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Abstract. Ground-based remote sensing instruments have
been widely used for atmospheric research, but applications
for air quality monitoring remain limited. Compared to an
in situ instrument that provides air quality conditions at the
ground level, most remote sensing instruments (nadir view-
ing) are sensitive to a broad range of altitudes, often pro-
viding only integrated column observations. These column
data can be more difficult to interpret and to relate to surface
values and hence to “nose-height-level” health factors. This
research utilized ground-based remote sensing and in situ air
quality observations in Canada’s Athabasca oil sands region
to investigate some of their differences.

Vertical column densities (VCDs) of SO2 and NO2 re-
trieved by Pandora spectrometers located at the Oski-Otin
site at Fort McKay (Alberta, Canada) from 2013–2019 were
analyzed along with measurements of SO2 and NO2 sur-
face concentrations and meteorological data. Aerosol optical
depth (AOD) observations by a CIMEL sunphotometer were
compared with surface PM2.5 data. The Oski-Otin site is sur-
rounded by several large bitumen mining operations within
the Athabasca oil sands region with significant NO2 emis-
sions from the mining fleet. Two major bitumen upgraders
that are 20 km south-east of the site have total SO2 and NO2
emissions of about 40 and 20 kt yr−1, respectively. It was
demonstrated that remote sensing data from Pandora and
CIMEL combined with high-vertical-resolution wind pro-
files can provide information about pollution sources and
plume characteristics. Elevated SO2 VCDs were clearly ob-

served for times with south and south-eastern winds, partic-
ularly at 200–300 m altitude (above ground level). High NO2
VCD values were observed from other directions (e.g., north-
west) with less prominent impacts from 200–300 m winds.
In situ ground observations of SO2 and NO2 show a different
sensitivity to wind profiles, indicating they are less sensitive
to elevated plumes than remote sensing instruments. In ad-
dition to measured wind data and lidar-observed boundary
layer height (BLH), modelled wind profiles and BLH from
ECMWF Reanalysis v5 (ERA5) have been used to further
examine the correlation between column and surface obser-
vations. The results show that the height of emission sources
(e.g., emissions from high stacks or near the surface) will
determine the ratio of measured column and surface concen-
tration values (i.e., could show positive or negative correla-
tion with BLH). This effect will have an impact on the com-
parison between column observations (e.g., from the satel-
lite or ground-based remote sensing instruments) with sur-
face in situ measurements.

This study explores differences between remote sensing
and in situ instruments in terms of their vertical, horizontal,
and temporal sampling differences. Understanding and re-
solving these differences are critical for future analyses link-
ing satellite, ground-based remote sensing and in situ obser-
vations in air quality monitoring and research.
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1 Introduction

Satellite measurements have been widely used to analyze
long-term changes and trends in atmospheric air pollutants
such as sulfur dioxide (SO2) and nitrogen dioxide (NO2)
(Barkley et al., 2017; Duncan et al., 2016; Krotkov et
al., 2016; Liu et al., 2017; McLinden et al., 2016; Song and
Yang, 2014; Wang et al., 2015) and to estimate the corre-
sponding emission rates (Fioletov et al., 2011, 2015; de Foy
et al., 2015; Lu et al., 2015; Streets et al., 2013). It is expected
that satellite instruments will play an even bigger role in air
quality monitoring in the future (new high-resolution geo-
stationary missions such as TEMPO, Zoogman et al., 2017;
Sentinel 4, Gulde et al., 2017; and GEMS, Kim et al., 2020).
However, there is a major complication in applying satel-
lite measurements to surface air quality applications. Most
nadir-viewing satellite instruments are sensitive to the entire
atmospheric column and hence derive vertical column densi-
ties (VCDs; vertically integrated number density of a given
species from the bottom to top of the atmosphere), and their
conversion to surface concentrations required by air quality
applications is not straightforward.

Ground-based remote sensing observations of the same
quantity help to both validate satellite observations and fa-
cilitate a better interpretation of satellite data and their links
to surface concentration (Richter et al., 2013), keeping in
mind the mismatch between satellite and ground-based re-
mote sensing quantities that was widely reported (Herman
et al., 2009; Judd et al., 2020; Kollonige et al., 2017; Zhao
et al., 2020, 2022). Alternatively, a direct comparison of
ground-based VCD observations with surface concentrations
does not typically produce high correlations (Dieudonné et
al., 2013). Taking the planetary boundary layer (PBL) height
into account improves the agreement between in situ and
VCD-derived surface mixing ratios for NO2 but not so much
for SO2 (Knepp et al., 2015). Other efforts to convert ground-
based VCD measurements to surface concentrations were
made by researchers via various approaches, including ap-
plying conversion ratio factors (e.g., Kollonige et al., 2017;
Zhao et al., 2019). However, due to some fundamental differ-
ences between ground-based remote sensing and in situ in-
struments (e.g., sampling difference in space and frequency),
surface concentration estimates via these instruments still
have non-negligible bias differences (e.g., surface NO2 de-
rived from Pandora observations has about −7 % bias com-
pared to in situ data; Zhao et al., 2019). One of the major
challenges is the difficulty in modelling, measuring, or esti-
mating the boundary layer conditions (e.g., boundary layer
height (BLH), wind speed and direction profiles) that is crit-
ical to resolving the vertical structure of air pollutants (e.g.,
Zhao et al., 2019).

The mining and refinery operations in the Athabasca oil
sands region are one of the largest sources of atmospheric
pollutants in Canada. Environmental and health concerns as-
sociated with oil sands operations, including air quality and

acid deposition, are well known (e.g., Kelly et al., 2010). SO2
and NO2 are at the top of the list of gaseous pollutants emit-
ted from the oil sands, and highly elevated levels of these
pollutants over the oil sands area have been detected (Simp-
son et al., 2010). Due to the large size of the oil sands op-
eration area, satellite column measurements are an attractive
method for air pollution monitoring in this region, and satel-
lites have been used for monitoring SO2 and NO2 emissions
and trends in this region (McLinden et al., 2012, 2014, 2016,
2020). The oil sands operation activities north and south of
the Oski-Otin site at Fort McKay make the pollution condi-
tions highly dependent on wind direction at certain altitudes.

To better establish the link between column and surface
concentration observations, we examined 7 years of ground-
based remote sensing column observations along with sur-
face concentration measurements, vertical wind profile and
BLH observations, and reanalysis model data at the Oski-
Otin site. In this work, vertical columns of SO2 and NO2 are
provided by the Pandora spectrometer (Fioletov et al., 2016;
Herman et al., 2009); aerosol optical depths (AODs) are
provided by a CIMEL sunphotometer (Holben et al., 2001;
Sioris et al., 2017); and SO2, NO2, and PM2.5 surface con-
centration values are from a Thermo 43i, Thermo 42i, and
Teledyne API T640, respectively. Collocated wind profiler
and lidar instrumentation (Strawbridge et al., 2018) allows
for examining the VCD dependence on the wind speed
and direction at different altitudes and linking the VCDs
to surface concentration ratios with observed BLH. Besides
trace-gas pollutants, we also compared and studied the dif-
ferences between surface PM2.5 observations with remote
sensing AOD data. PM2.5 concentration is also one of the
three indicators in the Canadian Air Quality Health Index
(Stieb et al., 2008). Remote sensing observations of aerosols
face more challenges than ozone and NO2 (e.g., Herman et
al., 2009; Jeong et al., 2020).

In short, this study is focused on the difference between
total column (measured using ground-based remote sens-
ing technique) and surface/ground-level concentrations (by
in situ observations) of air pollutants. Measurements of wind
profiles and BLH were used to examine their impact on
that difference. The possibility of using modern reanalysis-
modelled data instead of direct measurements of wind pro-
files and BLH was also explored.

This paper is organized as follows: Sect. 2 describes the
ground-based remote sensing observations and in situ mea-
surements. In Sect. 3, the differences induced by the observa-
tion conditions (mainly weather) are evaluated. In Sect. 4, the
vertical sampling differences between remote sensing and in
situ measurements are evaluated by integrating the data with
wind profiles. Section 5 shows the potential of using reanaly-
sis meteorological data to help interpret the ground-based re-
mote sensing observations. Conclusions are given in Sect. 6.
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2 Observation sites and datasets

The Oski-Otin site at Fort McKay (57.184° N, 111.64° W)
is equipped with various instruments for air quality mea-
surements (e.g., Strawbridge, 2013; Fioletov et al., 2016;
McLinden et al., 2020). Fort McKay is a small town
(population of 600) surrounded by seven oil sand surface
facilities and two in situ mining facilities to the north
and south. Satellite maps for the observation site and
surrounding oil sands areas are shown in Fig. 1. There
are two major SO2 and NO2 sources located south of Fort
McKay: the Syncrude Mildred Lake plant is located 16 km
to the south of Fort McKay and the Suncor Millennium
Plant is 23 km south-south-east. According to the National
Pollutant Release Inventory (NPRI, https://www.canada.
ca/en/services/environment/pollution-waste-management/
national-pollutant-release-inventory.html, last access:
10 September 2023), the 2013–2019 annual mean emissions
were about 26 kt (14 kt) and 17 kt (5.8 kt) SO2 (NO2) yr−1

from the Syncrude and Suncor facilities, respectively.
McLinden et al. (2020) reported discrepancies in NPRI and
the satellite-derived SO2 emissions in this region, peaking
at 50 kt yr−1 around 2016 (i.e., NPRI underestimated the
emissions; Pandora measurements showed agreement with
satellite observations). There is also the Horizon Oil Sands
processing plant and mine 18 km to the north, but the
emissions from that source are smaller (4 kt SO2 yr−1 and
1.4 kt NO2 yr−1). For NO2, there are however many other
small local sources. In addition, there are major NO2 emis-
sions from local sources as well as from the mining areas
caused by the off-road heavy vehicle fleet that excavates and
transports bitumen from the mines to the on-site separation
facilities. There are hundreds of kilometres of pristine boreal
forests to the west and east of the Oski-Otin site with no
SO2 and NO2 sources. Thus, the pollution level at the site
is largely dependent on the wind direction. Therefore, the
planning of communities close to industrial activities should
consider regional climatology factors, such as prevailing
wind directions.

2.1 Pandora

The Pandora spectrometer is a ground-based remote sensing
instrument that measures solar and sky spectral radiation in
the UV and visible part of the spectrum (Herman et al., 2009;
Szykman et al., 2019). Direct-sun (DS) measurements are the
main type of observations, although the instrument is also
capable of operating in the zenith sky (ZS) and multi-axis
differential optical absorption spectroscopy (MAX-DOAS)
modes (e.g., Zhao et al., 2019; Kreher et al., 2020). In this
work, vertical column densities of trace gases are derived
from the DS-measured spectra. It has been demonstrated that
Pandora can successfully observe total column ozone, NO2
(Herman et al., 2009, 2015; Tzortziou et al., 2012, 2015;
Zhao et al., 2016, 2020), and SO2 (Fioletov et al., 2016). The

integrated vertical column values of trace gases are reported
in Dobson units (DU; 1 DU= 2.69× 1016 molec. cm−2).

A detailed description of the Pandora spectrometer and
its total column NO2 retrieval algorithm is given by Her-
man et al. (2009). To isolate tropospheric NO2 VCD from
the total column VCD measured by Pandora, stratospheric
NO2 partial columns were subtracted from Pandora measure-
ments (following the method described in Zhao et al., 2019).
For the observation period in the oil sands region, typically,
stratospheric NO2 accounts for about 46 % of the total col-
umn (median value), with a standard deviation of 35 %. For
convenience, we refer to this tropospheric NO2 VCD as sim-
ply “NO2 VCD”. Information about the instrument setup at
the Oski-Otin site and the SO2 data and algorithms are avail-
able from Fioletov et al. (2016). For SO2 data, as the only
sources are near the surface (as no comparable SO2 quanti-
ties were in the stratosphere during the analyzed period, i.e.,
no SO2 injection from volcanic eruptions), the retrieved to-
tal column SO2 (SO2 VCD from Pandora observations) was
directly used in this study.

Pandora instrument no. 104 was deployed at the Oski-Otin
site from 15 August 2013 to 14 November 2013. It was then
redeployed on 21 August 2014 and was operational until late
2015 (Zhao et al., 2016). From September 2017 to 2020, Pan-
dora no. 122 was deployed at the site. Pandora no. 122 was
operated with multi-axis observations (in addition to DS and
ZS) from 2018 onwards, but no SO2 or NO2 profile has been
retrieved from these observations yet. The operation of Pan-
dora at the site stopped in summer 2020.

2.2 CIMEL sunphotometer

CIMEL sunphotometers for measuring aerosol properties
have been deployed at the Oski-Otin site since 2013 as a part
of the AEROCAN network (Sioris et al., 2017). AEROCAN
is the sub-network that consists of 26 sites across Canada
within the Aerosol Robotic Network (AERONET, https://
aeronet.gsfc.nasa.gov/, last access: 10 September 2023) that
was established in the early 1990s (Holben et al., 2001). The
sunphotometer measures AOD in direct-sun mode at eight
wavelengths, typically 340, 380, 440, 500, 675, 870, 940, and
1020 nm. AOD is a unitless quantity representing the verti-
cally integrated extinction of radiation due to scattering and
absorption of particles. To better quantify fine- and coarse-
mode components of the measured AOD, spectral deconvo-
lution algorithm (SDA) products were developed by O’Neill
et al. (2003) based on the AOD spectral dependence and
higher-order spectral derivatives. Fine and coarse modes are
essentially comprised of sub-micron and super-micron parti-
cle radii, respectively (O’Neill et al., 2001). At the Oski-Otin
site, Sioris et al. (2017) reported that coarse-mode aerosol
and PM2.5 only had low temporal correlation (as −0.02),
while fine-mode aerosol and PM2.5 had much higher corre-
lation (as 0.53). In this work, the fine-mode aerosol (SDA
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Figure 1. Satellite maps (© Google Maps) of the Athabasca oil sands region masked with satellite observations. The Pandora spectrometer,
sunphotometer, WindRASS, lidar, and in situ instrument were located at the observation site represented by a white circle. The two largest
upgraders in the mining areas are shown by red triangles. The dashed white lines show the centre of the wind sectors. Maps are masked
with pixel averaging of total column SO2 and tropospheric column NO2 (2018–2021) from the TROPOMI satellite instrument (McLinden
et al., 2020).

Level 2 version 4.1; quality assured) outputs are used, which
are processed from an operational product of AERONET.

2.3 WindRASS

The radio acoustic sounding system (RASS) wind profiler
(WindRASS; model MFAS, Scintec, Rottenburg, Germany)
was another instrument installed at the Oski-Otin site (Gor-
don et al., 2018; Strawbridge et al., 2018). It reports wind
speed and direction, as well as other meteorological parame-
ters like 15 min averages, at 77 levels from 40 to up to 800 m
above ground level (a.g.l.; 10 m vertical resolution). It is a
monostatic 64-transducer sodar that emits sound pulses near
2000 Hz vertically and in the four cardinal directions (tilted
at 22 and 29° from zenith). The radio antennas then emit elec-
tromagnetic waves (915 MHz) that are partially reflected by
the sound waves as they propagate away into the atmosphere.
Doppler analysis of the returning signal is used to reconstruct
the temperature profile (based on the fact that the speed of
sound is a function of the square root of the virtual temper-
ature) as well as the 3-D wind vector. Note that the number
of successful WindRASS observations depends on the alti-
tude and that the vertical range varies from measurement to
measurement as discussed in Appendix A.

2.4 Lidar

An autonomous lidar system that can be monitored re-
motely and operated continuously (except during precipi-
tation events) has also been installed at the Oski-Otin site
since 2013 (Strawbridge, 2013). The lidar simultaneously
emits two wavelengths of laser light (1064 and 532 nm, Q-
switch neodymium-doped yttrium aluminum garnet; see ref-
erences in Strawbridge, 2013) at energies of approximately
150 mJ per pulse per wavelength and detects the backscat-
ter signal at 1064 and 532 nm (and polarizations at 532 nm).

In 2016, the lidar system was upgraded by adding an ozone
differential absorption lidar to simultaneously measure the
vertical profile of tropospheric ozone, aerosol (at 355, 532,
and 1064 nm), and water vapour (through the addition of the
355 nm output channel to the aerosol lidar) from near the
ground to 10 to 15 km (Strawbridge et al., 2018). The BLH
was derived via the 532 nm aerosol lidar profile. Details on
the BLH processing algorithm can be found in Strawbridge
and Snyder (2004).

2.5 In situ measurements

In this study, we used the in situ measurements of SO2, NO2,
PM2.5, NOx , and O3 as well as the wind speed and direction
data provided by the Wood Buffalo Environmental Associ-
ation (https://wbea.org/, last access: 10 September 2023).
The list of analytical equipment that has been used can
be found at https://wbea.org/wp-content/uploads/2021/03/
Bertha-Ganter-Fort-McKay-Site-Documentation_2021.pdf
(last access: 10 September 2023). Surface SO2 and NO2
were measured by Thermo Scientific 43i and 42i instruments
with a precision of 1 and 0.4 ppbv (parts per billion by
volume), respectively. PM2.5 were measured by a Teledyne
API T640 instrument with a precision of 0.5 µgm−3. The
SDA Level 2 data (hourly) that have undergone validation
review are used in this work. Pandora spectrometer, CIMEL
sunphotometer, and WindRASS data were averaged into
hourly resolution to match with sampling rate of in situ
SDA Level 2 data. The statistics of measured pollutants are
summarized in Table 1.

2.6 ERA5 meteorological data

In this work, ECMWF Reanalysis v5 (ERA5) wind data
(hourly, using model levels as the vertical co-ordinate) are
utilized in addition to WindRASS observations. Several
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Table 1. Statistics of measured pollutants.

Pollutants Measurement sources for comparisons Mean (median) Standard deviation Uncertainties

Sulfur dioxide (SO2)
Pandora (column in DU) 0.22 (0.10) 0.54 0.05
In situ (surface concentration in ppbv) 1.09 (0.35) 3.15 1

Nitrogen dioxide (NO2)
Pandora (column in DU) 0.16 (0.14) 0.15 0.001
In situ (surface concentration in ppbv) 7.40 (4.42) 7.98 0.4

Aerosol
Sunphotometer AOD (column, unitless) 0.10 (0.06) 0.19 0.02
In situ PM2.5 (surface concentration in µgm−3) 8.59 (5.16) 37.75 0.5

studies have verified that ERA5 wind data can facilitate
remote-sensing-based emission estimations (e.g., Fioletov
et al., 2015; McLinden et al., 2020), regional air quality
monitoring (e.g., Liu et al., 2021; Tzortziou et al., 2022;
Zhao et al., 2022), and wind-based satellite validation (Park
et al., 2022; Zhao et al., 2020). To assess whether ERA5
wind can be a good replacement for near-surface to free-
tropospheric vertical wind measurements, the ERA5 model-
level data (Hersbach et al., 2020) were used (instead of its
pressure-level data, which are more commonly used). It is
worth noting that for ERA5 pressure-level wind data, there
are only five wind layers from 900 to 1000 hPa (900, 925,
950, 975, and 1000 hPa). While using ERA5 model-level
data, there are about 11 to 18 modelled wind layers from 900
to 1000 hPa for the Oski-Otin site. Thus, ERA5 model-level
data can provide a much more detailed vertical wind field
than pressure-level data. In addition to wind data, the bound-
ary layer height from ERA5 has also been used to examine
the correlation between column and surface observations.

3 Integration period differences

Figure 2 shows the time series of observed column and sur-
face concentrations of SO2, NO2, and aerosol at the Oski-
Otin site. Compared to surface concentration observations
that practically have no gaps, column data records have gaps
due to instrumental issues and other operational changes as
well as due to the clouds. Thus, only coincident (overlapped)
observations from both the surface and column data were in-
cluded in the analysis.

In contrast to in situ instruments that can obtain 24 h of
continuous observations, passive remote sensing instruments
(i.e., using the sun as a light source) deliver data when di-
rect solar light can reach the instruments. Figure 3 shows the
coincident observations that have been averaged by the hour
(local standard time – LST). Both SO2 and NO2 data show
good agreement in variation patterns except in early morning.
The prominent discrepancy in the morning could be related
to larger changes in the mixing layer height and related ver-
tical mixing conditions. For example, in cold seasons, with
increased mixing layer height and vertical dynamics from the
morning to noon, in situ SO2 shows a strong increase from

0.40 ppbv at 06:00 to 1.18 ppbv at 10:00 LST (see Fig. 3).
In contrast, the Pandora observations show an opposite de-
creasing trend; the VCD of SO2 decreased from 0.32 DU at
06:00 to 0.01 DU at 10:00 LST. As discussed before, Pandora
can sample the entire vertical column of SO2 molecules; thus
the increase in surface SO2 concentration (from less than
0.5 ppbv at 06:00 to almost 1.5 ppbv at 10:00 LST) in the
morning (see Fig. 3b, in the warm seasons) is not due to in-
creased emission (SO2 VCD values are stable from 06:00 to
10:00 LST) but due to vertical mixing. Better vertical mixing
conditions in the late morning to noon help the elevated SO2
plume to reach the surface level. With a well-mixed bound-
ary layer after 10:00 LST, the variation pattern of surface and
column values of SO2 shared a similar pattern.

The conditions for NO2 are similar to those for SO2 but
show stronger indications from photochemistry, i.e., gen-
erally decreased values of NO2 from morning to evening.
Moreover, as there are strong NO2 sources near ground
level, even the VCDs are stable from 08:00 to 15:00 LST
(e.g., see Fig. 3b), while the surface value is decreasing. For
aerosol comparison, both AOD and PM2.5 show clear U-
shape changes over the day in warm seasons (see Fig. 3f).
However, in the afternoons of cold seasons, PM2.5 shows a
decreasing trend, while AOD has an increasing trend (see
Fig. 3e). Thus, without detailed meteorological information
(e.g., BLH and vertically resolved wind information), it is of
no surprise that we could not find an easy and clear correla-
tion between remote sensing and in situ diurnal variations.

In addition to data sampled at the time of measurements by
remote sensing instruments, results based on all in situ mea-
surements are plotted in Fig. 3 as dashed red lines. When
comparing dashed red lines with solid red lines, the re-
sults from Fig. 3 show interesting and prominent features;
i.e., when pairing in situ data with remote sensing data,
sometimes, the diurnal patterns of in situ measurements are
changed (e.g., see Fig. 3c, the different variations in the solid
red and dashed red lines). The cause of such changes is due
to the “sampling bias” from remote sensing measurements
that are available under unobscured sun conditions only; in
situ data have no major gaps. Although the local emissions
conditions might not be different on sunny or rainy days, the
difference in meteorological conditions can affect the pollu-
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Figure 2. Time series of remote sensing and in situ observations of SO2, NO2, and aerosol data at the Oski-Otin site.

tant monitoring results. For example, Fig. 4 shows the ERA5
boundary layer height data binned by hours of local stan-
dard time. The BLH data that are coincident with in situ SO2
measurements show clear seasonal difference (see blue lines
in Fig. 4a and b); in cold seasons, the highest BLH data only
reach 750 m, while in warm seasons they can reach 1500 m.
The diurnal variations in BLH data show bell curves as in
situ instruments perform sampling 24 h d−1 in all weather
conditions. However, the BLH data that are coincident with
remote sensing SO2 measurements (see red lines in Fig. 4a
and b) show more skewed shapes, i.e., higher BLH values
in afternoons. Especially, in the wintertime (Fig. 4a), BLH
data that are coincident with remote sensing observations
show a much stronger increase from 10:00 to 16:00 LST
than their counterpart that is coincident with in situ mea-
surements. Similar features can be seen for NO2 and aerosol
data. Thus, remote sensing observations are biased to high
BLH conditions, especially in afternoons. These results also
explain why, when coincident with remote sensing observa-
tions, in situ diurnal patterns changed (see Fig. 3). For exam-
ple, in cold seasons at 17:00 LST, by pairing PM2.5 data with
AOD data, the corresponding BLH value increased from 500
to 1500 m (see Fig. 4e) and thus the PM2.5 values changed
from 6.0 to 2.9 µgm−3 (see Fig. 3e). Such variation in diur-
nal patterns is not as obvious in warm seasons due to fewer
BLH changes (due to coincident selection with remote sens-
ing instrument) as in cold seasons. For instance, by select-
ing coincident measurements, measured NO2 surface values
dropped from 11.3 to 2.5 ppbv in cold seasons at 17:00 LST
(Fig. 3c), while the corresponding values only dropped from
2.5 to 2.0 ppbv in warm seasons (Fig. 3d). In other words,
the sampling biases between remote sensing and in situ data
are worse in cold seasons than warm seasons. When di-
rectly comparing coincident remote sensing and in situ obser-

vations, such weather-condition-biased sampling would not
have been easily revealed. However, this clear-sky bias could
lead to significant differences in long-term trend analysis.

In short, Figs. 3 and 4 show that depending on the height
of the emission sources, boundary layer dynamics can play
important roles in the sampling differences between remote
sensing and in situ instruments. The modelling of boundary
layer conditions is also known to be a major difficulty for air
quality modelling work (e.g., Zhao et al., 2019). This indi-
cates a great need for improved boundary layer height obser-
vations from other remote sensing instruments (Szykman et
al., 2019). This issue could be more prominent if the remote
sensing air quality measurements are performed in the urban
area, where rush hour air pollutants are often more serious
on cold winter days. All these bring great challenges to uti-
lizing remote sensing air quality observations for application
to “noise-height” air quality monitoring, and more efforts are
needed.

4 Vertical sampling differences between remote sensing
and in situ observations

4.1 Sensitivity of SO2 observations to winds at
different levels

For the Pandora instrument located at the Oski-Otin site,
higher SO2 VCDs for southern wind directions were pre-
viously reported based on the surface winds (Fioletov et
al., 2016). Utilizing SO2 VCD observations, various satellite-
measured SO2 plume reconstructions work (e.g., McLinden
et al., 2020) has been done to estimate the emissions (e.g.,
Fioletov et al., 2015, 2020). Typically, in those plume mod-
els, the vertical structure of the SO2 plume is not consid-
ered, as satellites measure the integrated column of the SO2.
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Figure 3. Remote sensing and in situ observed SO2, NO2, and
aerosol data (AOD and PM2.5) averaged by the hour of local stan-
dard time (LST). Remote sensing observation results are shown us-
ing the left axis (blue); in situ observation results are shown us-
ing the right axis (red). Solid red lines show in situ measurements
that are coincident with remote sensing observations; dashed red
lines show all in situ measurements. Results from warm seasons
are shown in panels (a), (c), and (e); results from cold seasons are
shown in panels (b), (d), and (f).

However, to link the surface and satellite observations, infor-
mation of the vertical structure of the SO2 plume or other
pollutants is critical. If the plume is elevated, it is not neces-
sarily true that the direction of surface winds would be corre-
lated with the VCDs; the wind direction at the plume height
would be a more important factor. For the surface in situ in-
struments, this effect would not be prominent (i.e., in situ
instruments are expected to be the most sensitive to near-
surface wind). To test that, we calculated mean VCDs for
data binned by the wind altitude and direction using the wind
profiler data. If the mean SO2 VCD values are the same for
all wind directions, then winds at that height do not affect
SO2 transport. The larger the spread of the mean SO2 VCD
values for different directions, the greater the impact from
winds at that height is for SO2 transport. This information
can be used to determine what wind directions and what al-
titudes have the largest impact on VCDs and thus pollutant
transport.

Figure 4. Boundary layer height (BLH) data averaged by the hour
of local standard time (LST). Blue lines show BLH mean values
that are based on all data; red lines show BLH data that are coinci-
dent with remote sensing observations, i.e., when the Sun was not
obscured. Results from cold seasons are shown in panels (a), (c),
and (e); results from warm seasons are shown in panels (b), (d),
and (f).

The wind direction bins were selected to have one bin
centred at 160° where the SO2 signals have a maximum
from the two major upgraders (Fig. 1, see red triangles on
the map). Elevated SO2 plumes from these upgrader stacks
have also been observed and reported by a MAX-DOAS in-
strument in previous studies (e.g., Davis et al., 2020). The
heights of these stacks are in the range of 76–183 m (Gordon
et al., 2018). Davis et al. (2020) reported the retrieved SO2
plume can reach 30 ppbv concentration at 395 m height.

Figure 5a shows the mean SO2 VCD for data binned into
60° wide wind direction bins based on WindRASS wind data
from each 10 m altitude level. In other words, Fig. 5a shows
the results of binning measured SO2 VCDs with wind in-
formation from different vertical wind layers; Fig. 5a is not
depicting actual vertical profiles of SO2 but an illustration
of which layer of the measured wind profile has the highest
impact on SO2 column and surface observations. The values
are the highest for winds out of the south-south-east (SSE;
160°) at all altitudes. The mean values are close to zero for
the 40, 280, and 340° sectors. This dependence of VCDs on
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the direction is very similar to that of surface winds (Fio-
letov et al., 2016). The magnitude of the mean SO2 VCD
in both cold (November to April) and warm (May to Octo-
ber) seasons reaches its maximum of 0.39 DU at 200–300 m
– about 38 % higher than the mean value for the same direc-
tion of surface or 40 m winds (0.25 DU). Thus, in the ana-
lyzed altitude range, the wind direction at 200–300 m has the
largest impact on Pandora-measured SO2 VCD. In contrast,
for the clean-air directions (280°) SO2 VCDs are the lowest
regardless of the wind altitude. Also, wind data above 300 m
(250 m for the cold season) were too intermittent to separate
SO2 VCD signals, which indicates that the SO2 plumes were
within this height (WindRASS vertical data recovery rate is
shown in Fig. A1).

Compared to Pandora-measured SO2 VCDs, in situ SO2
surface concentrations show a similar but not identical pic-
ture (see Fig. 5b). The in situ SO2 observations show a simi-
lar increased sensitivity to winds at levels of 200–300 m with
the same polluted and clean-air directions as 160 and 280°,
respectively. However, the magnitude of the binned mean in
situ SO2 reaches its maximum of 3.16 ppbv for wind lev-
els at 200–300 m, which is only about 27 % higher than the
mean value for the same direction at the surface-layer winds
(2.32 ppbv). The results indicate the different characteristics
between the two measurement techniques of SO2; i.e., VCD
values are more sensitive to elevated plumes than surface val-
ues (i.e., the SO2 emitted from high stacks of refineries in this
case; 38 % increased VCDs, while only 27 % increased sur-
face concentrations when using 200–300 m wind). In other
words, under conditions that winds at 200–300 m are from
160 °, on average, the observation yields the highest SO2
VCDs even if the plume is not fully vertically mixed to reach
the ground level (see more discussion in Sect. 5.2).

As mentioned, the WindRASS wind profiler data have
a different number of successful observations at different
heights. The number of available successful measurements
as a function of altitude declines almost linearly. Only about
75 % of all wind profiles reach 200 m and only 12 % reach
400 m (see Fig. A1). Thus, the vertical structure revealed
in Fig. 5 shows increased uncertainties for high altitudes
(e.g., see increased width of the 1σ envelopes for profiles).
This leads to a bias of wind profile observations that reach
500 m of altitude towards low-wind-speed conditions. The
wind profile data from WindRASS are used only if they have
full coverage within 0–300 m for both the warm and cold sea-
sons, thus minimizing the wind speed bias while retaining the
most sensitivity to resolve air pollutant transport patterns in
this region.

It is expected that the SO2 plume height will be affected
by boundary layer dynamics that are reflected by temperature
and other seasonal meteorological aspects. Thus, the sensi-
tivity of SO2 VCD to the wind direction was categorized into
warm (Fig. 5a and b) and cold seasons (Fig. 5d and e). Com-
pared to the gradually decreasing sensitivity above “plume
height” in warm seasons (i.e., 200–300 m), both remote sens-

ing and in situ observations show their sensitivity to SO2
emissions decreased sharply after passing the plume height in
cold seasons (Fig. 5d and e). The results may indicate that the
vertical transport of SO2 is more refined within the boundary
layer due to a lack of vertical mixing in cold temperatures.
Note that, for warm and cold seasons, the median values of
BLH from ERA5 are 390 and 208 m, respectively. Another
interesting factor is the SO2 plume from 220° is more promi-
nent for in situ data (see the purple line in Fig. 5e). However,
there are no known strong SO2 emission sources from this
direction, and this feature is not captured by Pandora.

Figure 5c and f show the ratio of observed surface concen-
tration to column values (from 160 and 280°) grouped by the
wind direction at different altitudes. For SO2, this surface-
to-column ratio preserved the pattern discussed above. Com-
pared to the clean-air directions (280°), such ratio values of
the directions of the upgraders (160°) are much higher, indi-
cating the SO2 pollutants from the upgraders are less verti-
cally mixed than the background conditions. However, more
detailed features can be revealed if the data are further ana-
lyzed with BLH information (more details will be discussed
in Sect. 5.2).

4.2 Sensitivity of NO2 observations to winds at
different levels

The analysis of NO2 data is shown in Fig. 6. Similar to SO2
VCD, the mean NO2 VCD (tropospheric column; see de-
scription in Sect. 2.1) values are also the lowest for the west-
erly winds (280°) and the highest for the south-south-easterly
winds (160°). The absolute maximum in the mean NO2 VCD
values is also observed for the 160° wind direction at 200–
300 m, although this maximum is not as well-pronounced as
in the case of SO2. This may suggest that the NO2 and SO2
are coming from the same source, although there are other
NO2 sources in the area. Also, unlike SO2, NO2 VCD is also
high from the 40° wind direction, i.e., from the north-eastern
mining area (see Fig. 5b). Compared to the Pandora NO2
observations, the in situ NO2 data show more different re-
sults for its vertical sensitivity. Although the maximum NO2
amount is still from 160°, in situ data are more sensitive to the
wind layer heights at 50–100 m (Fig. 6b, 160° result). A clear
decreased sensitivity can be seen above 100 m with minimum
values around 200–300 m. The results indicate Pandora is
more sensitive to transported NO2 than in situ instruments,
while the in situ instrument is more directly linked to pre-
ferred wind conditions (i.e., the near-surface wind must be
from 160°). For the nearby source, i.e., 40°, both Pandora and
in situ observations show similar straight vertical structures
(see blue lines in Fig. 6). For the background observations
(i.e., 280 and 340°, low-NO2 conditions), both Pandora and
in situ observations show similar sensitivity to surface-layer
winds.

An interesting feature that both in situ SO2 and NO2 anal-
yses demonstrated is an enhanced sensitivity above 150 m in
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Figure 5. The mean SO2 column (a, d) and surface (b, e) observations and their median ratios (c, f) binned by wind directions at different
altitudes at Oski-Otin. Wind layer information (altitude and direction) was measured by WindRASS, SO2 column observations were from
Pandora, and surface measurements were from the in situ instrument. Colour lines show the mean values of SO2 with 1σ envelopes. A sharp
maximum can be found when the wind is from 160°, the direction to the upgraders. The wind direction bins were selected to have one bin
centred at 160° where the SO2 signals have a maximum. Data were categorized by warm (May to October; a–c) and cold (November to
April; d–f) seasons.

Figure 6. The mean NO2 column (a, d) and surface (b, e) observations and their median ratios (c, f) binned by wind directions at different
altitudes at Oski-Otin. Wind layer information (altitude and direction) was measured by WindRASS, NO2 column observations were from
Pandora, and surface measurements were from the in situ instrument. Colour lines show the mean values of NO2 with 1σ envelopes. Data
were categorized by warm (May to October; a–c) and cold (November to April; d–f) seasons.

the 220° wind direction (Figs. 5b and 6b, purple lines). As
the 220° wind bin covers the tailing-pond area and a large
portion of the mining area (observations within 190–250°
wind directions), it is likely the observed transported emis-
sions were from these areas. Thus, such 60° wind bins might

be too coarse to separate some sources (fine bins were used to
reveal horizontal transport in Appendix B, and no prominent
emission sources were identified in the 220° wind direction).

In general, by utilizing various ground-based remote sens-
ing and in situ observations, such a vertical sensitivity analy-
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sis can reveal the characteristics of air pollutant sources more
efficiently than using the in situ instrument only. When com-
paring the analysis results categorized by warm and cold sea-
sons, the structures of vertical sensitivities show the changes
due to different vertical dynamics. For example, in situ sur-
face concentration data show more enhanced sensitivity to
near-surface wind in cold seasons than in warm seasons
(Fig. 6b and e). However, even in cold seasons, Pandora still
preserved its sensitivity to transported emissions (200–300 m
winds; compare yellow lines in Fig. 6d and e), as it measures
the integrated vertical columns. When comparing Fig. 6c
and f, the surface-to-column ratio at 70 m changes from
39 ppbv DU−1 in cold seasons to 24 ppbv DU−1 in warm sea-
sons. The difference between polluted and clean air is also
much larger in cold seasons, indicating a stronger inhomo-
geneity of tropospheric NO2.

4.3 Sensitivity of aerosol observations to winds at
different levels

The sensitivity analysis of aerosol data to the wind profiles is
shown in Fig. 7. In contrast to SO2 and NO2 data, observa-
tions of aerosol data show greater differences between AOD
and in situ PM2.5 measurements when they are binned by
the wind direction. Similar to the Pandora instruments, the
sunphotometer samples the aerosol through a slant light path
(i.e., direct-sun viewing geometry, sample the atmosphere
constituents between the instrument and the sun) and reports
the vertically integrated column property. However, estab-
lishing the link between the AOD and PM2.5 is more diffi-
cult (Sioris et al., 2017) compared to the work for trace-gas
observations since the AOD additionally depends on aerosol
composition, details of the size distribution, and even aerosol
shape.

Similar to the SO2 and NO2 data analysis, the in situ PM2.5
data show maximum sensitivity to the winds from 160°, in-
dicating that most fine particles were from the direction of
upgraders. However, the spread between the aerosol values
from different directions is noticeably less than that for SO2
and NO2. But the vertical structure of PM2.5 dependence on
the 160° winds as a function of the wind height (Fig. 7b, or-
ange line) is nearly the same from the surface to the 300 m
layer. Thus, the PM2.5 concentration for the 160° wind di-
rection was not sensitive to a particular layer of the wind.
Comparing this to the profiles of in situ SO2 (elevated at
200–300 m; emissions from high stacks) and in situ NO2
(two peaks, one near the surface and one elevated at 200–
300 m; emissions from both the near-surface mining fleet
and high stacks) (see Figs. 5 and 6), the sources of PM2.5
from this direction could not easily be distinguished. Com-
paring Fig. 7a and b, AOD data show higher sensitivity to
winds from 100°, while PM2.5 data show higher sensitivity
to winds from 160°. These inconsistent results might be be-
cause the wind bins were selected based on our knowledge of
SO2 and NO2 sources; i.e., 100° and/or 160° wind bins might

be mixed with several different sources of aerosols in this re-
gion. The AOD and in situ observations are in better agree-
ment for other wind directions; i.e., they both show clean air
(low aerosol) was from 280°.

In contrast to NO2 results, which have increased surface
concentration values in cold seasons, aerosol results reflect
opposite patterns. AODs are smaller in cold seasons from
all wind directions compared to warm seasons (see Figs. 7a
and d). In situ PM2.5 values also show a similar decrease
from warm to cold seasons, especially from the pollution
transport direction (i.e., 160°; see Fig. 7b and e). More im-
portantly, no clear vertical structure changes were found for
aerosol observations in different seasons. One reason could
be that the vertical structure of aerosols does not change for
different seasons in this area or that the instruments are not
sensitive enough to reveal such changes (i.e., the precision
of aerosol measurements and wind data). Another reason is
that there are some high background aerosols that do not de-
pend on the wind direction. In short, Fig. 7 reveals that the
biases between AOD and PM2.5 data are different in differ-
ent seasons. The surface-to-column ratio of aerosol data (see
Fig. 7c and f) shows values higher than the background from
the 160° direction for both cold and warm seasons. Such a
ratio is lower in cold seasons (91 µgm−3 vs. 103 µgm−3 at
70 m in cold and warm seasons, respectively) and intersects
with background conditions (green line) at 180 m (Fig. 7f),
indicating the aerosol layers are less sensitive to winds above
this height in cold seasons. More discussion and interpreta-
tion of such ratio values are provided in Sect. 5.2.

5 Reanalysis meteorological data

Section 4 demonstrated that vertical wind profiling informa-
tion could play important roles in air quality monitoring and
pollution transportation studies. However, such instruments
(e.g., WindRASS) only provide limited coverage spatially
(not many Pandora or other air quality monitoring instru-
ments are co-located with wind profiling instruments) and
vertically (as discussed in Appendix A, this WindRASS in-
strument only had good vertical coverage from 40 m to about
300 m a.g.l.). On the other hand, reanalysis meteorological
data (e.g., ERA5) have been used extensively in many re-
search applications (e.g., Hersbach et al., 2020); reanalysis
wind data have quality acceptable for many applications and
the advantage of good temporal coverage and global spatial
coverage. For example, in our previous work, ERA5 winds
from 1000 to 900 hPa were averaged to provide wind direc-
tion and speed information to facilitate satellite validation
and regional air quality monitoring (Zhao et al., 2020, 2022).
However, these wind layers may not always be optimal for
different conditions (i.e., different species and/or emission
source heights as illustrated in previous sections).

In this part, we present a similar analysis to that in Sect. 4,
but instead of WindRASS observations, ERA5 model-level
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Figure 7. The mean aerosol column (a, d) and surface (b, e) observations and their median ratios (c, f) binned by wind directions at different
altitudes at Oski-Otin. Wind layer information (altitude and direction) was measured by WindRASS, aerosol column observations (AOD)
were from sunphotometers, and surface measurements (PM2.5) were from the in situ instrument. Colour lines show the mean values of
aerosol with 1σ envelopes. Data were categorized by warm (May to October; a–c) and cold (November to April; d–f) seasons.

wind data are utilized (from ERA5 model levels 100 to 137;
note level 137 is the bottom/ground level). This part of the
study is to (1) verify if ERA5 winds can distinguish the
pollution vertical and horizontal transport patterns as well
as WindRASS and (2) provide knowledge on the optimal
ERA5 wind layers that can be used for satellite-based pol-
lutant emission estimations.

5.1 Wind analysis with ERA5 data

Figure 8 shows the vertically resolved sensitivity analysis for
SO2 (first row), NO2 (second row), and aerosol (third row)
observations (similar to the results in Sect. 4, but utilizing
ERA5 wind data). To make the analysis comparable to the
WindRASS data, the hourly ERA5 model-level wind data
were interpolated to 100 m vertical resolution. The first two
columns of Fig. 8 show the ERA5 model results that repre-
sent the 0 to 2000 m range (a.g.l) with only wind directions
of 160 and 280°.

Figure 8a and b show that the SO2 VCD and surface con-
centration observations show similar sensitivity to certain
wind layers when ERA5 winds are used instead of Win-
dRASS data. For example, in warm seasons (see solid lines),
both VCD and the surface concentration of SO2 show higher
sensitivity to winds below 2 km, while in cold seasons, these
observations of SO2 show higher sensitivity to winds only
below 0.5 km (see dashed lines). This seasonal difference
was also found when using WindRASS data (see Sect. 4.1).
Note that a direct comparison between ERA5 winds and
WindRASS observation results is challenging due to the lim-
ited spatial (0.25°× 0.25°, approximately 30 km× 15 km at

Fort McKay) and vertical resolutions of ERA5 data (60–90 m
below 500 m compared to 10 m for WindRASS).

In Fig. 8a and b, one major difference between ERA5 and
WindRASS results is the maximum sensitivity height. For
SO2 VCD observations, when using WindRASS, it has max-
imum sensitivity to winds from 250–300 m altitude (a.g.l; see
Sect. 4.1). This could be due to the fact the WindRASS could
not provide good sampling above this layer. When using
ERA5, SO2 observations show a clear change in their max-
imum sensitivities to wind layers from 0–1400 m in warm
seasons and down to 0–500 m in cold seasons. Gordon et
al. (2018) and Davis et al. (2020) show the retrieved SO2 ver-
tical profiles from MAX-DOAS and aircraft measurements,
with plume heights potentially reaching 600 to 1000 m alti-
tude. Note that WindRASS only provides good samplings for
wind layers at altitudes below 400–500 m.

For NO2, Fig. 8e and f show that the largest NO2 source is
from 160°, while the clean air is from the 280° wind direc-
tion, consistent with findings in Sect. 4.2. For cold seasons,
the NO2 sensitivity height from the 160° direction is consis-
tent with the SO2 results, indicating they were both emitted
from similar high stacks from these directions.

When using ERA5 winds, the results for aerosol are also
generally consistent with previous findings in Sect. 4.3. Fig-
ure 8i and j both confirm that there is a PM2.5 source from the
160° direction. Figure 8i and j show that this aerosol source
can be better identified if using winds from the 500–1500 m
layers. This feature is also partially reflected in Fig. 7a but is
not as clear as Fig. 8i due to the low data availability of Win-
dRASS for higher altitudes. In general, Fig. 8i and j show

https://doi.org/10.5194/amt-17-6889-2024 Atmos. Meas. Tech., 17, 6889–6912, 2024



6900 X. Zhao et al.: Remote sensing vs. in situ air pollutant measurements

Figure 8. The mean SO2, NO2, and aerosol as a function of the direction of winds (only 160 and 280°) at different altitudes from Pandora
and in situ instruments at Oski-Otin. Other details of this figure are the same as Fig. 5, but the wind data are from ERA5 reanalysis data (first
two columns) and not the WindRASS observations. The last two columns show the surface-to-column ratio for selected wind directions;
solid lines with square symbols use wind data from ERA5 reanalysis, and lines with circle symbols use wind data from the WindRASS
observations.

that both AOD and PM2.5 data do not have strong changes in
their vertical sensitivity to different layers of winds; i.e., we
find no clear “plume” height changes for aerosol, in contrast
to what we saw for SO2 and NO2 results. This result indi-
cates that the aerosol is better vertically mixed than SO2 and
NO2 emissions from high stacks. More details of horizontal
transport differences when using ERA5 winds are shown in
Appendix C.

Regarding the surface-to-column ratios (0–300 m), the last
two columns of Fig. 8 show a general agreement between the
results based on WindRASS (see circle symbols) and reanal-
ysis (see square symbols) data (i.e., the ratios are typically
higher from polluted directions than clean-air directions),
although the altitudinal dependence has some differences.
For SO2, the higher surface-to-column ratios from the 160°
direction in cold seasons (Fig. 8d) are generally preserved
when using ERA5 winds. For example, in cold seasons, the
highest surface-to-column ratios from the 160° direction are
7 ppbv DU−1 (at 0 m altitude) and 6 ppbv DU−1 (at 90 m al-
titude) using ERA5 and WindRASS measurements, respec-
tively. Overall, for SO2, ERA5 results generally preserved

the features of ratio changes. For NO2, the higher pollutant-
to-clean ratio differences are found in cold seasons (Fig. 8g–
h), which is similar to the results when using WindRASS
measurements. However, the larger discrepancy is found near
the surface, where WindRASS results show higher ratios
from the 160° direction. These differences are mainly due to
the coarse spatial and vertical resolution of ERA5 data (i.e.,
only four data points for this 0–300 m range) and sampling is-
sues with WindRASS measurements. The results for aerosol
are similar to NO2 and have better agreement in warm sea-
sons.

5.2 Boundary layer height effect on the
column-to-surface ratio

As shown in Sects. 4 and 5.1, for tropospheric pollutants, the
surface-to-column concentration ratio can reveal some infor-
mation about the vertical distribution. One important finding
is that such ratios change with wind directions and also have
seasonal patterns (e.g., see Fig. 8). The boundary layer height
data from the lidar observations could provide critical infor-
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mation to help further interpret the difference between the
vertical column and surface observations.

To better illustrate the effect of low-BLH conditions on the
SO2 plume’s vertical distribution, in this section, we plotted
the column-to-surface ratio. For example, Fig. 9 shows the
column-to-surface ratio binned by boundary layer height in
warm seasons. Here the column values (SO2 and NO2 VCD,
in units of DU; AOD is unitless) are from remote sensing
observations, while SO2, NO2, and PM2.5 surface concentra-
tion values (SO2 and NO2 in units of ppbv; PM2.5 in units
of µgm−3) are from in situ measurements and the BLH val-
ues are from lidar observations. Figure 9a, d, and g show the
boxplots of all observations; Fig. 9b, e, and h show the re-
sults representing observations with winds from the second-
largest NO2 sources (i.e., winds from 40± 30°; facilities
of Syncrude, Shell Canada Limited, Canadian Natural Re-
sources Limited, and Imperial Oil Resources); and Fig. 9c, f,
and i represent winds from the largest SO2 and NO2 sources
(i.e., winds from 160± 30°; facilities of Suncor and Syn-
crude). The results clearly show that, for the SO2 plume from
upgraders (see Fig. 9c), the SO2 column-to-surface ratio is a
monotonic declining function of BLH (with a Spearman cor-
relation coefficient of −0.83). In other words, in low-BLH
conditions, surface in situ and remote sensing observations
will likely show more differences for such elevated plumes.

In contrast, a similar analysis for NO2 observations shows
different features (see Fig. 9d–f). This time, as NO2 has two
major source directions (40 and 160° directions), Fig. 9e
and f show clear and similar column-to-surface ratio pat-
terns; i.e., this ratio is positively correlated with BLH (with
a Spearman correlation coefficient of 0.94 and 1). This result
indicates that the NO2 plumes have different vertical distribu-
tions from SO2 plumes (note that, different from SO2 emis-
sions from high stacks, the truck fleet in the mining area is
one of the main NOx emission sources).

When performing the same analysis for AOD (from sun-
photometers) and PM2.5 (from in situ measurements) obser-
vations, the results are not clear in warm seasons (see Figs.
9g–i), similar to those in Sect. 4.3; i.e., no simple column-to-
surface ratio correlations were found from 40 and 160° di-
rections. Such results indicate the aerosol from two pollution
sources (40 and 160° directions) are well-mixed, consistent
with findings in Sect. 4.3 (i.e., no vertical sensitivity changes
when using different wind layers). However, in cold seasons,
there is a positive correlation between the AOD / PM2.5 ra-
tio and BLH data from the 40° direction (see Fig. 10h; with
a Spearman correlation coefficient of 1). Thus, in cold sea-
sons, from this direction, the aerosol loads are closer to the
surface than those vertically mixed. A table of detailed cor-
relation coefficient values for Figs. 9 and 10 is provided in
Appendix C.

However, as discussed, WindRASS or lidar observations
are not typically available for Pandora or sunphotometer
sites. As a result, such pollutants’ vertical distribution in-
formation is hidden within Pandora and sunphotometer ob-

served data. We tested this by replacing WindRASS and li-
dar observations with ERA5 modelled results (wind profiles
and BLH) and repeated the analysis shown above. The re-
sults show ERA5 data could also assist the work in terms
of separated pollutants’ signal from different sources (see
Figs. C2 and C3 and Table C1). In general, besides wind
conditions (directions and speed) and BLH, there could be
other meteorological factors playing a role in the difference
between in situ and remote sensing measurements. For ex-
ample, we examined combined meteorological factors, such
as the ventilation coefficient (BLH×wind speed), which is
also referred to as the normalized dilution rate (e.g., Gani
et al., 2019). However, no improvement compared to BLH-
based results was found likely due to the complexity of the
pollution source distribution. More detailed high-resolution
modelling work is needed to further understand the meteoro-
logical impacts to local observations.

6 Conclusion

This work analyzed the sampling differences (of SO2, NO2,
and aerosol) between remote sensing and in situ instruments
in the Athabasca oil sands region in terms of vertical, hori-
zontal, and temporal dependency on wind speed, directions,
altitude, and BLH. Results show that depending on the height
of emission sources, remote sensing and in situ instruments
could sample different parts of pollutant plumes due to their
different vertical sensitivity ranges. For elevated pollutants
(e.g., SO2 emission via high stacks), both remote sensing and
in situ data show strong dependence on wind information
above stack height level (i.e., around 250 m for this case).
The magnitude of the SO2 VCD and surface concentrations
reach their maximum for winds from 160± 30° directions at
200–300 m altitude. Note that, for warm and cold seasons,
the median values of BLH are 390 and 208 m, respectively.
In contrast, the NO2 emissions from 160± 30° directions are
from both high stacks and the mining fleets. As a result, NO2
VCD shows a more uniform sensitivity to winds from near
the surface to up to 300 m (peak value at 260–290 m altitude),
while NO2 surface concentrations measured in situ show a
strong sensitivity to near-surface winds (peak value at 60–
70 m altitude). In cold seasons, the NO2 surface-to-column
ratio from the 160° direction changes from 39 ppbv DU−1

at 70 m to 28 ppbv DU−1 at 200 m. Such key differences in-
dicate the challenges in applying remote sensing observa-
tions in “breathing-height” air quality applications. In other
words, although VCDs measured by remote sensing instru-
ments represent integrated pollutants that are sensitive to
both the surface and upper levels, the observations could not
easily be separated or linked to localized surface values. On
the other hand, while elevated air pollutants cannot be mon-
itored at the surface via in situ measurements, they can still
be captured by remote sensing instruments. Thus, these VCD
observations could be more useful in quantifying total emis-
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Figure 9. Boxplots of SO2, NO2, and AOD / PM2.5 column-to-surface ratios binned by boundary layer height in warm seasons. Panels (a),
(d), and (g) show all observations; panels (b), (e), and (h) show observations with winds from 40± 30° directions; and panels (c), (f),
and (i) show observations with winds from 40± 30° directions. For SO2 and AOD, the wind data are from WindRASS observations at 250 m
altitude. For NO2, the wind data is from WindRASS observations at 60 m altitude. The boundary layer height is measured with lidar. The
SO2 and NO2 column observations are from Pandora, AOD observations are from sunphotometers, and all surface concentrations are from
the in situ instrument. For each box, the central red mark indicates the median, and the bottom and top edges of the blue box indicate the
25th and 75th percentiles, respectively. The black whiskers extend to the most extreme data points not considered outliers.

Figure 10. Boxplots of SO2, NO2, and AOD / PM2.5 column-to-surface ratio binned by boundary layer height in cold seasons. Panels (a), (d),
and (g) show all observations; panels (b), (e), and (h) show observations with winds from 40± 30° directions; and panels (c), (f), and (i) show
observations with winds from 40± 30° directions. For SO2 and AOD, the wind data are from WindRASS observations at 250 m altitude.
For NO2, the wind data are from WindRASS observations at 60 m altitude. The boundary layer height is measured with lidar. The SO2 and
NO2 column observations are from Pandora, AOD observations are from sunphotometers, and all surface concentrations are from the in situ
instrument.

sions than surface observations for such emission sources.
Also, it is worth noting that elevated air pollutants, which
do not affect the air quality immediately as they are above
ground level, could still pose a health risk further downwind
as the pollutants will eventually reach the surface via verti-

cal mixing. Thus, remote sensing VCD observations could
represent air quality conditions for a much larger area than
localized surface in situ measurements.

Comparing AOD and surface PM2.5 measurements is com-
plicated, as their vertical and horizontal patterns are not very
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alike. Such larger differences are expected as these two mea-
surements (AOD and PM2.5) do not necessarily represent the
same matter, not only due to the different sampling area but
also due to the large seasonal cycle and high background.
Comparisons are easier for, e.g., SO2, where remote-sensing-
measured VCD (in DU) represents the SO2 within the entire
vertical column; surface concentration (in ppbv) measured in
situ represents the portion of SO2 within the air mass near
the surface. Although many studies exist that directly com-
pare these two measurements (AOD and PM2.5) and often
reveal positive correlations, there are no simple methods that
exist to directly connect or convert them (e.g., only empirical
methods or via modelling means). Here we show that linking
these two measurements could be even more complicated,
as they have more sampling differences than observations of
trace gases. On the positive side, both remote sensing and
in situ observations show consistent uniform sensitivities to
the wind speed and direction from near the surface to 300 m
altitude, indicating the aerosol loads in this region are more
uniformly mixed than SO2 and NO2.

This analysis also shows that ERA5 model-level winds
produce results similar to those for direct wind measure-
ments by WindRASS at this location and, therefore, can be a
good tool to support ground-based remote sensing research to
identify pollutant sources’ directions and even their vertical
structures. Using measured wind profiles and BLH, the work
demonstrated that the column-to-surface ratio of pollutants
could show positive or negative correlations with boundary
layer heights depending on the height of emission sources.
Further results show replacing measured wind profiles and
BLH by ERA5 data could also preserve these features. Thus,
these ERA5 data also can be utilized to reveal pollutants’ ver-
tical distribution and mixing conditions, which can be used as
critical information when converting remote sensing column
data to surface values. Current results also suggest that, for
wind-rotation SO2 or NO2 emission models (e.g., Fioletov
et al., 2016, 2022) and wind-rotation satellite data validation
methods (Park et al., 2022; Zhao et al., 2020), different lay-
ers of ERA5 winds should be averaged, and some seasonal
changes might be considered to improve the results.

This analysis of surface-to-column ratios also shows that
the column values cannot be converted to surface ones by
just one value of the ratio. Depending on the wind direction
(and season), the ratio for directions related to the pollution
sources could be a factor of 2 larger than these from “clean”
directions.

The overall outcome of this work is to reveal and analyze
the fundamental sampling differences between remote sens-
ing and in situ observations via utilizing vertical wind obser-
vations and boundary layer conditions. Other aspects, such as
sampling areas and clear-sky bias, still need further investi-
gation. In particular, as remote sensing instruments discussed
here are sunlight instruments and their observations are clear-
sky-biased, these could lead to differences in long-term trend
analysis done with in situ and remote sensing instruments

alone. These ground-based remote sensing air quality obser-
vations (e.g., from Pandora spectrometer and CIMEL sun-
photometer) cannot replace surface in situ monitoring but can
play a key role in linking satellite air quality observations and
surface in situ measurements.

Appendix A

Figure A1 shows WindRASS’ successful sampling rate and
number of successful observations as a function of altitude.
The number of successful observations was nearly complete
below 200 m but decreased quickly from 200 to 400 m (i.e.,
from about 80 % to about 20 %). Less than 5 % of observed
vertical wind profiles reach altitudes above 600 m.

Figure A1. WindRASS successful sampling rate (recovery rate) and
number of observations as a function of altitude.

Appendix B

B1 SO2 transport observations

Information about the wind speed in addition to wind direc-
tion could further help to characterize the pollution sources.

In this section, the SO2 observations from Pandora and
the in situ instrument are binned by the wind direction and
speed data at a specific wind layer from WindRASS (i.e.,
SO2 data binned by wind directions using 20° bins and by
wind speed using 1 m s−1 bins at a certain height). The SO2
data are plotted using polar coordinates, where the radius
refers to the wind speed and angle refers to the wind direc-
tion. The colour of the shaded areas represents the VCD or
surface concentration of SO2. For example, Fig. B1a shows
the Pandora SO2 vertical column data displayed in such po-
lar coordinates. The wind information for this plot was from
WindRASS data at a height of 250 m, as indicated on the
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plot. The wind layer was chosen as both the remote sens-
ing and in situ observations show maximum sensitivity to the
SO2 plume at this layer (see Fig. 5). Figure 6a shows the pol-
lutants (SO2 VCD) were transported from 130 to 190° wind
directions and reached maximum values at a wind speed of
about 7 m s−1. Low-wind-speed conditions (e.g., < 4 m s−1)
within this direction range will have lower observed signals
compared to higher wind speeds. In contrast, Fig. B1b shows
that the in situ observations are sensitive to similar wind di-
rections but elevated SO2 surface concentrations are less sen-
sitive to the wind speed than VCDs.

Both Pandora and in situ instruments show the same be-
haviour with wind speed: high SO2 for relatively higher wind
speed (4–8 m s−1) and low for low wind speed (< 1 m s−1).
This is simply because there are no local SO2 sources in Fort
McKay. The higher the wind speed, the less time the pollu-
tants need to travel from the source to the measurement site.
Since the upgraders are about 20 km away from the obser-
vation site, fast winds would be corresponding to a transit
time of about 1 h, while slow winds would corresponding to
about 6 h. As SO2 has a relatively short lifetime in the lower
troposphere (of a few hours), the less time it takes to travel,
the higher the observed VCD or surface concentrations are.
If the wind speed is even higher (> 8 m s−1), the SO2 signal
is low again since the pollutant is spread over a larger area,
while its total mass, determined by the emission rate and the
lifetime, remains constant (e.g., see SO2 VCD plume model
from Fioletov et al., 2015).

Figure B1. SO2 horizontal transport pattern resolved by wind speed and direction. SO2 observations from (a) Pandora (SO2 VCD in DU)
and (b) the in situ instrument (SO2 surface concentration in ppbv) at Oski-Otin. Wind information from WindRASS data at the 250 m layer
where both Pandora and the in situ instrument show maximum sensitivity to wind from the pollution sources (from 160°). The polar plot bins
the SO2 data (colour-coded shaded areas) by wind directions (angle values in degrees) and wind speed (radius values in m s−1).

B2 NO2 transport observations

For NO2, the data were analyzed at two different wind
layer heights, i.e., wind data from the 250 m layer (same
as Fig. B1, which has high sensitivity to the wind direction
for SO2 data and remote sensing NO2 data) and 60 m layer
(high sensitivity to in situ NO2 data, as shown in Fig. 6).
In contrast to the single source direction for SO2 (160°),
two distinct NO2 source directions were found at 40 and
160° (Fig. 6a and c). As shown in Fig. 1, the NO2 source
from 40° is related to the mining area in the north-west di-
rection of the observation site (NO2 emission mainly from
mining fleet). The 160° direction has NO2 emissions from
both stacks and the mining fleet (surface emissions> 50 %).
The in situ instrument revealed the same source directions
but with different sensitivities to wind speed and wind lay-
ers. Figure B2b shows that the 250 m wind layer is not good
enough to isolate NO2 sources if using the in situ NO2 obser-
vations. When using the wind layer at 60 m, Fig. B2d shows
that the in situ instrument has increased sensitivity to surface
NO2 at low-wind-speed conditions (i.e., < 4 m s−1). The re-
sults confirmed that remote sensing and in situ instruments
have different sensitivities to different layers of the pollu-
tants; thus when comparing the results of their observations,
extra caution should be given to account for such differences.
Note that the directions of the winds with the highest NO2
values are somewhat different between the two layers, which
may be related to vertical wind shear.
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Figure B2. NO2 horizontal transport pattern resolved by wind speed and direction. NO2 observations from (a, c) Pandora (NO2 VCD in
DU) and (b, d) in situ instruments (NO2 surface concentration in ppbv) at Oski-Otin. Wind information from WindRASS data at 250 m
layer (a, b) and 60 m layer (c, d). The polar plot bins the NO2 data (colour-coded shaded areas) by wind directions (angle values in degrees)
and wind speed (radius values in m s−1).

B3 Aerosol transport observations

As illustrated in Fig. 7 and discussed in Sect. 4.3, there are
larger differences between AOD and in situ measurements in
determining the aerosol pollution directions. It is worth not-
ing that there were no clear vertical structures that can be
used to identify the optimal wind layers to separate and iso-
late potential aerosol sources. As a result, various wind lay-
ers and wind bins were examined. Not surprisingly, we did
not find an optimal wind layer or wind bins that show agree-
ment between remote sensing and in situ measurements (see
Fig. B3, which shows only warm seasons, when the aerosol
loads are high). However, some general patterns can still be
observed. In situ data show a clear aerosol source at 160° and
other sources from the north and north-east (see Fig. B3b
and d; 250 and 60 m wind layers, respectively) but with
slightly different patterns in terms of wind speed. The source
in the north-east directions can be detected in high-wind-
speed conditions (e.g., about 7 m s−1), whereas the source in
south-east directions can be detected in almost all wind con-
ditions. This could indicate different distances of the source
of PM2.5 and the observation site; i.e., the south-east source

is closer. It is also worth noting that remote sensing instru-
ments revealed those two aerosol sources (e.g., Fig. 8a).
However, the remote sensing observations demonstrate ele-
vated AODs only for high-wind-speed conditions. A better
explanation of such a difference between the sunphotome-
ter’s fine-mode AOD and the in situ instrument’s PM2.5 ob-
servations is still needed.
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Figure B3. Aerosol horizontal transport pattern resolved by wind speed and direction. Aerosol observations from (a, c) sunphotometer
(fine-mode aerosol optical depth, unitless) and (b, d) the in situ instrument (PM2.5 surface concentration in µgm−3) at Oski-Otin. Wind
information from WindRASS data at 250 m layer (a, b) and 60 m layer (c, d). The polar plot bins the aerosol data (colour-coded shaded
areas) by wind directions (angle values in degrees) and wind speed (radius values in m s−1).

Appendix C

With the ERA5 wind data, horizontal transport patterns were
also analyzed for SO2, NO2, and aerosol observations. For
example, Fig. C1a and b confirmed that Pandora SO2 column
data are more sensitive to high-wind-speed conditions than
in situ surface SO2 data. Similarly, Fig. B1c and d identified
two NO2 sources from expected directions. Also, Fig. C1d
is consistent with Fig. B2d, both showing that the in situ
NO2 data are more sensitive in low-wind-speed conditions.
It is worth noting that, for the aerosol data, the AOD sources
can be better identified and separated (see the discussion in
Sect. 5.1) for higher-level winds (1000 m). In general, it was
found that the optimized ERA5 wind layers for NO2 pollu-
tant transport analysis in this region range from the surface
to 900 hPa year-round (corresponding to the bottom 15 lay-
ers in ERA5 model-level data). As the SO2 emissions were
from high stacks, in warm seasons, its optimized wind lay-
ers extended from the surface to 800 hPa (corresponding to
the bottom 25 model layers), while in cold seasons, the opti-
mized wind layers extended from the surface to only 900 hPa
(the bottom 15 model layers).

With ERA5 wind and BLH data, the boundary layer height
effect shown in Sect. 5.2 has been reproduced in Figs. B2
and B3 for warm and cold seasons, respectively.

Table C1. Spearman correlation coefficients between median val-
ues of column-to-surface ratio and BLH height for Fig. 10.

Panel Fig. 10 Fig. 11 Fig. C2 Fig. C3

(a) −0.49 0.37 −0.43 0.60
(b) −0.09 −0.03 −0.83 −0.26
(c) −0.83 −0.54 −0.94 −0.09
(d) 0.94 0.94 0.83 1.00
(e) 0.94 0.89 0.94 1.00
(f) 1.00 1.00 0.66 0.94
(g) 0.94 0.94 0.94 1.00
(h) 0.20 1.00 −0.31 1.00
(i) 0.49 0.66 0.26 0.60
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Figure C1. SO2, NO2, and aerosol horizontal transport patterns were resolved by wind speed and direction using ERA5 wind data. Panels (a),
(c), and (e) show the SO2, NO2, and aerosol column observations from Pandora and the sunphotometer (fine-mode aerosol optical depth,
unitless), and panels (b), (d), and (f) show the in situ observations at Oski-Otin. Wind information from ERA5 data at the 400 m layer (a, b),
100 m layer (c, d), and 1000 m layer (e, f). The polar plot bins the observation data (colour-coded shaded areas) by wind directions (angle
values in degrees) and wind speed (radius values in m s−1).
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Figure C2. Boxplots of SO2, NO2, and AOD / PM2.5 column-to-surface ratio binned by boundary layer height in warm seasons. Panels (a),
(d), and (g) show all observations; panels (b), (e), and (h) show observations with winds from 40± 30° directions; and panels (c), (f), and (i)
show observations with winds from 40± 30° directions. For SO2 and AOD, the wind data are from ERA5 at 300 m altitude. For NO2, the
wind data are from ERA5 at 100 m altitude. The boundary layer height is from ERA5. The SO2 and NO2 column observations are from
Pandora, AOD observations are from sunphotometers, and all surface concentrations are from the in situ instrument.

Figure C3. Boxplots of SO2, NO2, and AOD / PM2.5 column-to-surface ratio binned by boundary layer height in cold seasons. Panels (a),
(d), and (g) show all observations; panels (b), (e), and (h) show observations with winds from 40± 30° directions; and panels (c), (f), and (i)
show observations with winds from 40± 30° directions. For SO2 and AOD, the wind data are from ERA5 at 300 m altitude. For NO2, the
wind data are from ERA5 at 100 m altitude. The boundary layer height is from ERA5. The SO2 and NO2 column observations are from
Pandora, AOD observations are from sunphotometers, and all surface concentrations are from the in situ instrument.
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Data availability. Pandora data are available from the Pan-
donia network (https://data.ovh.pandonia-global-network.org/,
Pandonia Global Network, 2024). Sunphotometer data are avail-
able from https://aeronet.gsfc.nasa.gov/cgi-bin/data_display_
aod_v3?site=Fort_McKay&nachal=2&level=3&place_code=10
(AERONET, 2024). WindRASS and lidar data are available
from https://data-donnees.az.ec.gc.ca/data/air/monitor/ambient-
air-quality-oil-sands-region/pollutant-transformation-ground-
based-pollutant-monitoring-multi-parameters-validated-data-fort-
mckay-oil-sands-region/?lang=en (ECCC, 2024). Any ad-
ditional data may be obtained from Xiaoyi Zhao (xi-
aoyi.zhao@ec.gc.ca). The Wood Buffalo Environmental
Association in situ observations data are available at https:
//wbea.org/network-and-data/monitoring-stations/ (WBEA, 2024).
ERA5 data can be obtained from https://cds.climate.copernicus.eu/
datasets/reanalysis-era5-pressure-levels?tab=overview (ECMWF,
2024).
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