323-2015
http://dx.doi.org/10.1029/2006JD007100
http://dx.doi.org/10.5194/acp-11-4873-2011
http://dx.doi.org/10.1038/ngeo1354
http://dx.doi.org/10.1002/2014JD022846
http://dx.doi.org/10.1029/2003GL017167


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Veres, P., Roberts, J. M., Warneke, C., Welsh-Bon, D., Zahniser, M., Herndon, S., Fall, R., and
de Gouw, J.: Development of negative-ion proton-transfer chemical-ionization mass spec-
trometry (NI-PT-CIMS) for the measurement of gas-phase organic acids in the atmosphere,
Int. J. Mass Spectrom., 274, 48–55, 2008.

Watson, J. G., Chow, J. C, Kohl, S. D., Narasimha, L., Yatavelli, R., and Wang, X.: Windblown5

Fugitive Dust Characterization in the Oil Sands Region, WBEA@Work Newsletter for Novem-
ber 2014, Wood Buffalo Environmental Association, 4, 3, available at: http://wbea.org/news/
whats-new-archives/wbea-work-newsletter-for-november-2014 (last access: 8 September
2015), 2014.

Wells, K. C., Millet, D. B., Hu, L., Cady-Pereira, K. E., Xiao, Y., Shephard, M. W., Clerbaux, C. L.,10

Clarisse, L., Coheur, P.-F., Apel, E. C., de Gouw, J., Warneke, C., Singh, H. B., Gold-
stein, A. H., and Sive, B. C.: Tropospheric methanol observations from space: retrieval eval-
uation and constraints on the seasonality of biogenic emissions, Atmos. Chem. Phys., 12,
5897–5912, doi:10.5194/acp-12-5897-2012, 2012.

Wells, K. C., Millet, D. B., Cady-Pereira, K. E., Shephard, M. W., Henze, D. K., Bousserez, N.,15

Apel, E. C., de Gouw, J., Warneke, C., and Singh, H. B.: Quantifying global terrestrial
methanol emissions using observations from the TES satellite sensor, Atmos. Chem. Phys.,
14, 2555–2570, doi:10.5194/acp-14-2555-2014, 2014.

Worden, H., Beer, R., Bowman, K., Fisher, B., Luo, M., Rider, D., Sarkissian, E., Trem-
blay, D., and Zong, J.: TES level 1 algorithms: interferogram processing, geoloca-20

tion, radiometric, and spectral calibration, IEEE T. Geosci. Remote, 44, 1288–1296,
doi:10.1109/TGRS.2005.863717, 2006.

Worden, J., Wecht, K., Frankenberg, C., Alvarado, M., Bowman, K., Kort, E., Kulawik, S.,
Lee, M., Payne, V., and Worden, H.: CH4 and CO distributions over tropical fires during Oc-
tober 2006 as observed by the Aura TES satellite instrument and modeled by GEOS-Chem,25

Atmos. Chem. Phys., 13, 3679–3692, doi:10.5194/acp-13-3679-2013, 2013.
Van Damme, M., Clarisse, L., Heald, C. L., Hurtmans, D., Ngadi, Y., Clerbaux, C., Dolman, A. J.,

Erisman, J. W., and Coheur, P. F.: Global distributions, time series and error characterization
of atmospheric ammonia (NH3) from IASI satellite observations, Atmos. Chem. Phys., 14,
2905–2922, doi:10.5194/acp-14-2905-2014, 2014.30

Xie, Y., Paulot, F., Carter, W. P. L., Nolte, C. G., Luecken, D. J., Hutzell, W. T., Wennberg, P. O.,
Cohen, R. C., and Pinder, R. W.: Understanding the impact of recent advances in isoprene

9544

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://wbea.org/news/whats-new-archives/wbea-work-newsletter-for-november-2014
http://wbea.org/news/whats-new-archives/wbea-work-newsletter-for-november-2014
http://wbea.org/news/whats-new-archives/wbea-work-newsletter-for-november-2014
http://dx.doi.org/10.5194/acp-12-5897-2012
http://dx.doi.org/10.5194/acp-14-2555-2014
http://dx.doi.org/10.1109/TGRS.2005.863717
http://dx.doi.org/10.5194/acp-13-3679-2013
http://dx.doi.org/10.5194/acp-14-2905-2014


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

photooxidation on simulations of regional air quality, Atmos. Chem. Phys., 13, 8439–8455,
doi:10.5194/acp-13-8439-2013, 2013.

Yuan, B., Veres, P. R., Warneke, C., Roberts, J. M., Gilman, J. B., Koss, A., Edwards, P. M.,
Graus, M., Kuster, W. C., Li, S.-M., Wild, R. J., Brown, S. S., Dubé, W. P., Lerner, B. M.,
Williams, E. J., Johnson, J. E., Quinn, P. K., Bates, T. S., Lefer, B., Hayes, P. L., Jimenez, J. L.,5

Weber, R. J., Zamora, R., Ervens, B., Millet, D. B., Rappenglück, B., and de Gouw, J. A.:
Investigation of secondary formation of formic acid: urban environment vs. oil and gas pro-
ducing region, Atmos. Chem. Phys., 15, 1975–1993, doi:10.5194/acp-15-1975-2015, 2015.

Zhang, L., Wright, L. P., and Asman, W. A. H.: Bi-directional air–surface exchange of at-
mospheric ammonia: a review of measurements and a development of a big leaf model10

for applications in regional-scale air-quality models, J. Geophys. Res., 115, D20310,
doi:10.1029/2009JD013589, 2010.

Zhu, L., Henze, D. K., Cady-Pereira, K. E., Shephard, M. W., Luo, M., Pinder, R. W.,
Bash, J. O., and Jeong, G.: Constraining US ammonia emissions using TES remote sens-
ing observations and the GEOS-Chem adjoint model, J. Geophys. Res., 118, 3355–3368,15

doi:10.1002/jgrd.50166, 2013.
Zhu, L., Henze, D., Bash, J., Jeong, G.-R., Cady-Pereira, K., Shephard, M., Luo, M., Paulot, F.,

and Capps, S.: Global evaluation of ammonia bi-directional exchange, Atmos. Chem. Phys.
Discuss., 15, 4823–4877, doi:10.5194/acpd-15-4823-2015, 2015.

9545

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/9503/2015/amtd-8-9503-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-13-8439-2013
http://dx.doi.org/10.5194/acp-15-1975-2015
http://dx.doi.org/10.1029/2009JD013589
http://dx.doi.org/10.1002/jgrd.50166
http://dx.doi.org/10.5194/acpd-15-4823-2015


AMTD
8, 9503–9563, 2015

TES satellite
validations over

Canadian oil sands

M. W. Shephard et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Summary of Reported Estimates of TES Retrieval Errors.

Species Pressure Volume Mixing Ratio Bias Uncertainty∗ Source
(hPa) (ppbv) (ppbv) (ppbv)

NH3 825 0.7 +0.05 (7 %) ±0.08 (10 %) OSSE Simulations, Shephard et al. (2011)
CH3OH 825 2.3 +0.52 (20 %) ±0.56 (∼ 25 %) OSSE Simulations, Cady-Pereira et al. (2012)

825 4.9 +0.30 (∼ 5 %) ±0.57 (∼ 10 %) OSSE Simulations, Cady-Pereira et al. (2012)
HCOOH 825 5.02 −0.06 (1.2 %) ±0.61 (12 %) OSSE Simulations, Table 3 in Cady-Pereira et al. (2014)

∼ 825 1–2 – ∼ ±0.4 (∼ 30 %) Retrieval Estimated Total Error:
(varies globally) Fig. 13 in Cady-Pereira et al. (2014)
∼ 825 5–20 – ∼ ±1.2 (∼ 20 %) Retrieval Estimated Total Error:
(varies globally) Fig. 13 in Cady-Pereira et al. (2014)

∗ The uncertainties in these studies are reported as 1-σ standard deviations.
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Table 2. TES operational retrieval observation error estimates for JOSM examples. Note: Pres-
sure levels in bold are the average TES peak sensitivity levels for the conditions during these
JOSM observations. Additional reported levels are provided for comparison purposes with pre-
vious studies.

Species Pressure Level Volume Mixing Ratio Observation Error
(hPa) (ppbv) (ppbv)

Ammonia (NH3) 750 0.39 ∼ ±0.15 (∼ 40 %)
825 0.67 ∼ ±0.25 (∼ 40 %)

Formic Acid (HCOOH) 750 1.05 ±0.26 (∼ 25 %)
825 1.28 ±0.33 (∼ 25 %)

Methanol (CH3OH) 750 1.6 ±0.6 (∼ 35 %)
825 2.1 ±0.7 (∼ 35 %)

Carbon Monoxide (CO) 680 98 ±10 (∼ 10 %)
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Table 3. TES-aircraft comparison statistics (actual errors) at peak satellite sensitivity level dur-
ing JOSM.

Species Pressure Level Volume mixing ratio Bias Uncertainty∗

(hPa) (ppbv) (ppbv) (ppbv)

Ammonia (NH3) 750 0.67 +0.11 (∼ 15 %) ±0.23 (∼ 35 %)
825 0.97 +0.08 (∼ 10 %) ±0.25 (∼ 25 %)

Formic Acid (HCOOH) 750 1.04 +0.19 (∼ 20 %) ±0.46 (∼ 45 %)
825 1.27 +0.14 (∼ 10 %) ±0.48 (∼ 35 %)

Methanol (CH3OH) 750 2.06 −1.1 (−55 %) ±0.39 (∼ 20 %)
825 2.76 −1.23 (∼ −45 %) ±0.41 (∼ 15 %)

Carbon Monoxide (CO) 680 99.8 +7.5 (∼ 8 %) ±22.8 (∼ 25 %)
∗ The uncertainty values are 1-σ standard deviations computed from the more robust median absolute deviation (MAD) statistic.
Note: Pressure levels in bold are the average TES peak sensitivity levels for the conditions during these JOSM observations.
Additional reported levels are provided for comparison purposes with previous studies.
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Figure 1. The aircraft flight tracks for Flights 18 and 20 and the TES transect pixels (black poly-
gons) overplotted on Google Earth images. The aircraft flights are colour coded as a function of
relative altitude going from the lower altitude blue colours (from as low as 150 m) to the higher
altitude red colours (reaching 6400 m).
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Figure 2. Model generated back trajectories for JOSM Flight 20 on 5 September 2013 over
the Canadian oil sands region plotted spatially as a function of local standard time (LST). The
boundaries of the oil sands region are outlined with black lines, with the surface mining areas
indicated within this region near the centre of the plot. Each aircraft “profile” (either the up or
down profile) is indicated alphabetically in measurement succession during the afternoon (e.g.
“A” is at 13:22 LST (TES overpass time), and “E” later in the afternoon at 17:00 LST). Plotted
for each of these aircraft profiles are two back trajectories plotted corresponding to the lowest
aircraft altitude and the ∼ 750 hPa aircraft profile levels, which spans the general vertical range
where the satellite is most sensitive for NH3, HCOOH, and CH3OH. Also, plotted on the map
are the TES footprints, colour coded by the overpass time (13:17–13:20 LST).
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Figure 3. A representative aircraft/satellite comparison for a single CH3OH profile using the
downward aircraft spiral from profile “A” with pixel 10 along the TES transect (counted from
South to North). (a) contains the rows of the satellite averaging kernels at each retrieval level.
(b) shows the aircraft flight observations for the day as a function of altitude and local standard
time (LST), with each aircraft “profile” (pair of the up or down profiles) indicated alphabetically
in measurement succession during the afternoon. The two dotted lines bound the observations
selected to generate the comparison aircraft profile. (c) shows the original aircraft (gray) profile,
the aircraft profile mapped onto the TES retrieval levels (blue), and this same profile with the
TES observation operator (Eq. 3.2) applied (red); this latter profile can be directly compared
with the TES retrieved profile (purple). The TES retrieval observation error estimates are also
plotted as error bars. The TES a priori retrieval observation in green. (d) contains the difference
between the TES retrieved profile (purple) and the aircraft profile (red) using the same colour
scale as (a) for the retrieval altitude levels.
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Figure 4. Summary box-and-whisker plots of the satellite/aircraft comparisons during JOSM
for CH3OH binned at the various retrieval altitudes. Only the TES pixels from 9 to 14 (counting
from South to North) near the middle of the TES transect were included (based on trajectory
results). The box edges are the 25th and 75th percentile, the line in the box is the median, the
diamond is the mean, the whiskers are the 10th and 90th percentiles, and the circles are the
outlier values outside the whiskers. The left panel contains a summary of the retrieved TES
profile values, the middle panel contains the TES-aircraft profile differences (with the satellite
observation operator applied), and the right panel is the diagonal of the averaging kernel as an
indication of the TES’s vertical sensitivity.
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Figure 5. Representative single CO profile aircraft/satellite comparison and associated plots.
Plotted is the downward aircraft spiral of profile “A” compared with pixel 12 along the TES
transect. Plotting convention is the same as Fig. 3.
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Figure 6. Summary box-and-whisker plots of the satellite and aircraft comparisons during
JOSM for CO, with the same plotting convention as Fig. 4.
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Figure 7. Representative single HCOOH profile aircraft/satellite comparison and associated
plots. Plotted similarly as Fig. 3, but this is profile “D” from the transformation flight 20 compared
with pixel 14 from the TES transect.
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Figure 8. Summary box-and-whisker plots of the satellite and aircraft comparisons during
JOSM for HCOOH, with the same plotting convention as Fig. 4.
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Figure 9. Representative single NH3 profile aircraft/satellite comparison and associated plots.
Similar to Fig. 3, but this is example profile “B” of NH3 from the transformation Flight 20, com-
pared with pixel 7 from the TES transect.
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Figure 10. Summary box-and-whisker plots of the satellite and aircraft comparisons during
JOSM Flight 20 for NH3. All the available TES pixels from along the TES transect were included
using the same plotting convention as Fig. 4.
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Figure 11. Summary plot of the actual errors (TES-Aircraft) from the JOSM comparisons plot-
ted as a function of volume mixing ratio (VMR) for NH3, CH3OH, HCOOH, and CO.
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Figure 12. Single CO profile GEM-Mach model/satellite comparison and associated plots. (a)
follows the same convention as Fig. 3, with the model profile replacing the aircraft profile. (b)
contains the difference between the TES retrieved profile (purple) and the model profile (red).
(c) contains the rows of the satellite averaging kernels at each retrieval level. (d) shows the 2-D
simulated NH3 model field at 962 hPa that corresponds most closely to the TES overpass at
13:30 LST on 3 September 2013. The profiles being compared are for the locations outlined in
magenta, with the larger box showing the TES footprint and the smaller inner box the model
grid box.
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Figure 13. Summary box-and-whisker plots of the satellite and model comparisons during
JOSM for CO using the same plotting convention as Fig. 4.
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Figure 14. Single NH3 profile GEM-Mach model/satellite comparison and associated plots. (a)
follows the same convention as Fig. 3, with the model profile replacing the aircraft profile (note
since the model gray line is smooth it is obscured by the mapped blue line on the plot). (b)
contains the difference between the TES retrieved profile (purple) and the model profile (red).
(c) contains the rows of the satellite averaging kernels at each retrieval level. (d) shows the
2-D simulated NH3 model field at 956 hPa that corresponds most closely to the TES overpass
at 13:17 LST. The profiles being compared are for the locations outlined in magenta, with the
larger box showing the TES footprint and the smaller inner box the model grid box.
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Figure 15. Summary box-and-whisker plots of the satellite and model comparisons during
JOSM for NH3 using the same plotting convention as Fig. 4.
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