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Abstract. Vertical profiles of aerosols, NO2, and SO2 were
retrieved from Multi-Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS) measurements at a field site
in northern Alberta, Canada, during August and September
2013. The site is approximately 16 km north of two mining
operations that are major sources of industrial pollution in
the Athabasca oil sands region. Pollution conditions during
the study ranged from atmospheric background conditions
to heavily polluted with elevated plumes, according to the
meteorology. This study aimed to evaluate the performance
of the aerosol and trace gas retrievals through comparison
with data from a suite of other instruments. Comparisons of
aerosol optical depths (AODs) from MAX-DOAS aerosol re-
trievals, lidar vertical profiles of aerosol extinction, and the
AERONET sun photometer indicate good performance by
the MAX-DOAS retrievals. These comparisons and mod-
elling of the lidar S ratio highlight the need for accurate
knowledge of the temporal variation in the S ratio when com-

paring MAX-DOAS and lidar data. Comparisons of MAX-
DOAS NO2 and SO2 retrievals to Pandora spectral sun pho-
tometer vertical column densities (VCDs) and active DOAS
mixing ratios indicate good performance of the retrievals, ex-
cept when vertical profiles of pollutants within the boundary
layer varied rapidly, temporally, and spatially. Near-surface
retrievals tended to overestimate active DOAS mixing ra-
tios. The MAX-DOAS observed elevated pollution plumes
not observed by the active DOAS, highlighting one of the in-
strument’s main advantages. Aircraft measurements of SO2
were used to validate retrieved vertical profiles of SO2. Ad-
vantages of the MAX-DOAS instrument include increasing
sensitivity towards the surface and the ability to simultane-
ously retrieve vertical profiles of aerosols and trace gases
without requiring additional parameters, such as the S ratio.
This complex dataset provided a rare opportunity to evaluate
the performance of the MAX-DOAS retrievals under varying
atmospheric conditions.
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1 Introduction

The Athabasca oil sands operations in Alberta contain sig-
nificant sources of industrial atmospheric pollutants, such as
sulfur dioxide (SO2) and nitrogen dioxide (NO2) (ECCC,
2018b, c). Oil extraction and upgrading activities such as
surface mining, acid gas flaring, and transporting materials
in heavy hauler trucks emit aerosols and trace gas pollutants
(Liggio et al., 2016). Pollutant emissions from the industrial
smokestacks result in uplifted profiles with the potential to
be transported farther downwind compared to emissions re-
leased at the surface, particularly for stacks with high-volume
flow rates and temperatures that can rise high in the atmo-
sphere (Zhang et al., 2018). While the Athabasca oil sands
region (AOSR) experiences moderate annual average con-
centrations of SO2 relative to all Canadian in situ stations,
the short-term concentrations can be significantly higher than
in most Canadian cities (Government of Canada, 2018). The
AOSR contains some of the few monitoring sites in Canada
that experience peak 1 h average concentrations of SO2 of
greater than 70 ppb (Government of Canada, 2018), which is
the new 2020 Canadian Ambient Air Quality Standard for
SO2 (Canadian Council of Ministers of the Environment,
2014). SO2 concentrations of up to 131 ppb were also ob-
served by aircraft measurements downwind of an AOSR in-
dustrial facility in 2013, approximately midway between the
Syncrude Mildred Lake Plant and Fort McKay (Baray et
al., 2018). High concentrations of SO2 over short durations
are a health concern because negative pulmonary and respira-
tory effects of inhalation can occur after exposure periods as
short as 10 min (Health Canada, 2016; WHO, 2006). Expo-
sure to NO2 at high concentrations over the short term is also
associated with significant health impacts (WHO, 2006), and
NOx (NO+NO2) is a precursor to tropospheric ozone (O3),
acid rain, and fine particulate matter (Seinfeld and Pandis,
2006).

Emissions of NOx and SO2 lead to the formation of ni-
trate and sulfate aerosols, which constitute a significant frac-
tion of the PM2.5 air mass in urban and industrially impacted
regions (Pui et al., 2014). The highest peak and annual aver-
age PM2.5 concentrations in Canada in 2016 were observed
at two monitoring stations within Fort McMurray with an-
nual averages of over 18 µgm−3 compared to 8 µgm−3 in an
industrial area of Toronto, Ontario (Government of Canada,
2018). Exposure to PM2.5 leads to adverse effects on respi-
ratory and cardiovascular systems (WHO, 2006).

In the troposphere, nearly all SO2 is oxidized to H2SO4
aerosol through reactions in the gas and aqueous phases.
The hydroxyl (OH) radical initiates the oxidation route
of SO2 in the gas phase, forming HOSO2 (Holloway and
Wayne, 2010). Sulfuric acid (H2SO4) is formed through
further oxidation of HOSO2 and condenses onto already
present aerosols or can nucleate with water vapour (H2O)
and gaseous ammonia (NH3), forming sulfate aerosol (Kul-
mala et al., 2004). Aqueous-phase reactions form sulfate

aerosol efficiently, with H2O2 and O3 acting as oxidants (Se-
infeld and Pandis, 2006). Wet deposition dominates the re-
moval of sulfate aerosol. Therefore, elevated levels of SO2
and NO2 observed over the AOSR region are an environmen-
tal concern since atmospheric depositions of sulfur oxides
(SOx) and nitrogen oxides (NOx) can lead to freshwater and
soil acidification (Psenner, 1994; Zhao et al., 2009). Depo-
sition of nitrogen compound can harm sensitive ecosystems
through eutrophication (excessive nutrient richness) of water
bodies (Fenn et al., 2015).

High concentrations of SO2 and other pollutants over the
AOSR have prompted measurements using aircraft studies
(Baray et al., 2018; Gordon et al., 2015; Liggio et al., 2016,
2019; Simpson et al., 2010), in situ measurements (Amiri et
al., 2018; Hsu, 2013; Tokarek et al., 2018), sun photometers
(Fioletov et al., 2016), and satellites (McLinden et al., 2012,
2014, 2016). Long-term monitoring through satellite mea-
surements is an attractive choice due to the large scale of the
operations. However, surface concentrations are difficult to
determine accurately from satellite measurements (Fioletov
et al., 2016), and data acquisition is limited to the satellite
overpass times. Satellite retrievals in the AOSR region are
also complicated by multiple factors: landscapes are com-
plex, emissions can change relatively rapidly, and the winds
within the higher boundary layer can quickly disperse pollu-
tion emissions. Rapid industrial expansion can also require
updating retrieval algorithms (McLinden et al., 2014). Ap-
parent peak concentrations are reduced, and small-scale vari-
ability cannot be resolved, due to spatial averaging within the
footprint of a pixel that can be large relative to the scale of
point source plumes.

SO2, NO2 and aerosol levels in the total column and near-
surface can be simultaneously monitored using the Multi-
Axis Differential Optical Absorption Spectroscopy (MAX-
DOAS) technique (Hönninger et al., 2004). The elevated lev-
els of SO2 observed in the AOSR increase the ease of MAX-
DOAS measurements compared to within most Canadian
cities, where SO2 levels are significantly lower. Differential
Optical Absorption Spectroscopy (DOAS) is a remote sens-
ing technique that quantifies tropospheric trace gases using
light spectra and the unique spectral absorption cross sections
of trace gases. Since its introduction by Platt et al. (1979)
DOAS has been used to quantify trace gases in the tropo-
sphere, including NO2, SO2, OH, BrO, NO3, NH3, ClO, and
others. The technique has the advantage of allowing the si-
multaneous quantification of multiple trace gases (Platt et
al., 2008). The MAX-DOAS method measures scattered sun-
light spectra at multiple viewing directions and/or elevation
angles to allow sensitive quantification of tropospheric pollu-
tants. Spectra measured at elevation angles close to horizon-
pointing have a higher sensitivity to ground-level pollutants
since the light paths are longer near the surface (Hönninger et
al., 2004). Ground-based MAX-DOAS measurements deter-
mine tropospheric vertical column densities (VCDs) of trace
gases, quantifying total boundary layer pollution loading.
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VCDs have the advantage of being independent of bound-
ary layer height and are spatially averaged (horizontally) on
the order of a few kilometres along the light path.

Ground-based MAX-DOAS data combined with radia-
tive transfer modelling allows retrieval of vertical profiles
of aerosol extinction and trace gases (Frieß et al., 2006;
Hönninger et al., 2004; Hönninger and Platt, 2002; Irie et
al., 2008; Wagner et al., 2004). The MAX-DOAS technique
has been used to retrieve vertical profiles of aerosol extinc-
tion (Clémer et al., 2010; Frieß et al., 2011; Irie et al., 2008,
2015; Li et al., 2010; Zieger et al., 2011), BrO (Frieß et
al., 2011; Hönninger and Platt, 2002), HCHO (Heckel et
al., 2005; Wagner et al., 2011), SO2 (Tan et al., 2018), and
NO2 (Tan et al., 2018; Wagner et al., 2011).

There are few comparisons of vertical profiles of aerosol
extinction from MAX-DOAS to vertical profiles from other
instruments in the literature. MAX-DOAS aerosol extinction
profiles have been compared to smoothed extinction profiles
from a sun photometer (Frieß et al., 2011) and aircraft aerosol
profiles (Wagner et al., 2011). Near-surface MAX-DOAS re-
trievals of aerosol extinction have been compared with in
situ measurements of aerosols (Zieger et al., 2011). There
are also relatively few published comparisons of MAX-
DOAS aerosol optical depths (AODs) with lidar AODs (Irie
et al., 2008, 2015). Relatively few studies have focused on
MAX-DOAS measurements of anthropogenic SO2 (Irie et
al., 2011; Jin et al., 2016; Wang et al., 2014, 2017; Wu et
al., 2018, 2013). Most studies that present MAX-DOAS ver-
tical profile retrievals compare them to trace gas VCDs or
near-surface measurements from in situ or LP-DOAS instru-
ments. Tan et al. (2018) and Wang et al. (2017) compared
MAX-DOAS SO2 VCDs to satellite VCDs of trace gases.
Tan et al. (2018) and Wagner et al. (2011) compared MAX-
DOAS retrievals of vertical profiles of NO2 to satellite VCDs
and near-surface NO2 mixing ratios from LP-DOAS, respec-
tively.

In this study, a MAX-DOAS instrument was deployed dur-
ing a comprehensive air quality campaign conducted dur-
ing August and September 2013. Pollution conditions ranged
from background to heavily polluted with a well-mixed
boundary layer to distinctly elevated pollution plumes. Ver-
tical profiles of aerosols, NO2, and SO2 in the troposphere
were retrieved using optimal estimation inverse modelling
from the MAX-DOAS measurements. These retrievals al-
lowed characterization of the vertical structure of the bound-
ary layer. The retrieval used a two-step approach: (1) aerosol
extinction profiles are retrieved from measured MAX-DOAS
O4 differential slant column densities (dSCDs) and (2) the
aerosol extinction profiles are used as forward model param-
eters for retrieval of trace gas profiles from measured trace
gas dSCDs.

Our study adds to the current literature by comparing
MAX-DOAS aerosol and trace gas retrievals with data from
numerous other instruments deployed during the campaign.
The aerosol retrievals were compared to aerosol extinction

data from a co-located lidar instrument and a nearby sun
photometer. Validation of the aerosol retrievals is essential
because these profiles are used as model parameters for the
trace gas retrievals. MAX-DOAS NO2 and SO2 retrievals
were compared to mixing ratios from a co-located active
DOAS instrument and tropospheric VCDs of trace gas from
a Pandora sun photometer. In situ measurements of SO2 from
an aircraft allowed comparison of MAX-DOAS vertical pro-
files of SO2. Evaluation of the retrievals was aided by co-
located, near-surface measurements of particle size distribu-
tion and composition and nearby high-resolution measure-
ments of vertical profiles of wind speed and direction.

The objectives of our study were to (1) determine the
factors required to validate MAX-DOAS aerosol retrievals
through comparison with lidar and sun photometer data,
(2) evaluate the performance of the aerosol and trace gas
retrievals through comparison to other datasets, (3) identify
conditions that limit the use of the MAX-DOAS technique,
and (4) identify conditions under which the MAX-DOAS
method was advantageous over other instruments.

This complex dataset from comprehensive measurements
in the vicinity of oil sand operations provided a unique op-
portunity to test the performance of the MAX-DOAS aerosol
and trace gas retrievals.

2 Experimental

2.1 Field sites

The MAX-DOAS instrument was operated at an elevation
of ∼ 10 m above the surface from 14 August to 9 Septem-
ber 2013 at the Fort McKay South field site (57.149◦ N,
111.642◦W) north of Fort McMurray, Alberta, concurrent
with an Environment and Climate Change Canada (ECCC)
intensive measurement campaign (Figs. 1 and S1 in the Sup-
plement). A second site was located 4 km north of Fort
McKay South (Oski-Ôtin; 57.184◦ N, 111.640◦W) in the
Fort MacKay community. Two major sources of aerosols,
NO2, SO2, and other pollutants are located south of Fort
McKay South: the Syncrude Mildred Lake Plant and the
Suncor Millennium Plant, 12 km to the south and 20 km to
the south–south-east, respectively (Fig. 1). The 2013 NPRI-
reported emissions of SO2 and NOx from these facilities
were 63 and 14 kilotons (kt) and 14 and 8 kt, respectively
(ECCC, 2018a). Relatively small sources of pollutants are
located north of Fort McKay South: Shell Jackpine and
Muskeg River Mines, CNRL Horizon, and Imperial Oil Kearl
Mine (Fig. 1). Tables S1 and S2 in the Supplement show the
2013 NPRI emissions of SO2 and NOx from these five facil-
ities. A recent study suggests that total industrial emissions
of NOx were underestimated in the NPRI report, particularly
for ground sources (Zhang et al., 2018). Since there are NOx
sources that are not included in the NPRI emissions data,
the 2010 vehicular emissions associated with each facility
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Figure 1. Location of field sites Fort McKay South and Oski-Ôtin
and major industry sources.

and 2012–2013 annual stack and area source emissions from
Zhang et al. (2018) are also included in Tables S1 and S2.

2.2 Instrumentation

The mini-MAX-DOAS instrument from Hoffmann
Messtechnik GmbH measured scattered sunlight with a
viewing azimuth angle of 155◦ south–south-east (SSE) at
sequential viewing elevation angles 2, 4, 8, 15, 30 and 90◦

(zenith) above the horizon. The instrument consisted of a
sealed metal box containing entrance optics, a UV fibre-
coupled spectrograph, and all electronics. The instrument
field of view was approximately 0.6◦. Incident light was
focused on a cylindrical quartz lens (focal length= 40 mm)
into a quartz fibre that transmitted the light into the
OceanOptics USB2000 spectrograph. The spectrograph
detector was a Sony ILX511 linear silicon charge-coupled
device (CCD) array (2048 pixels, pixel size 14µm×200µm,
signal-to-noise ratio at full signal 250 : 1). The spectrograph
had a spectral range of 290–433 nm, a 50 µm wide entrance
slit, and a spectral resolution of ∼ 0.6 nm full width at half
maximum (FWHM). The spectrograph was cooled by a
Peltier stage to maintain the selected temperature (5◦C).
Spectrometer data were transferred to a laptop computer
via USB cable. The instrument was controlled using the
software package DOASIS, which allowed automated
measurements by JScript programs. The instrument was
mounted on an elevated scaffold approximately 10 m above
ground level (a.g.l.), at approximately the height of the
surrounding forest canopy. Each recorded measurement
spectrum was an average of 2000 measured spectra with an

exposure time that varied between 50 and 200 ms, depending
on the ambient light levels.

MAX-DOAS aerosol and trace gas retrieved data were
inter-compared with data from various other instruments de-
ployed during the campaign. Table 1 provides information on
these instruments and papers that describe their operation.

An active DOAS instrument located at the same site was
used to retrieve mixing ratios of NO2 and SO2 at 3.5 m a.g.l.
The active DOAS light path was pointed in a south–south-
east direction, approximately parallel to the MAX-DOAS
viewing azimuth angle (Fig. 1). Measurements of trace gases
with the active DOAS system have been described previously
(McLaren et al., 2010, 2012; Wojtal et al., 2011), although
details have been changed in the current study. DOAS mea-
surements were made using a modified DOAS 2000 Instru-
ment (TEI Inc.) utilizing a 150 W high-pressure Xe arc lamp
and a coaxial Cassegrain telescope. The outgoing beam tra-
versed the atmosphere for 1.15 km (pathlength= 2.3 km) at
an average height of 3.5 m a.g.l., where it impacted a retrore-
flector array composed of 30 (5.08 cm diameter) hollow cor-
ner cubes mounted on a raiseable tower. The beam traversed
through an exploration line cut (5–10 m wide by 2 km long)
in a mature coniferous forest. Return light was collected with
a 2m× 600µm UV-transparent fibre-optic cable and spec-
trometer (Ocean Optics USB2000, Grating no. 10, λ= 288–
492 nm, 1800 lines mm−1, 2048 element CCD, 25 µm slit,
UV2 upgrade, L2 lens). Integration times of 30–40 ms and
4000 averages gave ≈ 2 min resolution with detection lim-
its (3σ ) of 120 and 170 ppt for NO2 and SO2, respectively.
Xenon lamp, Hg calibration, offset, and dark noise spectra
were collected for spectral fitting with DOASIS software. A
small diffuser was installed in the entrance of the fibre to
lower atmospheric turbulence noise (Stutz and Platt, 1993)
in addition to using an optical fibre bending mode mixer.

A Pandora spectral sun photometer at Oski-Ôtin measured
in direct sun and zenith sun viewing modes to retrieve to-
tal atmospheric column VCDs of SO2 and NO2 with pre-
cisions (1σ ) of 4.6× 1015 and 0.3× 1015 molecules cm−2,
respectively (Fioletov et al., 2016). Tropospheric VCDs
of NO2 were determined from the Pandora total column
VCDs by subtracting stratospheric VCDs modelled using the
PRATMO stratospheric photochemical box model (McLin-
den, 2000). PRATMO was used as described in Adams et
al. (2016), except monthly mean OSIRIS ozone profiles
(Degenstein et al., 2009) and MODIS surface reflectivities
(McLinden et al., 2014) were employed. The Pandora SO2
VCDs presented are assumed to be representative of tropo-
spheric SO2 VCDs since stratospheric SO2 was assumed to
be negligible. Pandora trace gas and MAX-DOAS data were
both available for inter-comparison for 4 d during the study.
SO2 and NO2 mixing ratios were also measured from the air
on board a Convair 580 research aircraft (Baray et al., 2018)
using Thermo Scientific 43iTLE and 42i-TL analyzers, re-
spectively, between 12 August and 7 September 2013, in-
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Table 1. Description and locations of the study instruments.

Instrument Variables measured Institution Temporal Viewing direction Field site Reference
resolution

Mini-MAX-DOAS Vertical profiles of SO2, York 20–30 min SSE at multiple Fort McKay Current paper
NO2, aerosol extinction University elevation angles South

Active DOAS Mixing ratios of SO2, York ∼ 2 min SSE, horizontal Fort McKay McLaren et al. (2010)
NO2 University South

Pandora sun VCDs of SO2, NO2 ECCC ∼ 1 min Direct sun viewing Oski-Ôtin Fioletov et al. (2016)
photometer

Sun photometer AOD, Angstrom exponent ECCC ∼ 3 min Direct sun viewing Oski-Ôtin Sioris et al. (2017)

Ground-based lidar Vertical profile of ECCC 1 min Zenith viewing Fort McKay Strawbridge (2013)
aerosol extinction South

TSI APS 3321 PM10−1 size distribution University 6 min n/a Fort McKay Tokarek et al. (2018)
of Calgary South

TSI SMPS PM1 size distribution University 6 min n/a Fort McKay Tokarek et al. (2018)
(3081 DMA, of Alberta South
3776 CPC)

Aerodyne rBC, NH+4 (p), SO2−
4 (p), University of ∼ 1 min n/a Fort McKay Lee et al. (2019)

SP-AMS NO−3 (p), Cl−(p), Toronto and South
organics ECCC

Scintec model Vertical profile of wind ECCC 15 min Zenith viewing Oski-Ôtin Gordon et al. (2018)
MFAS windRASS and temperature

Airborne Thermo Mixing ratios of SO2 ECCC 1 s n/a n/a Baray et al. (2018)
Scientific 43iTLE

n/a: not applicable.

cluding a spiral ascent near Fort McKay South (3 Septem-
ber).

AODs at 380 and 340 nm were obtained from Level 2.0
AERONET data, measured by a second sun photometer at
Oski-Ôtin. Aerosol extinction profiles at 532 nm from 0.1
to 12 km a.g.l. were retrieved using a ground-based, zenith-
pointing lidar operated at Fort McKay South (Strawbridge,
2013). In this study, the lidar profiles from 0.1 to 4 km were
considered in order to match the vertical observation extent
of the MAX-DOAS. The lidar has the advantage over sun
photometer instruments because it can determine the verti-
cal profile of optical extinction rather than just a column-
averaged value but has higher uncertainty when the S ratio
is variable (Strawbridge, 2013). Aerosol extinction profiles
are retrieved from the measurements of the laser return sig-
nal using a chosen S ratio value. The S ratio is the ratio of
the volume extinction coefficient to the backscatter coeffi-
cient and dictates the signal strength of the received return
of the lidar’s pulsed laser source (Strawbridge, 2013). Li-
dar S ratios are known to be variable but are often estimated
given the type of particles expected in an environment (Irie
et al., 2015). The S ratio depends on the shape, size distri-
bution, and chemical composition of the aerosol particles, as
well as the relative humidity (Weitkamp, 2005). A constant

lidar ratio (“S ratio”) of 25 was used for the lidar retrievals
unless otherwise specified. S ratios were modelled using Mie
scattering theory and measurements of surface-level particle
composition and size distribution at Fort McKay South for
various times during 23 August to determine temporal vari-
ability in the S ratio. Source code for the Mie scattering cal-
culations can be found in Aggarwal et al. (2018).

Ground-level particle composition was measured using an
Aerodyne high-resolution soot particle aerosol mass spec-
trometer (SP-AMS) (Lee et al., 2019). Particle size dis-
tributions were measured using Scanning Mobility Particle
Sizer (SMPS) (“dry” line mode) and Aerodynamic Particle
Sizer (APS) instruments (see supplementary information in
Tokarek et al., 2018, for more details). Particle diameters
measured by the SMPS and by the APS were 0.014–0.74
and 0.5–19.81 µm, respectively. Data from these instruments
were combined to determine particle size distributions from
0.014 to 19.81 µm, assuming the particles were unit density.
Use of “dry” line mode SMPS increased uncertainties in the
size distributions because ambient aerosols have more vol-
ume than dry aerosols. However, even in the highest relative
humidity range, the ambient aerosol had only 30 % more vol-
ume compared to the dry aerosol which, assuming spherical
particles, only results in a maximum increase in particle di-
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ameter of 9 %. The resulting error is expected to be much
smaller than other errors such as converting mobility and
aerodynamic diameters to optical diameters.

A radio acoustic meteorological profiler (windRASS,
model MFAS, Scintec, Germany) at Oski-Ôtin measured
temperature, wind speed, and wind direction at 10 m intervals
from 40 m to up to a maximum altitude of 800 m (Gordon et
al., 2018).

2.3 MAX-DOAS data analysis

2.3.1 MAX-DOAS fitting

Trace gas differential slant column densities (dSCDs) were
obtained using the DOAS technique (Platt et al., 2008) with
DOASIS software (Institute of Environmental Physics, Hei-
delberg, Germany). All spectra were corrected for dark cur-
rent and electronic offset and wavelength that were calibrated
using a measurement of a Hg lamp. Table 2 shows the wave-
length windows and fit components used to retrieve dSCDs
of NO2, SO2, and O4. Cross sections were obtained from the
MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules
of Atmospheric Interest (Keller-Rudek et al., 2013). Exam-
ples of spectral retrievals of the gases are shown in Fig. S2.
Each non-zenith measured spectrum was fit against the clos-
est zenith spectrum in time, also known as the Fraunhofer ref-
erence spectrum (FRS). The statistical error of the O4 dSCDs
was < 1.1× 1042 molecules cm−2. The O4 error for off-axis
measurements relative to the FRS are < 6 % for angles be-
low 30◦ and < 10 % for the 30◦ measurements. The statisti-
cal fit errors of the SO2 and NO2 dSCDs were 0.4–1.2×1016

and 0.4–1.6×1015 molecules cm−2, respectively. Uncertain-
ties in the absorption cross sections result in systematic errors
in the retrieved dSCDs. The reported uncertainty in the SO2
and NO2 absorption cross sections used is approximately 3 %
(Bogumil et al., 2003). The absolute value of the O4 cross
section and its dependence on temperature is uncertain. Some
studies suggest that the absolute value of the cross section
may be overestimated by up to 25 %, requiring the use of
a scaling factor (Clémer et al., 2010; Wagner et al., 2002,
2009, 2019). However, Frieß et al. (2011) found that the best
results for measured O4 dSCDs and the vertical profiles of
aerosol extinction retrieved from them were achieved without
a scaling factor. Irie et al. (2015) found that a scaling factor
of 1.25 resulted in an overestimation of near-surface aerosol
extinction coefficients (AECs) but also reduced residuals at
high viewing elevation angles. Wagner et al. (2019) found
that measured and radiative transfer modelled O4 absorptions
showed good agreement on one study day but poor agree-
ment on the second. A scaling factor was not used for the O4
fitting in this study because of the lack of consensus on the
need for a scaling factor within the DOAS community and
the good agreement between the MAX-DOAS and smoothed
lidar AODs for the 23 August data (see Sect. 3.1.2).

The SO2 fitting range was determined based on an ex-
periment using an SO2 calibration cell from Resonance
Ltd. with a slant column density (SCD) of 2.2× 1017

(±10 %) molecules cm−2 placed inside the MAX-DOAS
telescope. Scattered solar light spectra were recorded around
solar noon at multiple viewing elevation angles above the
horizon, followed by a 90◦ measurement without the cell (the
FRS). For each of the measured spectra, dSCDs of SO2 were
fit in DOASIS by varying the fitting windows in ∼ 0.3 nm
increments with a range of lower and upper limits of 303–
318 and 309–340 nm, respectively. The fit components are
the same as in Table 2. See Sect. S2 in the Supplement for
details. The NO2 and O4 fitting ranges were from McLaren
et al. (2010) and Frieß et al. (2011), respectively.

2.3.2 Retrieval of vertical profiles from MAX-DOAS
dSCDs using optimal estimation

Aerosol and trace gas profiles were retrieved using a two-
step approach: (1) aerosol extinction profiles were retrieved
from measured MAX-DOAS O4 dSCDs, and (2) aerosol
extinction profiles were used as forward model parame-
ters for retrieval of NO2 and SO2 profiles from dSCDs of
NO2 and SO2, respectively. Vertical profiles were determined
from dSCDs using retrieval algorithms based on the Rodgers
(2000) optimal estimation technique (Frieß et al., 2011, 2016,
2019). Generally, the desired state of the atmosphere (x) can
be estimated from remote sensing measurements (y) using a
forward model F:

y = F(x,b)+ ε , (1)

where ε is the measurement error and b is the vector of model
parameters that are assumed to be known and not determined
by the modelling, such as aerosol microphysical properties.
In this study, the SCIATRAN radiative transfer model was
used as the forward model (Rozanov et al., 2005).

The optimal estimation method determined the most prob-
able atmospheric state, x̂, based on a set of measurements, y,
and an a priori state vector, xa. The xa was the best guess of
the vertical profile to be retrieved. The x̂ was the aerosol ex-
tinctions or the trace gas mixing ratios at a series of altitude
intervals for the aerosol retrieval and trace gas retrievals, re-
spectively. The y was the O4 dSCDs and the trace gas dSCDs
measured at different angles, for the aerosol and trace gas re-
trievals, respectively. The agreements between measured and
modelled dSCDs based on linear regressions for the retrievals
are shown in Sect. S8.1 in Tables S10 and S11, as well as
typical degrees of free of signal for the aerosol and trace
gas retrievals. Note that in our retrievals, y was the dSCDs
measured at sequential elevation angles during 20 min pe-
riods before 17:00 local time (LT) and during 30 min peri-
ods after 17:00 LT. The wavelengths for the optimal estima-
tion retrievals of O4, NO2, and SO2 were 360.8, 422.5, and
318.0 nm, respectively.
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Table 2. Information on MAX-DOAS spectral fitting.

Gas Fitting window Included in the fit

NO2 410–435 nm FRS, Ring, Bogumil (2003) NO2 (293 K) and Bogumil (2003) (293 and 243 K) O3,
third-order polynomial

SO2 310.5–324 nm FRS, Ring, Bogumil (2003) SO2 (293 K) and Bogumil (2003) (293 and 223 K) O3,
third-order polynomial, Offset Function

O4 350–375 nm FRS, Ring, Hermans (2011) O4 Bogumil (2003) (293 K) NO2, Bogumil (2003) (293 and 223 K) O3,
third-order polynomial

The optimal estimation solution x̂ is the maximum a pos-
teriori (MAP) solution, which selects the most probable state
from the set of possible states described by maximizing the
probability of x occurring given the observations y (Rodgers,
2000). The MAP solution is found by minimizing the cost
function (χ2):

χ2
=

(
y−F(x,b)

)TS−1
E

(
y−F(x,b)

)
+

(
x− xa

)TS−1
a

(
x− xa

)
, (2)

where Sa and SE are the error covariance matrices associ-
ated with the a priori and measurement vectors, respectively
(Rodgers, 2000). The retrieval yields important quantities
that allow the characterization of the retrieval. These include
the weighting function, K= ∂y

∂x
, which quantifies the sensi-

tivity of the measurement towards the atmospheric state, and
the averaging kernel matrix, A= ∂x̂

∂x
, which quantifies the

vertical resolution of the retrieval. A describes the sensitiv-
ity of the retrieved profile to changes in the true atmospheric
profile. Rows of A are averaging kernels for each altitude in-
terval in the retrieved profile. The full width half maximum
(FWHM) of each kernel gives an estimate of the retrieval’s
vertical resolution at height z. Each averaging kernel ideally
peaks at a magnitude of 1.0 at the height of the kernel. How-
ever, the peak value of a kernel is generally less than 1.0 due
to finite vertical resolution and may peak at a slightly differ-
ent height, resulting in the smoothing of the true atmospheric
profile into the retrieved profile.

Aerosol extinction retrievals

Retrieval of aerosol extinction profiles was non-linear since
the aerosol extinction affects the radiative transfer in the for-
ward model. The input for the aerosol retrieval was the mea-
surement vector of the O4 dSCDs at different elevation an-
gles and an a priori state vector that decreased exponentially
with altitude with a scale height of 0.6 km and a surface mag-
nitude of 0.1 km−1. A single a priori profile choice is prefer-
able for a set of consecutive measurements where informa-
tion content is potentially limited since the a priori will al-
ways have some impact on the retrieved profile (Rodgers,
2000). Otherwise, diurnal and day-to-day trends in the re-
trieved profiles due to real atmospheric changes could be in-

distinguishable from changes due to a variable a priori pro-
file. Sensitivity studies of the a priori choice were conducted
by varying one a priori parameter while keeping the remain-
der of settings the same: Gaussian shape, Boltzmann shape,
scale height of 0.3 km, or scale height of 1.2 km. The results
of the sensitivity studies are shown in Sect. S8.2.

Our aerosol retrieval used an iterative algorithm based
on the Levenberg–Marquart method (Levenberg, 1944; Mar-
quardt, 1963). For aerosol retrievals, the weighting function
K is calculated using the a priori xa and the measurement
vector y. The K of each retrieval depended on the state vector
and changed depending on the determined aerosol extinction
profile. The height resolution of the aerosol extinction verti-
cal profile grid was 100 m with a maximum height of 4 km.
A detailed description of the aerosol retrieval algorithm can
be found in Frieß et al. (2006).

Trace gas retrievals

The retrievals of NO2 and SO2 vertical profiles were linear
because these weak absorbers do not significantly impact the
radiative transfer. The inputs for the NO2 and SO2 retrievals
were the measurement vectors of the NO2 and SO2 dSCDs at
different elevation angles, respectively, and an a priori state
vector that decreased exponentially (scale height is 0.6 km
and surface magnitude is 30 and 10 ppb for SO2 and NO2,
respectively). Sensitivity studies of the a priori choice were
conducted by varying one a priori parameter while keeping
the remainder of settings the same: Gaussian shape, Boltz-
mann shape, scale height of 0.3 km, or scale height of 1.2 km.
The results of the sensitivity studies are shown in Sect. S8.2.

In this linear case, the forward model is independent of
the atmospheric state x, and the weighting function matrix
represents the forward model.

y = F(x,b)+ ε =Kx+ ε (3)

In our retrieval, the box air mass factors (AMFs) that are
components of K were modelled using the radiative trans-
fer model in SCIATRAN (Deutschmann et al., 2011; Frieß
et al., 2010; Rozanov et al., 2005). The aerosol profiles re-
trieved in step 1 were used to recalculate the box AMFs for
each trace gas retrieval since the extinction profiles varied.
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The height resolution of the trace gas vertical profile grid
was 100 m with a maximum height of 4 km a.g.l.

Determination of retrieval errors

The retrieval covariance matrix Ŝ quantifies the error of the
state vector and is the sum of the independent sources of
error: smoothing error Ss, representing the retrieval’s lim-
ited vertical resolution, and the retrieval noise SM, repre-
senting the uncertainty due to errors in the measurement
(Ŝ= SM+Ss). The error covariance matrix produced by the
retrieval does not include model parameter errors or forward
model errors (Frieß et al., 2006). The error covariance matrix
is calculated following Eq. (4):

Ŝ=
(

KT S−1
ε K+S−1

a

)−1
. (4)

SE and Sa are the measurement and a priori covariance matri-
ces, respectively. In our retrievals, Sa was determined by set-
ting the relative error of the a priori to 100 % and the extra-
diagonal terms were set to zero. The SE was the diagonal
matrix of errors of the retrieved dSCDs as determined by the
DOASIS retrievals.

2.3.3 Conversion of other instruments’ data for
comparison to MAX-DOAS data

Lidar and AERONET extinction data were converted to the
MAX-DOAS aerosol retrieval wavelength of 361 nm follow-
ing Eq. (5):

E(361nm)= E(λ1) ·

(
361nm
λ1

)−∝
. (5)

Equation (5) accounts for the dependence of aerosol extinc-
tion on wavelength based on the Angstrom exponent, ∝.
AERONET 300–500 and 340–440 nm Angstrom exponents
were used to convert the 532 nm lidar aerosol extinctions and
the 380 and 340 nm AERONET AODs, respectively. The two
resulting AERONET AODs at 361 nm were then averaged.
The Angstrom exponent was assumed to be constant with al-
titude and representative of both field sites. The similarity in
trends in AODs and trace gas VCDs between the two sites
can indicate when the Angstrom exponent determined from
Oski-Ôtin was valid for both sites.

Due to the limited vertical resolution of the MAX-DOAS
measurements, MAX-DOAS vertical profiles of aerosol ex-
tinction and AODs can only be directly compared to lidar
profiles and AODs after smoothing the 361 nm lidar profiles
using the MAX-DOAS averaging kernel matrix, A (Rodgers
and Connor, 2003). The lidar AODs referred to in the pa-
per below and shown in plots are the smoothed AODs de-
termined by vertically integrating the smoothed lidar vertical
profiles of extinction at 361 nm unless otherwise stated.

The lidar profiles were averaged into the same altitude and
temporal intervals as the MAX-DOAS retrievals and then

smoothed using the respective matrix A following Eq. (6):

xs = xa+A(xL− xa) , (6)

where xs is the smoothed lidar profile, xa is the MAX-DOAS
retrieval a priori profile, and xL is averaged lidar profile.
xs represents the (noise-free) vertical profile that the MAX-
DOAS retrieval would produce if xL was the true atmo-
spheric profile given the variable sensitivity of the MAX-
DOAS retrieval with altitude. The deviation of xs from xL at
each altitude depends on xa and the sensitivity of the MAX-
DOAS to the atmosphere at that altitude. MAX-DOAS sensi-
tivity to the true atmospheric state decreases with increasing
altitude (Frieß et al., 2006) with typical height resolutions of
∼ 200 m at lower altitudes, increasing to ∼ 700 m at higher
altitudes. Therefore, the smoothing is generally expected to
smooth the true profiles towards lower altitudes. Also, even if
the two instruments viewed the same air mass, the retrieved
and smoothed profiles are expected to differ at least slightly
due to two factors. The first factor is the retrieval noise Gε,
which is unknown since the true measurement error ε is un-
known. G is the gain matrix, which describes the retrieval’s
sensitivity to the measurements. The true smoothed profiles
would be described using the following Eq. (7):

xretrieved = xa+A(xtrue− xa)+Gε. (7)

The second factor is that lidar vertical profiles are observed
straight up, are measured only above 100 m a.g.l., and are the
least sensitive close to the surface. The 0–100 m a.g.l. extinc-
tion in the lidar profiles was assumed to be equal to the aver-
age extinction measured between 100 and 200 m a.g.l. but the
vertical profiles may have been variable below 150 m a.g.l.
Uncertainty in the lidar vertical profiles is greatest in the low-
est 150 m a.g.l., introducing uncertainty into the smoothed li-
dar profiles.

Error bars on the MAX-DOAS AODs, VCDs, and mix-
ing ratios shown in figures were obtained from the optimal
estimation retrieval. Error bars on the lidar and AERONET
AODs are the standard error of the temporally averaged val-
ues since these instruments have a finer time resolution than
the MAX-DOAS retrievals. Error bars on the active DOAS
mixing ratios are the root-sum-square errors of the standard
error of the averaged values and the average error reported by
the respective DOASIS retrievals. Error bars on the Pandora
VCDs are root-sum-square errors of the standard error of the
average values and the reported instrumental precision. Dem-
ing fit linear regressions were performed using the Monte
Carlo method, which included the errors on the x and y data,
with the “linfitxy” function in MATLAB (Browaeys, 2017).
The 23 August and 3 September AERONET and Pandora
data were also correlated with MAX-DOAS and lidar data
by subtracting 30 min from the Oski-Ôtin data to account for
the time of air mass transport between the Fort McKay South
and Oski-Ôtin given the wind speeds.
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Figure 2. Vertical profiles of wind speed: 23 August (a), 3 Septem-
ber (b), 4 September (c), 5 September (d), 6 September (e), and
7 September (f).

3 Results and discussion

This paper discusses results from largely cloud-free days
when industrial plumes were observed (23 August and 3, 4,
6, and 7 September) and 1 d with clean conditions (5 Septem-
ber). The 9 d are not discussed due to the presence of clouds
most of the day.

Vertical profiles of wind speed and wind direction mea-
sured by the windRASS are shown in Figs. 2 and 3, respec-
tively. A summary of wind conditions and pollution levels
for each day is shown in Table 3.

The 23 August plume exhibited the greatest enhancements
in aerosol and trace gas pollution during the study. Wind di-
rections in the morning were northerly to east–north-easterly
and south-easterly to south–south-westerly in the afternoon.
Winds were of relatively low speed with minimal wind shear.
The pollution enhancement periods were associated with
southerly (S) winds, suggesting that air masses rich in in-
dustrial emissions originated from the Syncrude and Suncor
mining areas south of the sites (Fig. 1). The pollution en-
hancements impacted both sites (AMS 13 and Oski-Ôtin).

The 3 September plume exhibited moderate pollution lev-
els. Pollution data are only presented from 11:00 LT onwards
due to the presence of clouds before this time. Wind di-

Figure 3. Vertical profiles of wind direction: 23 August (a),
3 September (b), 4 September (c), 5 September (d), 6 September (e),
and 7 September (f).

rections varied from south-easterly to south–south-westerly
with occasional south-westerly to north-westerly winds. Sig-
nificant wind shear was observed in the vertical profiles of
wind. The pollution enhancements impacted both sites.

The 4 September plume exhibited moderate pollution lev-
els. Wind directions were frequently southerly to south-
easterly with intermittent periods of south-westerly and
north-westerly winds. Significant wind shear was observed:
wind directions tended to rotate clockwise from south–south-
easterly near the surface to north-easterly as altitude in-
creased. The limited afternoon wind data suggest north-
westerly winds. Wind speeds were low to moderate, tend-
ing to increase with altitude. The pollution enhancements im-
pacted both sites.

The 5 September plume exhibited the cleanest conditions
and greatest wind speeds during the study. Winds were west–
south-westerly to westerly. Both sites were impacted by air
masses that passed over boreal forests.

The 6 September plume exhibited low to moderate pollu-
tion enhancements in the morning with low-pollution condi-
tions in the afternoon. Winds were northerly to north-easterly
but varied over time and with altitude. Wind speeds tended to
be low at the surface but moderate to large at higher altitudes;
significant wind shear was present. Fort McKay South was
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Table 3. Daytime wind and pollution conditions during the study days.

Date Wind directions Wind speeds Wind shear Pollution levels

23 August Morning: N to ENE Low Minimal Low to very high
Afternoon: SE to SSW

3 September Variable; mostly SE to SSW Low to moderate Significant Moderate to high

4 September Mostly S to SE Low to moderate Significant Low to moderate

5 September WSW to W High Moderate Very low

6 September N to NE Low near the surface, high aloft Significant Low to moderate

7 September Morning: SSE Morning: low Significant Low to moderate
Afternoon: SW to SSW Afternoon: moderate to high

impacted by emissions from facilities north of the sites: Shell
Jackpine and Muskeg River Mines, CNRL Horizon, and Im-
perial Oil.

The 7 September plume exhibited moderate to low pol-
lution. Wind directions were south–south-east during the
morning and south-west to south–south-west during the af-
ternoon. Significant wind shear was observed in the lowest
400 m a.g.l. between 09:00 and 11:00 LT and during the af-
ternoon around 16:00 LT. Different air masses may have im-
pacted the two sites.

3.1 Inter-comparisons of MAX-DOAS aerosol
retrievals with lidar and AERONET data

The AODs from the MAX-DOAS, lidar, and AERONET sun
photometer instruments exhibited similar temporal trends
on 23 August and 3, 4, 5, and 7 September (Figs. 4–9a).
Note that the measured and optimal estimation modelled O4
dSCDs showed good agreement for all these days with linear
regression slopes of 0.99 and R2

= 0.91–0.98 (Table S10).
The MAX-DOAS AODs were statistically different from the
lidar and AERONET AODs for approximately half the data,
even when the two sites experienced the same air masses.
This result is expected based on three factors: (1) the dif-
ferent vertical extents of the atmosphere observed by the in-
struments, (2) temporal variability in the lidar S ratio, and
(3) the limited sensitivity of the MAX-DOAS measurements
at higher altitudes. These factors will be discussed below to
evaluate the performance of the MAX-DOAS AOD retrievals
under various atmospheric conditions.

3.1.1 Impact of instrumental vertical sensitivity on
AOD

AERONET AODs were generally significantly greater than
MAX-DOAS and lidar AODs, except during the greatest
pollution events (Figs. 4–9a). During the low-pollution day
of 5 September, AERONET AODs reached a maximum
of 0.15± 0.00 while maximum MAX-DOAS AODs were
0.08± 0.01 (Fig. 4b). On 5 September the MAX-DOAS

and AERONET AODs had a slope of linear correlation
of 1.04± 0.08 (R2

= 0.77) but had a linear intercept of
−0.08±0.01 km−1. This negative intercept can be attributed
to aerosol loading above the boundary layer that was ob-
served by the sun photometer but not by the MAX-DOAS.
This result is expected because the AERONET sun photome-
ter observed aerosol extinction throughout the entire col-
umn (tropospheric and stratospheric) while the MAX-DOAS
and smoothed lidar profiles observed up to 4 km. Further,
the MAX-DOAS retrieved and smoothed lidar profiles likely
only represented aerosol extinction below 2 km because of
the exponentially decreasing a priori profiles used and the
decreasing sensitivity of the MAX-DOAS retrieval with in-
creasing altitude (see Sect. S8 for explanation of the a pri-
ori shape and scale height choice). The MAX-DOAS and
smoothed lidar AODs are, therefore, expected to be signif-
icantly smaller than the AERONET AODs when the aerosol
extinction in the boundary layer was “clean” and contributed
a small fraction to the total tropospheric extinction (e.g.,
Fig. 10; 23 August, 09:10 LT). MAX-DOAS AODs were
also significantly smaller than AERONET AODs even un-
der moderately polluted conditions when the magnitudes of
the aerosol extinction remained enhanced compared to back-
ground above the boundary layer. For example, on 4 Septem-
ber the extinctions between the boundary layer top and 4 km
could be relatively large, about one-third of the near-surface
extinctions (Figs. 10, 15a and S9a), leading to much smaller
MAX-DOAS AODs than AERONET AODs (Fig. 6a). Note
that increasing the scale height of the 4 September a priori
profile from 0.6 to 1.2 km only slightly increased the MAX-
DOAS AODs with a linear regression slope of 1.14± 1.13
and intercept= 0± 0 km−1 (Table S21 and Figs. S17, S24).
The AODs from both a priori profiles were ∼ 50 % of the
AERONET AOD values, an expected result since a signifi-
cant contribution to the total AOD was expected to be present
> 3 km (Table S21, Fig. S9a). Aerosol loading can be non-
trivial in the free troposphere since fine-mode particles can
remain in the atmosphere for days (Zhong and Zaveri, 2017).
Dust and smoke aerosol types are transported most efficiently
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Figure 4. The 23 August AODs from MAX-DOAS, lidar (S ra-
tio= 44sr> 14:30 LT), and AERONET (30 min) (a); AODs from
MAX-DOAS, lidar (S ratio= 25 sr), and AERONET (b); MAX-
DOAS and Pandora SO2 VCDs (c); MAX-DOAS and Pandora NO2
VCDs (d); MAX-DOAS 0–100 m and active DOAS SO2 mixing
ratios (e); MAX-DOAS 0–100 m and active DOAS NO2 mixing
ratios (f); MAX-DOAS VCDs and active DOAS mixing ratios of
SO2 (g); and MAX-DOAS VCDs and active DOAS mixing ratios
of NO2 (h). MAX-DOAS error bars were obtained from the optimal
estimation retrieval. Error bars on the lidar and AERONET AODs
are the standard error of the temporally averaged values. Error bars
on the Pandora VCDs and active DOAS mixing ratios are root-sum-
square errors of the standard error from temporal averaging and in-
strumental precision and the DOASIS retrieval error, respectively.
See Sect. 2.3.3 for details.

to the free troposphere from the boundary layer compared to
other types. Once in the free troposphere, aerosols have much
longer residence compared to within the boundary layer.
Therefore, enhanced loading of dust and smoke aerosols
present in the free troposphere in the AOSR may be due to
local sources since dust and smoke are emitted by the indus-
trial activities and biomass burning but also could be trans-
ported long distances (e.g., originating from fires in British
Columbia). Forest fire smoke has been observed above the
boundary layer by airborne lidar measurements in AOSR (see
Figs. 12 and 13 and discussion of elevated forest fire plumes
in Aggarwal et al., 2018). Therefore, the aerosol extinction
above the boundary layer in the AOSR could contribute to a
significant fraction of the total atmospheric AOD on certain

Figure 5. The 3 September AODs from MAX-DOAS, lidar, and
AERONET (a); MAX-DOAS and Pandora SO2 VCDs (b); MAX-
DOAS and Pandora NO2 VCDs (c); MAX-DOAS 0–100 m and ac-
tive DOAS SO2 mixing ratios (d); MAX-DOAS 0–100 m and ac-
tive DOAS NO2 mixing ratios (e); MAX-DOAS VCDs and active
DOAS mixing ratios of SO2 (f); and MAX-DOAS VCDs and ac-
tive DOAS mixing ratios of NO2 (g). MAX-DOAS error bars were
obtained from the optimal estimation retrieval. Error bars on the li-
dar and AERONET AODs are the standard error of the temporally
averaged values. Error bars on the Pandora VCDs and active DOAS
mixing ratios are root-sum-square errors of the standard error from
averaging and instrumental precision and the DOASIS retrieval er-
ror, respectively. See Sect. 2.3.3 for details.

days depending on the emission and transport of aerosols.
Globally, Bourgeois et al. (2018) found that the monthly av-
eraged fractional contribution of the free troposphere extinc-
tion to the total AOD obtained from satellite observations
was greater in northern mid-latitudes (25 %) compared to
southern mid-latitudes (13 %), attributed to the larger number
of emission sources and convection activity. While monthly
average contribution was 25 %, the contribution likely varies
significantly on a day-to-day basis, particularly in a region
such as the AOSR that has numerous emission sources, both
locally and upwind. The lidar measurements indicate that the
contribution of the AOD above 2 km can vary significantly,
as indicated by a comparison of aerosol extinction vertical
profiles from 4 September and 23 August (Fig. S9). These
results indicate that the ratio of the MAX-DOAS AODs to
AERONET AODs depends on the location of the aerosol ex-
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Figure 6. The 4 September AODs from MAX-DOAS, lidar, and
AERONET (a); MAX-DOAS and Pandora SO2 VCDs (b); MAX-
DOAS and Pandora NO2 VCDs (c); MAX-DOAS 0–100 m and ac-
tive DOAS SO2 mixing ratios (d); MAX-DOAS 0–100 m and ac-
tive DOAS NO2 mixing ratios (e); MAX-DOAS VCDs and active
DOAS mixing ratios of SO2 (f); and MAX-DOAS VCDs and ac-
tive DOAS mixing ratios of NO2 (g). MAX-DOAS error bars were
obtained from the optimal estimation retrieval. Error bars on the li-
dar and AERONET AODs are the standard error of the temporally
averaged values. Error bars on the Pandora VCDs and active DOAS
mixing ratios are root-sum-square errors of the standard error from
averaging and instrumental precision and the DOASIS retrieval er-
ror, respectively. See Sect. 2.3.3 for details.

tinction within the tropospheric profile. The use of simple lin-
ear regressions to evaluate the performance of MAX-DOAS
AOD retrievals using sun photometer AODs may be appro-
priate only when the aerosol extinction in the boundary layer
dominates the total tropospheric AOD.

3.1.2 Impact of S ratio variability on lidar AODs

MAX-DOAS AODs significantly exceeded the smoothed li-
dar AODs during the most polluted periods (Fig. 4b). This re-
sult is unexpected, given that the instruments’ AODs should
ideally be equal when the instruments observed the same air
masses. However, the deviation can be explained by variation
in the lidar S ratio. The S ratio of 25 sr (steradian) appears
accurate during relatively clean periods (e.g., 5 September,

Figure 7. The 5 September AODs from MAX-DOAS, lidar, and
AERONET (a); MAX-DOAS SO2 VCDs (b); MAX-DOAS NO2
VCDs (c); MAX-DOAS 0–100 m and active DOAS SO2 mixing
ratios (d); MAX-DOAS 0–100 m and active DOAS NO2 mixing
ratios (e); MAX-DOAS VCDs and active DOAS mixing ratios of
SO2 (f); and MAX-DOAS VCDs and active DOAS mixing ratios
of NO2 (g). MAX-DOAS error bars were obtained from the optimal
estimation retrieval. Error bars on the lidar and AERONET AODs
are the standard error of the temporally averaged values. Error bars
on the active DOAS mixing ratios are root-sum-square errors of the
standard error from averaging and the DOASIS retrieval error. See
Sect. 2.3.3 for details.

23 August morning), but an underestimation under the in-
dustrially polluted conditions of the afternoon of 23 August
(Figs. 4b and 12). Modelled S ratios for 23 August were
21–28 sr during the low-pollution morning and 36–44 sr dur-
ing the peak pollution enhancement at ∼ 16:50 LT (Table 4).
The morning S ratios were calculated using the refractive
indices of toluene or kaolinite based on the dominance of
organic particles and dust in the region during background
atmospheric conditions (Fig. 11a). The afternoon S ratios
were modelled using the refractive index of sulfate particles
based on the significant enhancement in sulfate particle load-
ing (Fig. 11a). Increased loading of sulfate particles tends
to increase the S ratio. Note that the 16:50 LT S ratios were
greater than the morning S ratios for all refractive indices
because the particle size distribution of the industrial plume
(fine-mode dominated) increased the S ratio. The modelled
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Figure 8. The 6 September AODs from MAX-DOAS, lidar, and
AERONET (a); MAX-DOAS SO2 VCDs (b); MAX-DOAS NO2
VCDs (c); MAX-DOAS 0–100 m and active DOAS SO2 mixing
ratios (d); MAX-DOAS 0–100 m and active DOAS NO2 mixing
ratios (e); MAX-DOAS VCDs and active DOAS mixing ratios of
SO2 (f); and MAX-DOAS VCDs and active DOAS mixing ratios
of NO2 (g). MAX-DOAS error bars were obtained from the optimal
estimation retrieval. Error bars on the lidar and AERONET AODs
are the standard error of the temporally averaged values. Error bars
on the active DOAS mixing ratios are root-sum-square errors of the
standard error from averaging and the DOASIS retrieval error. See
Sect. 2.3.3 for details.

variability in the S ratio is supported by lidar measurements
in the AOSR in 2018 that allowed determination of tem-
poral and vertical variability in the S ratio (Strawbridge et
al., 2018). Measured S ratios ranged from 20 to 60 sr within
the boundary layer at Oski-Ôtin in 2018 (Fig. S6).

Based on these results, lidar vertical profiles of aerosol ex-
tinction were retrieved using an S ratio of 44 sr for the extinc-
tion below the free troposphere after 14:30 LT on 23 August.
As shown in Fig. 4a, the updated lidar AODs are in more
reasonable agreement with the MAX-DOAS and AERONET
AODs compared to the original lidar AODs shown in Fig. 4b.
The linear regression of the MAX-DOAS and updated li-
dar AODs has a slope of 1.15± 0.02 with an intercept of
−0.01±0.02 (R2

= 0.97) instead of the 2.18±0.03 found for
the original lidar AODs (R2

= 0.97) (Table S3). Modelling
S ratios using particle data measured at the near-surface ap-
pears to be valid during 23 August because the vertical pro-

Figure 9. The 7 September AODs from MAX-DOAS, lidar, and
AERONET (a); MAX-DOAS and Pandora SO2 VCDs (b); MAX-
DOAS and Pandora NO2 VCDs (c); MAX-DOAS 0–100 m and ac-
tive DOAS SO2 mixing ratios (d); MAX-DOAS 0–100 m and ac-
tive DOAS NO2 mixing ratios (e); MAX-DOAS VCDs and active
DOAS mixing ratios of SO2 (f); and MAX-DOAS VCDs and ac-
tive DOAS mixing ratios of NO2 (g). MAX-DOAS error bars were
obtained from the optimal estimation retrieval. Error bars on the li-
dar and AERONET AODs are the standard error of the temporally
averaged values. Error bars on the Pandora VCDs and active DOAS
mixing ratios are root-sum-square errors of the standard error from
averaging and instrumental precision and the DOASIS retrieval er-
ror, respectively. See Sect. 2.3.3 for details.

Figure 10. Examples of lidar vertical profiles of aerosol extinction
(averaged into MAX-DOAS retrieval height intervals and times) on
23 August and 4 September.
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Table 4. Modelled lidar S ratios (sr) for selected periods on 23 Au-
gust using refractive indices (RIs) of different particles.

Local time RI of RI of RI of sulfate
toluene kaolinite aerosol

09:10 21 25 30
09:30 25 28 34
14:10 17 33 38
14:30 18 33 37
16:30 31 32 38
16:50 36 40 44
17:15 36 40 44

Figure 11. Near-surface particle compositions on 23 August (a),
3 September (b), 4 September (c), 5 September (d), 6 September (e),
and 7 September (f). Note the different y axis scale for 23 August
and that nitrate and refractory black carbon are shown multiplied by
10.

file was relatively well mixed. A well-mixed boundary layer
was indicated by the similarity in temporal trends between
the active DOAS mixing ratios and MAX-DOAS VCDs and
between the AODs and the surface particle loading (Figs. 4g,
h and 11a). However, if the distribution of particles in space

is inhomogeneous, this method cannot be used to determine
the S ratio of the total boundary layer.

Results from 3 and 6 September illustrate that near-surface
measurements of particle properties can be invalid for mod-
elling the total column S ratio due to complex vertical pro-
files of particles. Despite near-surface enhancements in sul-
fate particles (Fig. 11) and SO2 mixing ratios observed by ac-
tive DOAS (Fig. 5f), the MAX-DOAS and lidar AODs were
very similar after 11:30–17:00 LT on 3 September (Fig. 5a).
The MAX-DOAS and Pandora SO2 VCDs were moderate
compared to the enhancements on 23 August, suggesting
that the sulfate enhancements were confined mainly near the
surface after 11:30 LT. Due to wind shear, the near-surface
air (< 200 m a.g.l.) was often impacted by industrial pollu-
tion from the south, while the air at higher altitudes was im-
pacted by less polluted regions (north-westerly and northerly
winds), particularly around 14:00 LT (Fig. 3b). Thus, the
S ratio of 25 sr was representative of the total boundary
layer after 11:30 LT despite sulfate enhancements at the sur-
face, leading to similar magnitudes of MAX-DOAS and li-
dar AODs. S ratios modelled using the near-surface mea-
surements of particles during the afternoon of 3 September
would have overestimated the S ratio within the total bound-
ary layer.

Similarly, near-surface measurements of particles would
not represent the total boundary layer on 6 September due to
an elevated industrial plume. The MAX-DOAS NO2 VCDs
remained enhanced while the active DOAS mixing ratios
rapidly decreased from ∼ 7 to ∼ 1 ppb (Fig. 8g). The MAX-
DOAS AODs approached the AERONET AODs around
noon (Fig. 8a), maximizing around the time that the lidar ob-
served elevated vertical profiles of aerosol extinction. These
results suggest that elevated plumes from the industrial fa-
cilities to the north of Fort McKay South (Fig. 1) increased
the S ratios at higher altitudes. S ratios modelled using the
surface data during this time, therefore, would have underes-
timated the average S ratio within the boundary layer.

These results suggest that the MAX-DOAS retrievals of
AODs performed well when the vertical extent of instrumen-
tal viewing and S ratio variability are considered.

3.1.3 Comparison of MAX-DOAS vertical profiles of
aerosol extinction with averaged and smoothed
lidar vertical profiles

MAX-DOAS vertical profiles of aerosol extinction are com-
pared to averaged and smoothed lidar vertical profiles in
Figs. 12 to 18.

Smoothing alters the shape and magnitude of the aver-
aged lidar profiles in several ways. Smoothing the averaged
lidar profiles generally “compresses” the profiles by verti-
cally attributing extinction at higher altitudes to lower alti-
tudes (compare a and b in Figs. 12–18). This result is ex-
pected due to the decreasing sensitivity of the MAX-DOAS
retrieval with increasing altitude apparent in the averaging
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Figure 12. The 23 August vertical profiles of aerosol extinction
(361 nm) from S ratio of 25 sr: averaged lidar (a), smoothed li-
dar (b), and MAX-DOAS retrieved measurements (c).

kernels (Fig. S7). The smoothing also replaces lidar aerosol
extinction above ∼ 1.5 km a.g.l. with the (small) a priori ex-
tinction values because the MAX-DOAS measurements have
little information content at high altitudes (Fig. S7). This ef-
fect is apparent when comparing the 3 September averaged
and smoothed lidar profiles above 1.5 km a.g.l. (Fig. 14). Pro-
files that were relatively uniform within a few hundred me-
tres of the surface can sometimes be smoothed into appar-
ently elevated profiles because the averaging kernel attributes
much of the extinction from altitudes aloft to one altitude
bin closer to the surface. For example, the averaging kernels
for the 4 September 14:10 LT retrieval for altitudes 0.55 to
1.25 km peak at 0.45 km rather than at their respective height
(Figs. S7 and S8). Conversely, the smoothing can transform
vertically narrow and distinctly elevated profiles near the sur-
face into exponentially decreasing profiles due to the limited
vertical resolution of the retrieval (see the 09:30 LT profile
in Fig. 17). Therefore, interpretation of the retrieved MAX-
DOAS profiles must account for the effects of smoothing on
the true atmospheric profiles.

On 23 August, the MAX-DOAS and smoothed lidar ver-
tical profiles (S ratio= 25 sr) exhibited similar temporal
trends and vertical enhancements within the boundary layer
(Fig. 12). The magnitudes of aerosol extinctions were con-
sistent between the smoothed lidar and MAX-DOAS vertical
profiles in the morning, supporting the hypothesis that the
S ratio of 25 sr was appropriate for “clean” periods. In con-

Figure 13. The 23 August vertical profiles of aerosol extinction
(361 nm) from S ratio of 44 sr within the plume > 14:30 LT: aver-
aged lidar (a), smoothed lidar (b), and MAX-DOAS retrieved mea-
surements (c).

trast, the MAX-DOAS extinctions exceeded the smoothed li-
dar extinctions in the afternoon (Fig. 12). Using an S ratio
of 44 sr within the afternoon plume (discussed in Sect. 3.1.2)
resulted in smoothed lidar profiles consistent with the MAX-
DOAS profiles (Fig. 13). While temporal trends and overall
magnitudes were similar, MAX-DOAS retrievals tended to
exhibit more distinctly elevated profiles than the smoothed
lidar profiles. The use of a constant S ratio within the plume
may have caused the lidar profiles to appear more verti-
cally uniform than the true profiles since S ratios can max-
imize where extinction peaks (Fig. S6). Also, the MAX-
DOAS viewing geometry observed air masses south of the
field site, closer to industrial sources, where the vertical pro-
files may have been less well mixed. Finally, MAX-DOAS
measurement errors can be mapped into the retrieved profile,
leading to uncertainties, but are probably only important at
higher altitudes where the measurements contain little infor-
mation content. Deviations in the MAX-DOAS profiles from
the smoothed lidar profiles after 17:00 LT can be attributed
to reduced light levels and the longer retrieval time, reduc-
ing signal-to-noise ratio and the probability of the viewed
air masses changing significantly within the time required to
capture the measurements for the retrieval, respectively.

For the 3, 4, and 7 September (morning) comparisons, the
MAX-DOAS retrieved profiles generally captured the same
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Figure 14. The 3 September vertical profiles of aerosol extinction
(361 nm) from averaged lidar (a), smoothed lidar (b), and MAX-
DOAS retrieved measurements (c).

Figure 15. The 4 September vertical profiles of aerosol extinction
(361 nm) from averaged lidar (a), smoothed lidar (b), and MAX-
DOAS retrieved measurements (c).

Figure 16. The 5 September vertical profiles of aerosol extinction
(361 nm) from averaged lidar (a), smoothed lidar (b), and MAX-
DOAS retrieved measurements (c). Omitted data in the afternoon
were measurements of cirrus clouds.

temporal and vertical trends in extinction enhancements as
the smoothed lidar profiles, but the lidar extinctions were
smaller than the MAX-DOAS extinctions (Figs. 14, 15, 18).
The S ratio of 25 sr probably underestimated the true values
given the presence of sulfate particles (Fig. 11b, c, f) and en-
hanced SO2 VCDs (Figs. 5b, 6b, 9b). On 5 September the
S ratio of 25 sr is expected to be appropriate due to the clean
conditions. The magnitudes of the MAX-DOAS extinctions
were unexpectedly greater than the smoothed lidar extinc-
tions but were generally equal within error (Fig. 16). The
6 September MAX-DOAS aerosol retrievals appear nois-
ier than the smoothed lidar profiles (Fig. 17). The elevated
plumes present in the MAX-DOAS retrievals but not in the
lidar profiles may be related to an increased S ratio due to the
impact of plumes from the north (Fig. 8g). On 7 September
the MAX-DOAS aerosol extinction profiles were of greater
magnitude and different in vertical profile shape compared
to the smoothed lidar profiles after 12:00 LT. The deviation
can be attributed to significant wind shear and rapid tempo-
ral variation in the wind profiles after 12:00 LT (Figs. 2f, 3f).
Aerosol extinction magnitudes varied by up to a factor of 5
within 10 min in the afternoon (Fig. S11). These conditions
violate two assumptions of the MAX-DOAS retrievals: low
horizontal inhomogeneity and that the spectra measured dur-
ing the retrieval time observed the same air mass. Although
the MAX-DOAS retrievals of AOD were consistent with the
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Figure 17. The 6 September vertical profiles of aerosol extinction
(361 nm) from averaged lidar (a), smoothed lidar (b), and MAX-
DOAS retrieved measurements (c).

Figure 18. The 7 September vertical profiles of aerosol extinction
(361 nm) from averaged lidar (a), smoothed lidar (b), and MAX-
DOAS retrieved measurements (c).

smoothed lidar AODs, the temporal and vertical resolutions
of the MAX-DOAS retrievals were insufficient to retrieve
accurate vertical profile shapes. The afternoon MAX-DOAS
vertical profile retrievals are, therefore, not expected to rep-
resent the true atmospheric state.

3.2 Evaluation of MAX-DOAS trace gas retrievals

3.2.1 Comparison of MAX-DOAS and pandora trace
gas VCDs

The MAX-DOAS and Pandora SO2 and NO2 VCDs exhib-
ited similar temporal trends over the 4 d of comparison, ex-
cept during the afternoon of 7 September (Fig. 4c, d; b, c in
Figs. 5, 6 and 9).

On 23 August the MAX-DOAS and Pandora VCDs were
strongly correlated (R2 > 0.80) with linear regression slopes
of 1.55± 0.07 and 2.20± 0.07 for SO2 and NO2 VCDs, re-
spectively (Table S4). Greater trace gas enhancements were
also observed near the surface at Fort McKay South com-
pared to Oski-Ôtin through in situ measurements by the
Wood Buffalo Environmental Association (WBEA) (Wood
Buffalo Environmental Association, 2019) (Fig. S12) with
slopes of the linear regressions of 1.42± 0.05 (R2

= 0.91)
and 1.93± 0.07 (R2

= 0.61) for SO2 and NO2, respectively
(Table S2). The strong correlations between the trace gas
measurements between the sites indicate that the same air
mass impacted both sites but that a more central (higher-
concentration) portion of the plume impacted Fort McKay
South or that a significant horizontal dilution of the plume
occurred during transport.

The NO2 VCDs had a regression slope greater than that
of the in situ NO2 measurements (Table S2). NOx may have
been lost at a faster rate near the surface during transport due
to deposition to the surface (e.g., the boreal forests). Trans-
port times between the sites were relatively long (∼ 30 min)
on this day due to low wind speeds below 600 m a.g.l.
(Fig. 2). NOx is lost through surface deposition and photo-
chemical conversion to HONO and HNO3 (Finlayson-Pitts et
al., 2003; Wojtal et al., 2011). HONO might be subsequently
released as NO and OH, but the HNO3 loss will be virtually
permanent.

NO2+NO2+H2O→ HNO3(aq. surface)+HONO(g) (8)
HONO+hν→ NO+OH (9)

On 4 September the MAX-DOAS and Pandora VCDs ex-
hibited similar temporal trends and were often equal within
error (Fig. 6b, c). The slopes of the linear correlations of
the SO2 and NO2 VCDs were 1.10± 0.33 (R2

= 0.51) and
0.95±0.07 (R2

= 0.85), respectively (Table S6). The greater
variability in SO2 between the sites compared to NO2 is
consistent with the in situ data between Fort McKay South
and the WBEA Bertha Ganter site (Fort McKay North;
57.189428, −111.640583) with R2

= 0.7 and 0.92 for SO2
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and NO2, respectively (Table S6) (Wood Buffalo Environ-
mental Association, 2019). SO2 plumes are more localized
in the AOSR, originating mostly from large industrial stacks
and fewer sources compared to NO2 (Zhang et al., 2018)
(Tables S1, S2). Note that when MAX-DOAS SO2 VCDs
were significantly greater than Pandora SO2 VCDs around
noon, the SO2 mixing ratios at Fort McKay South were ap-
proximately double those at the Bertha Ganter (Fort McKay)
site (Fig. S12). These results suggest that the MAX-DOAS
performed well in retrieving accurate VCDs of SO2 despite
the weaker linear correlation with the Pandora VCDs. The
two sites appear to have largely experienced the same air
masses within a small temporal period (< 20 min), due to
higher wind speeds relative to 23 August and 3 September
(Fig. 2a, c). Higher wind speeds likely reduced the maximum
enhancements in trace gas VCDs compared to 23 August
and 3 September due to greater dispersion. Wind shear on
4 September (Fig. 3c) may also have transported only certain
altitudes of the elevated plumes from south of Fort McKay
South to the sites. In contrast, wind shear on 23 August was
limited within 500 m a.g.l. (Fig. 3a).

On 3 and 7 September, the MAX-DOAS and Pandora
VCDs demonstrated weak linear correlations (R2 < 0.2) (Ta-
bles S5 and S9).

The 3 September VCD correlations are inconclusive due
to the limited number of data points and relatively little vari-
ation in the Pandora VCDs. The MAX-DOAS VCDs tended
to be higher than the Pandora VCDs. Unlike on 23 August,
an examination of the in situ data between sites is not help-
ful due to the significant wind shear on 3 September and the
presence of elevated plumes. Based on the good agreement
between the MAX-DOAS and Pandora VCDs on 4 Septem-
ber with similar VCD magnitudes, the apparent overestima-
tion could be due to different air masses experienced by the
two sites.

On 7 September the MAX-DOAS were similar to the Pan-
dora trace gas VCDs before 13:30 LT but were much larger
after (Fig. 9b, c). The deviation of the MAX-DOAS VCDs
is an expected result given the rapid spatial and temporal
variation in the wind profiles (discussed in Sect. 3.1.3). Er-
rors of the trace gas retrievals can be expected to be even
greater than the aerosol retrieval errors because the retrieved
aerosol profiles were used as forward model parameters in
the trace gas retrieval. The afternoon MAX-DOAS trace
gas retrievals on 7 September are not expected to represent
the true atmospheric state. Note that the strength of corre-
lation between the measured and optimal estimation mod-
elled dSCDs of the trace gases was weaker for the retrievals
from 7 September (slopes= 0.9 and R2

= 0.67–0.74) com-
pared to 23 August (slopes= 0.99 and R2

= 0.97–0.98) and
4 September (slopes= 0.97–9.88 and R2

= 0.91–0.98) (Ta-
ble S11). These statistical results are consistent with the good
performance of the trace gas retrievals on 23 August and
4 September compared to relatively poor performance on
7 September.

Inter-comparisons of the Pandora and MAX-DOAS VCDs
show that the MAX-DOAS retrievals of trace gas VCDs per-
formed well under low to moderate wind speeds and when
vertical profiles of pollution were relatively constant within
the retrieval period.

3.2.2 Comparison of MAX-DOAS 0–100 m retrieval
with active DOAS mixing ratios

The 0–100 m a.g.l. MAX-DOAS trace gas retrievals are
shown with the active DOAS mixing ratios in Figs. 4e, f
and 5–9d, e. The MAX-DOAS retrievals generally captured
the active DOAS temporal trends but tended to overestimate
the magnitudes. The MAX-DOAS retrieval yields an esti-
mate of the average concentration within the 0–100 m layer,
which is larger than the surface value in case of uplifted lay-
ers. Therefore, in situ near-ground instruments, such as active
DOAS, are required when accurate surface mixing ratios are
required.

The MAX-DOAS retrievals were most consistent with
the active DOAS measurement during the late afternoon of
23 August (Fig. 4e, f). SO2 was at its highest levels and as-
sumed to be relatively well mixed within the boundary layer
based on the similarity in the temporal trends in SO2 VCDs
and surface mixing ratios (Fig. 4g) and the uniformity of the
lidar vertical profiles < 1 km a.g.l. (Fig. 13a). The mixing
ratios were equal within error during the morning and after
14:00 LT with some differences in the early afternoon that
may be due to the different viewing geometry. On days other
than 23 August, the uncertainty in the surface retrieval is of-
ten too high for reliable comparison when the near-surface
when SO2 and NO2 were < 20 and < 10 ppb, respectively.
Overall, the MAX-DOAS retrievals of 0–1000 m performed
well, considering the frequently complex vertical profiles ob-
served during the study.

3.2.3 Temporal trends of MAX-DOAS Trace gas VCDs
and active DOAS mixing ratios

Active DOAS mixing ratios are shown with MAX-DOAS
VCDs in Fig. 4g, h and in Figs. 5–9f, g. The VCDs and
mixing ratios exhibited similar temporal trends on 23 Au-
gust and 4–6 September (Figs. 4g, h; 6 and 7f, g) but not on
3 and 7 September (f, g in Figs. 5 and 9). The similar tempo-
ral trends in VCDs and mixing ratios observed on 23 August
are consistent with the limited vertical wind shear and low to
moderate wind speeds, as discussed previously. In contrast,
the ratio of VCDs to mixing ratios sometimes varied even
during short periods on 4 and 6 September. If the bound-
ary layer is well mixed, the active DOAS mixing ratios and
MAX-DOAS VCDs are expected to have similar temporal
trends during short periods since the boundary layer is ex-
pected to be effectively constant. On 4 September, the tem-
poral trends were very similar until ∼ 13:30 LT, when the
rapid decrease in trace gas mixing ratios was not reflected in
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the VCDs (Fig. 6f, g), indicating elevated pollution plumes
that are apparent in the lidar measurements (Fig. S7a). These
observations are a testament to the ability of MAX-DOAS
to observe elevated pollution plumes not detectable at the
surface. The differences in the short-term trends in VCDs
and mixing ratios are consistent with the wind profile data
around 13:30 LT on 4 September, which indicates west-
erly to northwesterly wind directions < 300 m a.g.l. that are
expected to result in relatively clean air near the surface
(Fig. 3c). Although measurements of the wind profiles above
∼ 250 m a.g.l. were unavailable, southerly winds aloft are
suggested by the trace gas VCDs remaining enhanced un-
til ∼ 15:00 LT. While significant enhancements of trace gas
near the surface tend to contribute to enhanced VCDs, the
opposite may not always occur: elevated plumes that cause
enhanced VCDs may not result in large surface mixing ratios
(Fioletov et al., 2016). The observations in this study indi-
cate that elevated enhancements may also result from ver-
tical wind shear. Techniques for estimating emissions from
industrial facilities must account for the possibility that dif-
ferent vertical portions of plumes can be transported in dif-
ferent directions. Such complex pollution conditions require
pollution monitoring techniques such as MAX-DOAS that
can detect elevated pollution plumes. In addition to being
able to observe elevated plumes that are under-sampled by
in situ, ground instruments, MAX-DOAS can be used to es-
timate emissions when deployed using the mobile MAX-
DOAS technique (Davis et al., 2019).

3.2.4 MAX-DOAS retrievals of vertical profiles of SO2
and NO2

MAX-DOAS retrievals of vertical profiles of SO2 and NO2
are shown in Fig. 19. Unlike the aerosol profiles, co-located
measurements of the trace gas vertical profiles were gener-
ally not available. The magnitude and vertical location of
the pollution were both highly dependent on wind direction
and wind shear. The greatest trace gas enhancements oc-
curred under south–south-easterly wind directions (Figs. 3
and 19) where pollution originated from the greatest sources
of SO2 and NO2 to the south (Fig. 1; Tables S1, S2). The
MAX-DOAS retrievals performed well in terms of the pro-
file shapes expected based on the wind profiles or evidence
of elevated plumes. For example, trace gas pollutants in the
MAX-DOAS retrievals were confined largely to < 200 m on
the mornings of 4 and 7 September (Fig. 19c, f) as expected
from the wind shear (Fig. 3). The elevated profiles of SO2
on 3 September before noon and during the afternoon of
4 September are consistent with the results discussed pre-
viously.

Aircraft measurements of trace gases on 3 September al-
low some comparison of the MAX-DOAS retrieved pro-
files. A vertical profile of SO2 measured during an aircraft
spiral ascent at ∼ 14:27 LT in the vicinity of Fort McKay
South (Fig. 20) is consistent in magnitude and shape with the

Figure 19. MAX-DOAS vertical profiles of SO2 (left column) and
NO2 (right column): 23 August (a), 3 September (b), 4 Septem-
ber (c), 5 September (d), 6 September (e), and 7 September (f). Note
the different colour scale maximum for 23 August and 3 September.

MAX-DOAS retrieved vertical profile for 11:00–11:20 LT
(Fig. 20). The MAX-DOAS 11:10 LT profile was used for
comparison because it appears to have observed the same
plume as the aircraft spiral. Although these two profiles
cannot be directly compared due to the differences in time
and vertical resolutions, the aircraft profile indicates that the
magnitudes and elevated shape of the MAX-DOAS profiles
of SO2 are reasonable. The elevated SO2 plumes measured
by the aircraft and MAX-DOAS could have originated from
upgrader stacks at either the Syncrude or Suncor facilities
south of Fort McKay South. The aircraft also passed over
Fort McKay South at 16:32 LT, measuring 30 ppb of SO2 and
5 ppb of NO2 at 395 m a.g.l. The MAX-DOAS retrieval for
16:20–16:40 LT had maximum SO2 values of 57(±19) ppb
at 350 m and maximum NO2 values of 10(±5) ppb at 650 m.
Note that the active DOAS measured 20(±0.1) ppb of SO2
and 4.3(±0.1) ppb of NO2 near the surface. These measure-
ments, therefore, suggest that elevated plumes were present
and that the MAX-DOAS retrieved magnitudes are reason-
able.
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Figure 20. The 3 September vertical profiles of SO2 (ppb) from
an aircraft spiral measurement (14:26–14:28 LT) and MAX-DOAS
retrieved SO2 vertical profile (11:10 LT). Aircraft spiral is shown in
a Google Earth plot (b).

3.3 Advantages of MAX-DOAS

MAX-DOAS has an advantage over the zenith lidar tech-
nique in detecting aerosol extinction since lidar retrievals
cannot detect close to the surface due to challenges with sig-
nal overlap (Zieger et al., 2011). Quantifying aerosol extinc-
tion from lidar measurements also requires additional knowl-
edge (i.e., the S ratio) (Wagner et al., 2004), as has been high-
lighted in this paper. The advantage of the MAX-DOAS over
the sun photometer (in direct sun viewing mode) is the abil-
ity to determine vertical profiles of pollutants versus only to-
tal columns. The MAX-DOAS is complementary to active
DOAS and other point source measurements when pollution
within the boundary layer is vertically inhomogeneous (see
Sect. 3.2.3). While surface level local measurements of pol-
lutants are often important for applications such as health
exposure studies, they may fail to provide the full picture
of the total boundary layer pollution. Such in situ measure-
ments provide highly localized information with little infor-
mation about elevated plumes that may mix down to the sur-
face downwind. MAX-DOAS allows remote sensing of air
masses over longer path-lengths, even if plumes are elevated.
The MAX-DOAS method is advantageous over satellite mea-

surements when plumes are localized and can provide more
information on near-surface trends.

3.4 Limitations of the inter-comparisons in this study

A limitation to validating the MAX-DOAS AODs against li-
dar and sun photometer data was the different viewing ge-
ometry and slightly different locations. Also, Angstrom ex-
ponents used to convert the lidar extinctions to the MAX-
DOAS retrieval wavelength would ideally be measured at
Fort McKay South. Application of a single S ratio modelled
from particle measurements from the near-surface to the en-
tire lidar vertical profile can introduce errors since the S ratio
may vary vertically (see Sect. 3.1.2 and Fig. S6). The S ra-
tio can be significantly non-uniform with altitude when the
vertical profile is composed of layers of anthropogenic (ur-
ban, biomass burning) and/or biogenic aerosols or mixtures
of the two. Even if a layer is well mixed, the lidar ratio can
change with height if the vertical profile of relative humidity
is non-uniform (Weitkamp, 2005).

The MAX-DOAS trace gas VCDs should ideally be com-
pared with a co-located Pandora instrument given the possi-
bility of horizontal inhomogeneity between the sites. Valida-
tion of the MAX-DOAS 0–100 m retrieval using the active
DOAS mixing ratios was complicated by the lowest viewing
elevation angle observing 5 m above the active DOAS light
path. The MAX-DOAS “surface” retrieved values are only
expected to be equal to the active DOAS values when the air
masses were well mixed within 0–100 m a.g.l. A more thor-
ough validation of the MAX-DOAS near-surface retrievals
could be achieved with trace gas measurements at multiple
heights within 100 m a.g.l. from a tall tower.

4 Summary

In this study, data from a diverse range of instruments have
allowed an expansive characterization of the MAX-DOAS
retrievals of aerosol extinction, NO2 and SO2. The retrievals
performed well when capturing the aerosol loading within
the boundary layer. The exception was under conditions of
rapid variation in the vertical profiles of pollutants during
the retrieval period. The ratio of the MAX-DOAS to sun
photometer AODs depended on the vertical location of the
aerosol extinction within the atmospheric column. Direct
inter-comparisons of AODs between instruments must ac-
count for the relative spatial extents observed. The compar-
ison of MAX-DOAS and lidar data combined with S ratio
modelling indicated that accurate S ratio values are essen-
tial to retrieve accurate profiles of aerosol extinction from
lidar measurements when particle composition or size dis-
tribution varies significantly temporally or spatially. Direct
comparison of MAX-DOAS and lidar AODs should be made
with caution when knowledge of the S ratio value(s) is lim-
ited. S ratios can be estimated from measurements of par-
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ticle size distribution and composition using Mie scattering
modelling. However, near-surface measurements of particles
should only be used to model S ratios when the boundary
layer is well mixed. Lidar extinction profiles should ideally
be determined using a technique that accounts for the verti-
cal and temporal variation in the S ratio, as in Strawbridge
et al. (2018). When the S ratio variability was accounted for,
the results of this study indicate that the MAX-DOAS re-
trievals of aerosol extinction performed well compared to the
smoothed lidar results.

Comparisons of averaged and smoothed lidar profiles of
aerosol extinction indicated that the vertical sensitivity of the
MAX-DOAS retrievals smoothed the true atmospheric pro-
files towards the surface. This smoothing can transform ver-
tical profiles that are relatively uniform within the boundary
layer into apparently elevated profiles and vice versa. This
shape change depends on the location of extinction within
the true vertical profile and the averaging kernel matrix of
the retrieval. Interpretation of the shape of the MAX-DOAS
vertical profiles must account for the instrument’s sensitivity
to the true vertical profile (i.e., the averaging kernel matrix).

MAX-DOAS retrievals of NO2 and SO2 VCDs performed
well in comparison to the Pandora VCDs. The exception was
when the aerosol retrievals were inaccurate due to rapidly
varying vertical profiles. This was an expected result since
the aerosol retrievals are used as forward model parame-
ters in the trace gas retrieval. The MAX-DOAS trace gas
retrievals within 0–100 m a.g.l. captured the temporal trends
observed by the active DOAS measurements, but the MAX-
DOAS mixing ratios were statistically greater than the active
DOAS values, particularly when SO2 and NO2 were < 20
and < 10 ppb, respectively. Differences between the instru-
ments’ values can be attributed to variability in the trace
gas profiles within 150 m a.g.l. The MAX-DOAS observed
elevated enhancements of pollution undetected by ground-
based techniques such as the active DOAS, which is perhaps
its greatest asset. Pollution enhancements at surface level
did not always coincide with total boundary layer enhance-
ments and vice versa, due to elevated plumes and/or signif-
icant wind shear. The MAX-DOAS vertical profiles of trace
gases were consistent with the profiles expected based on the
wind direction and shear conditions. Aircraft measurements
of SO2 near Fort McKay South on 3 September indicated
that the magnitudes and elevated shape of the retrievals were
reasonable.

A major advantage of the MAX-DOAS technique is the
ability to simultaneously retrieve total columns and vertical
profiles of trace gases and aerosol extinction in the boundary
layer and the lower troposphere from spectral measurements
without requiring knowledge of the aerosol size distributions
or compositions. These advantages are important in indus-
trial regions where the vertical profiles of pollutants vary
temporally and spatially and in situ monitoring can under-
sample plumes. In the AOSR and similar industrial regions,
a full understanding of the air quality conditions requires in-
struments, such as MAX-DOAS, capable of observing the
total boundary layer on a horizontal scale of a few kilome-
tres, in addition to traditional in situ instruments.
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Appendix A: List of acronyms used in this paper

Acronym Expansion
a.g.l. Above ground level
AERONET Aerosol Robotic Network
AOD Aerosol optical depth
AOSR Athabasca oil sands region
APS Aerodynamic particle sizer
BrO Bromine oxide
CCD Charge-coupled device
ClO Chlorine oxide
DOAS Differential optical absorption spectroscopy
dSCD Differential slant column density
ECCC Environment and Climate Change Canada
FRS Fraunhofer reference spectrum
HCHO Formaldehyde
Lidar Light detection and ranging
MAX-DOAS Multi-Axis Differential Optical Absorption Spectroscopy
NH3 Ammonia
NO2 Nitrogen dioxide
NO3 Nitrate radical
NOx Nitrogen oxides (NO2+NO)
O4 Tetraoxygen
OH Hydroxyl radical
PM2.5 Particulate matter with a diameter< 2.5 µm
ppb Parts per billion
ppt Parts per trillion
RI Refractive index
SMPS Scanning mobility particle sizer
SO2 Sulfur dioxide
SP-AMS Soot particle aerosol mass spectrometer
UV Ultraviolet
VCD Vertical column density
WBEA Wood Buffalo Environmental Association
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