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Abstract. Sarnia, Ontario, experiences pollutant emissions
disproportionate to its relatively small size. The small size of
the city limits traditional top-down emission estimate tech-
niques (e.g., satellite) but a low-cost solution for emission
monitoring is the mobile MAX-DOAS (Multi-AXis Dif-
ferential Optical Absorption Spectroscopy). Measurements
were made using this technique from 21 March 2017 to
23 March 2017 along various driving routes to retrieve ver-
tical column densities (VCDs) of NO;, and SO, and to es-
timate emissions of NO, and SO, from the Sarnia region.
A novel aspect of the current study was the installation
of a NO, analyzer in the vehicle to allow real time mea-
surement and characterization of near-surface NO, /NO; ra-
tios across the urban plumes, allowing improved accuracy
of NO, emission estimates. Confidence in the use of near-
surface-measured NO, /NO; ratios for estimation of NO,
emissions was increased by relatively well-mixed boundary
layer conditions. These conditions were indicated by simi-
lar temporal trends in NO, VCDs and mixing ratios when
measurements were sufficiently distant from the sources.
Leighton ratios within transported plumes indicated peroxy
radicals were likely disturbing the NO-NO,—O3 photosta-
tionary state through VOC (volatile organic compound) ox-
idation. The average lower-limit emission estimate of NO,
from Sarnia was 1.60 £ 0.34 th~! using local 10 m elevation
wind-speed measurements. Our estimates were larger than
the downscaled annual 2017 NPRI-reported (National Pollu-

tion Release Inventory) industrial emissions of 0.9 tNO, h—L.
Our lower-limit estimate of SO, emissions from Sarnia was
1.81+0.83tSO,h~!, equal within uncertainty to the 2017
NPRI downscaled value of 1.85tSO,h~!. Satellite-derived
NO; VCDs over Sarnia from the ozone monitoring instru-
ment (OMI) were lower than mobile MAX-DOAS VCDs,
likely due to the large pixel size relative to the city’s size. The
results of this study support the utility of the mobile MAX-
DOAS method for estimating NO, and SO, emissions in rel-
atively small, highly industrialized regions, especially when
supplemented with mobile NO, measurements.

1 Introduction

Differential optical absorption spectroscopy (DOAS) is a
remote sensing technique that quantifies tropospheric trace
gases using light spectra and the unique spectral absorption
cross sections of trace gases. DOAS has been used since its
introduction by Platt et al. (1979) to measure small molecular
species including NO;, SO,, OH, BrO, NO3, NH3, ClO, and
others. One advantage of the technique is the potential for si-
multaneous quantification of multiple trace gases (e.g., SO2
and NOy) (Platt et al., 2008). The Multi-AXis DOAS (MAX-
DOAS) method allows for sensitive quantification of tropo-
spheric pollutants by measuring scattered sunlight spectra at
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multiple viewing directions and/or elevation angles. Spec-
tra measured at elevation angles close to horizon-pointing
angles have high sensitivity to ground-level gases since the
light paths are longer near the surface (Honninger et al.,
2004). Ground-based MAX-DOAS measurements quantify
total boundary layer pollution loading by determining tro-
pospheric vertical column densities (VCDs) of trace gases.
These measurements are, therefore, well suited to measuring
total emissions into an air mass. VCDs are independent of
boundary layer height, unlike mixing ratios, and are spatially
averaged (horizontally and vertically) on the order of a few
kilometres along the light path. Ground-based MAX-DOAS
can also retrieve vertical profiles of aerosol extinction and
trace gases by combining MAX-DOAS data with radiative
transfer modelling (Friess et al., 2006; Heckel et al., 2005;
Honninger et al., 2004; Honninger and Platt, 2002; Irie et al.,
2008; Wagner et al., 2004, 2011).

The recently developed mobile MAX-DOAS technique al-
lows for measurement of trace-gas emissions from a region
of interest by driving the instrument around the region. The
method can estimate emissions on a nearly hourly basis in
a region with a spatial resolution of ~ 1 km. Mobile MAX-
DOAS has been used to estimate NO, emissions from ship-
ping and industrial areas (Rivera et al., 2010), power plants
(Wu et al., 2017), and cities (Ibrahim et al., 2010; Shaiganfar
etal., 2011, 2017); validate satellite and air quality modelled
VCDs (Dragomir et al., 2015; Shaiganfar et al., 2015); esti-
mate surface NO; mixing ratios from NO, VCDs (Shaigan-
far et al., 2011); and determine the horizontal variability in
trace-gas VCDs within satellite pixels (Wagner et al., 2010).
Mobile MAX-DOAS is a top-down approach for quantifying
real-world emissions that can be used to validate bottom-up
emission inventories (Shaiganfar et al., 2011).

Sarnia, Ontario, a small Canadian city, experiences pollu-
tant emissions due to a large number of industrial chemical-
and oil-processing facilities; vehicular exhaust from the
Canada-USA international border crossing; emissions from
large ships travelling through the St Clair River; vehicular
traffic; residential heating and other anthropogenic emissions
from the city populace; and transnational air pollution from
Ohio, Illinois, and Michigan (Oiamo et al., 2011). These
sources contribute to increased levels of air pollutants such as
NO,, VOCs (volatile organic compounds), and SO;, which
are precursors of PMj 5 and O3 (Ministry of the Environment
and Climate Change, 2015). Traditional top-down methods
for quantifying pollutant emissions from small cities (e.g.,
satellite monitoring, aircraft studies) are limited by the small
footprint. Additionally, in situ air quality monitoring stations
are limited by the bias towards near-surface emissions and
undersampling of elevated emissions (Tokarek et al., 2018).

The mobile MAX-DOAS method has advantages over
satellite, aircraft, and in situ techniques. Major advantages
over satellite techniques include (1) the fact that emissions
can be estimated without the need for an a priori vertical
profile, (2) accuracy of estimates can increase rather than
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decrease for smaller source regions, and (3) emissions may
be estimated many times per day. Satellite retrievals are use-
ful for estimating top-down emissions on regional and global
scales over long periods of time (Huang et al., 2014; Kim et
al., 2014; Liu et al., 2016; McLinden et al., 2012). However,
accuracy over small regions can be limited by insufficient
pixel resolution due to horizontal averaging and retrieval re-
liance on modelled a priori vertical profiles that may not re-
solve small regions (Heckel et al., 2011). Aircraft studies can
quantify emissions from cities but are relatively expensive.
The major advantage of emissions estimates using aircraft
measurements is that one can in principle fully character-
ize the vertical profile of trace-gas concentration as well as
the vertical profile of wind vectors for an accurate horizontal
flux measurement downwind of a source (Baray et al., 2018;
Gordon et al., 2015). Major advantages of the mobile MAX-
DOAS method over aircraft techniques are that (1) MAX-
DOAS VCDs are already vertically integrated, reducing the
uncertainties due to interpolation of measurements at multi-
ple flight altitudes and (2) MAX-DOAS studies are logisti-
cally easier to conduct. However, one is still left with the un-
certainty in the vertical profile of wind vector fields. The mo-
bile MAX-DOAS technique is a solution for quantifying pol-
lutant emissions that complements the aforementioned tech-
niques as well as in situ monitoring through the ability to
observe localized surface-based and elevated emissions.

An uncertainty associated with MAX-DOAS and satellite
methods when estimating NO, emissions from NO, mea-
surements is the assumptions concerning the NO, /NO; re-
lationship in the air mass, which can be variable both spa-
tially and temporally. The NO, /NO; ratio is often assumed
to be spatially constant, taken from literature based on the
season, estimated using atmospheric modelling, or occa-
sionally taken from aircraft measurements when available
(Rivera et al., 2010). In this study, we combined the mobile
MAX-DOAS method with simultaneous mobile NO, mea-
surements (NO, NO,, NO,) to increase knowledge of the
NO, /NO; ratio in the air mass spatially and temporally in
order to improve the accuracy of the NO, emission estimates
obtained from NO, measurements. A stationary modular me-
teorological station was deployed in the airshed and pro-
vided auxiliary meteorological information, typically a ma-
jor source of uncertainty in mobile MAX-DOAS emission
estimations. Hourly wind data measured at 10 m elevation
above ground level (a.g.l.) were also available from local,
permanent monitoring stations. Vertical wind profiles were
modelled in high resolution (1 km x 1km) using version 3.9.1
of the Weather Research and Forecasting model (WRF) cen-
tered on Sarnia (42.9745° N, 82.4066° W) in an attempt to
improve upon emissions values calculated using near-surface
wind speed, since wind speeds are expected to increase with
altitude. However, intercomparison of WRF modelled winds
with measured near-surface winds during the study period
indicated poor model performance (see the Supplement S2.2
for detailed results). Emissions in this study were therefore
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calculated using the 10 m measured winds to provide lower-
limit estimates of the hourly emissions.

Our study objectives were to (1) examine the relationship
between the NO, near-ground mixing ratios and the NO;
tropospheric VCDs, (2) determine NO, and SO, emissions
from the city of Sarnia including industrial sources, (3) deter-
mine the impact of NO, /NO; variability on the accuracy of
NO, emission estimates, and (4) examine ozone monitoring
instrument (OMI) satellite intrapixel NO, homogeneity. This
study aims to demonstrate the utility of this method for deter-
mining trace-gas emissions and monitoring pollutant trans-
portation in Sarnia and similar urban and industrial areas.

2 Experimental
2.1 Location and instruments

Measurements were conducted in and around the city of
Sarnia (42.9745° N, 82.4066° W), located in southwestern
Ontario, Canada, at the border with Port Huron, MI, USA
(Fig. 1). The routes driven (Table 1) in the vehicle aimed to
capture major NO, and SO, emission sources at different
distances downwind, dependent on the prevailing wind con-
ditions. The metro area has a population of ~ 72000 (2016
census) and an area of ~ 165 km?. Sources of air pollution in
this region include emissions from large ships, anthropogenic
emissions from the cities of Sarnia and Port Huron, trans-
port from the cities of Windsor and Detroit (60 km SW), the
St Clair and Belle River power plants (20 km SSW), oil re-
fineries and chemical industry in Sarnia, and the cross-border
traffic between Canada and the USA along Highway 402.
Emissions from ships along the St. Clair River, normally a
major source, were absent during the time of our study since
the canal had not opened for the season.

A mini-MAX-DOAS instrument (Hoffmann Messtech-
nik GmbH) measured scattered sunlight spectra during 3 d:
21 March 2017 to 23 March 2017 (“Days 1 to 3”) while
mounted on top of a car in a backwards-pointing direction.
The instrument has a sealed metal box containing entrance
optics, UV fibre coupled with a spectrometer, and electron-
ics. Incident light is focused on a cylindrical quartz lens (fo-
cal length =40 mm) into a quartz fibre optic that transmits
light into the spectrometer (Ocean Optics USB2000) with a
field of view of approximately 0.6°. The spectrometer has a
spectral range of 290—433 nm and a 50 um wide entrance slit,
yielding a spectral resolution of ~ 0.6 nm. The spectrometer
is cooled and stabilized by a Peltier cooler. Spectrometer data
were transferred to a laptop computer via USB cable. Spectra
were obtained with an integration time of ~ 1 min with the
continuously repeating sequence of viewing elevation angles
(30, 30, 30, 30, 40, 90°). The vehicle was driven at a low
but safe target speed of 50kmh~! when possible to provide
a spatial resolution of ~ 1km, but speeds were occasionally
up to 80kmh™! when necessary. Tropospheric VCDs were
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estimated from the 30 and 40° elevation angle spectra. The
40° spectra allow for verification that aerosol levels were
sufficiently low to determine VCDs without radiative trans-
fer modelling since VCDs obtained from both angles should
be equal within 15 % under low to moderate aerosol load-
ing conditions (Wagner et al., 2010). The cool temperatures
in March aided in this as secondary organic aerosol loading
tends to be low in this season due to an absence of biogenic
emissions.

A model 42 chemiluminescence NO-NO,-NO, analyzer
(Thermo Environmental Instruments Inc.) mounted in the ve-
hicle measured NO, NO,, and NO, (NO+NO,) near-surface
mixing ratios. A PTFE inlet tube (5m length and I.D. =
1/41n.) was mounted above the front vehicle window on the
passenger side (~ 1.5 m above ground). The instrument alter-
nately recorded average NO-NO,—NO, mixing ratios with a
temporal resolution of 1 min. Most of the routes were driven
downwind of Sarnia on rural remote roads with little to no
traffic such that NO, emissions from other vehicles were
not a concern. When NO, from other vehicles was a poten-
tial concern, data were filtered out via careful note taking.
The instrument indirectly measures NO, by subtracting the
NO chemiluminescence signal obtained when air bypasses a
heated molybdenum (Mo) convertor from the successive to-
tal NO, chemiluminescence signal obtained when air passes
over the Mo convertor. The NO, analyzer can overestimate
NO, and NO; due to the potential contribution of other non-
NO;, reactive nitrogen oxides (NO;) other than NO; that can
also be reduced to NO by the Mo converter (HNO3, HONO,
organic nitrates, etc.), leading to an overestimation (Dunlea
et al., 2007). Since this overestimation is more important in
low NO, regions, only data with NO, mixing ratios > 3 ppb
were used. Mixing ratios of < 3 ppb NO, were only mea-
sured outside of plume-impacted regions when NO, VCDs
were also low. The potential error in NO, /NO> ratios is ad-
dressed further in Sect. 3.2. NO, mixing ratios can also have
an error when successive NO and NO, measurements oc-
curred in areas with a significant temporal gradient in the
NO, emissions. Such gradients were seen due to passing ve-
hicles or localized industrial NO, plumes. These data were
removed based on records of passing vehicles and other lo-
cal near-surface sources or whenever the NO, mixing ratios
were reported as negative. Few data points were removed be-
cause the routes driven were primarily rural roads with ex-
tremely low traffic density.

Aura satellite ozone monitoring instrument (OMI) data
were obtained for overpasses of the Sarnia, Ontario, area
for Days 1 and 3. Tropospheric NO; VCDs are the NASA
Standard Product Version 3.0 with AMFs (air-mass factors)
recalculated using the Environment and Climate Change
Canada regional air quality forecast model GEM-MACH.
The OMI instrument makes UV-Vis solar backscatter ra-
diation measurements with a spatial resolution of 13km x
24km at nadir and up to 28km x 150km at swath edges
(Talongo et al., 2014). The NO; detection limit of OMI is
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Figure 1. Location of industrial NO, and SO, emission sources and meteorological stations in the Sarnia area.

Table 1. Daily meteorological conditions, number of routes, and time period of routes driven. Wind speed from SLEA LaSalle Road;
temperature and relative humidity from portable meteorological station Day 1 and Day 2 and from Moore Line station Day 2.

Date Number of Measurement Average Prevailing Average Average  Emission
routes local wind speed  wind temperature relative  area
driven time period (km hfl) direction (°C)  humidity (%) measured
21 Mar 2017 4 10:26-13:16 15 Westerly 10 50 City of Sarnia
22 Mar 2017 1 17:22-17:41 8 Northerly -3 52 City of Sarnia
23 Mar 2017 2 11:10-11:57 15 Southerly 1 42 NOVA Chemicals

industrial facility

5 x 10" molec.cm™2 (Talongo et al., 2016). The OMI data
used were screened for row anomalies that have affected
OMI data since June 2007 (Boersma et al., 2007).

2.2 MAX-DOAS determination of VCDs

Trace-gas differential slant column densities (DSCDs) were
obtained using the DOAS technique (Platt et al., 2008) with
the spectral fitting range of 410—435nm for NO; at 293K
and 307.5-318 nm for SO, at 293 K. All trace-gas cross sec-
tions used were from Bogumil et al. (2003). For both gases,
spectral fits also included a Fraunhofer reference spectrum
(FRS), ring spectrum created from the FRS, O3 cross sec-
tions at 223 and 297K, and a 3rd-order polynomial. The
NO; cross section was included in the SO; fits. Formalde-
hyde (HCHO) was not included in the fits for SO, as it
was expected to be very low and did not affect the resid-
uals for the SO, fits. NO, DSCDs from Day 1 were fit
against a single, same-day FRS obtained in a low-pollutant
region near solar-noon time. These DSCDs were corrected
for SCD(FRS) and SCD(solar zenith angle (SZA)) contri-

Atmos. Chem. Phys., 19, 13871-13889, 2019

butions using the DSCDyfse¢ method (Wagner et al., 2010).
The SCD(FRS) is the constant tropospheric trace-gas SCD
component present in the FRS that causes an underestima-
tion in the fitted DSCD. The SCD(SZA) is the difference be-
tween the stratospheric trace-gas component in the FRS and
the measured non-zenith spectra. SCD(SZA) varies over time
of day (f;), maximizing overestimation in the DSCD early
and late in the day. The sum of SCD(FRS) and SCD(SZA)
is collectively known as the DSCDyftser. The DSCDoffser ()
function was estimated by fitting a 2nd-order polynomial to
multiple pairs of DSCDs of spectra (non-zenith and zenith
from the same sequence), described in detail in Wagner et
al. (2010).

The DSCDyffser polynomial is most accurate when suc-
cessive spectra in each sequence observe similar mixing ra-
tio fields, and measurements obtained many data points over
most of the daylight hours. However, routes on Days 2 and
3 included driving in and out of both high- and low-NO, re-
gions within short time periods and thus met neither of the re-
quirements listed above for the DSCDffser method. On these

www.atmos-chem-phys.net/19/13871/2019/
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days, a second method was used where NO, DSCDs were fit
against an FRS spectrum obtained close in time (< 25 min)
along each respective route in a low-pollutant region. The im-
pacts of SCD(FRS) and SCD(SZA) on the retrieved DSCDs
can be assumed to be negligible since each FRS was from
a low-pollutant area and obtained close in time, respectively.
This method was also used for the Day 1 SO, route since lim-
ited data were available but included background SO, mea-
surements close in time.

For all routes, trace-gas tropospheric VCDs were deter-
mined by assuming a single scattering event occurred for
each photon such that the air-mass factor (AMF) depended
only on the viewing elevation angle, ot, AMFqp (o) ~ @
(Brinksma et al., 2008; Wagner et al., 2010). This “geometric
approximation” is most valid under low to moderate aerosol
loading and has been shown to deviate from the typically
more accurate radiative transfer modelling by up to +20 %
under moderate aerosol loading (Shaiganfar et al., 2011).
Day 1 VCDs were calculated following Eq. (1):

DSCDypeas (o, #;) +DSCDotfser (1) )
1

sin(«,t;)
Days 2 and 3 NO, and Day 1 SO, VCDs were calculated
following Eq. (2):

DSCDyeqs (@, 1)
— 1 @

sin(a, ;)

VCDtrOp ==

VCDyrop ~

The VCD of SO, was above detection limit on only two oc-
casions in this study (both on Day 1), in contrast to NO,. The
detection limit of SO is higher than NO, for several reasons;
first, it’s differential cross section is less than that of NO,;
second, its absorption features are in the UV wavelength re-
gion where scattered sunlight intensity is much less than that
in the visible region. The fast measurements required in mo-
bile DOAS also allow for limited averaging of spectra com-
pared to stationary measurements (Davis et al., 2019), where
detection of industrial SO, plumes is easier. Therefore, SO,
DSCDs were only above detection limits for Day 1 routes 3
and 4 when the light levels were highest, and the vehicle ob-
served the combined plumes of the largest SO, sources in the
area.

2.3 Estimating trace-gas emissions from MAX-DOAS
VCDs

Trace-gas emission estimates were calculated following a
flux integral approximation Eq. (3):

. MW
E= [Z (VCDoutfiow,i — VCDinfiux,i) wi sin (ﬁi)ds} o
3)

where VCDgutfiow,; 1 the VCD measured at position i along
the route s for distance ds, VCDipayx ; is either the measured

1
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influx values or the estimated background VCD value, w; is
the wind speed, B; is the angle between the driving direc-
tion and the wind direction, MW is the molecular weight of
the target gas, and Av is Avogadro’s number. Transect routes
were designed to observe both within and beyond emission-
impacted areas since routes encircling the emission sources
were often not possible. Flux integrals were calculated us-
ing portions of the transects impacted only by the Sarnia ur-
ban and industrial plume in cases where plumes from other
sources impacted the transect (i.e., Day 1; USA power plant
plumes). In these cases, the endpoints of integration were
chosen judiciously where NO, VCDs and surface mixing ra-
tios decreased to a minimum at the edge of the Sarnia emis-
sions. This method assumes that the wind field and trace-gas
emission rates are constant during the time required to drive
a route. The validity of this assumption improves with de-
creased time for driving route completion. The Sarnia region
is ideal for this method since a small geographical area con-
tains the majority of the emissions and is surrounded on three
sides by rural regions with low anthropogenic emissions.

A potential source of uncertainty in mobile MAX-DOAS
emission estimates is variation in the wind fields and/or
source emission rates while driving (Ibrahim et al., 2010;
Wu et al., 2017). Previous studies have estimated wind fields
from local meteorology stations (Ibrahim et al., 2010), me-
teorological models (Shabbir et al., 2016; Shaiganfar et al.,
2011, 2017), or lidar measurements (Wu et al., 2017). In our
study, wind field information was obtained from a modular
weather station (Nova Lynx 110-WS-25DL-N) that we de-
ployed near one of the driving routes (42.8148, —82.2381)
(Fig. 1) and from meteorological ground stations in the area
(Fig. 1, Table S1, Fig. S1 in the Supplement). The modular
weather station measured wind speed and direction, tempera-
ture, relative humidity, and barometric pressure at 2 m above
the surface every 30s. Wind data were available from the
Sarnia-Lambton Environmental Association (SLEA) LaSalle
Road (42.911330, —82.379900) and Moore Line (42.83954,
—82.4208) meteorological stations that are located near the
driving routes (Fig. 1). These stations were surrounded by
flat fallow farmland for at least 4km on each side and thus
should reflect total boundary layer for plumes transported
away from the city more than the urban stations (Fig. S1).
The hourly wind direction data from the modular and per-
manent stations exhibited similar values (££10°) and trends
on Day 1 (Fig. S2). Wind directions for Days 2 and 3 were
obtained by determining the angle of a vector drawn be-
tween the geographical locations of the maximum NO, VCD
enhancements and the industrial facilities expected to have
emitted the plumes. These map-determined wind directions
were consistent (+=10°) with the data from the station(s) clos-
est to the driving route. Comparison of wind-speed data on
Days 2 and 3 was not possible due to a technical issue with
the modular weather station on these days.

The NO, VCD influx (background VCD) was estimated
on Day 1 since measurement was impossible along the
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western border of Sarnia due to the road configuration and
proximity of industrial emissions. A NO; VCDijpaux = 2 X
10" molec.cm™2 was estimated based on OMI VCDs of ~
1.5-3.5 x 10" molec. cm~2 from the area east of Sarnia that
are expected to be similar to the NO; regime west of Sarnia.
These pixels are expected to be unaffected by other sources.
The influx would be expected to be impacted by vehicular
and residential emissions from the small city of Port Huron,
USA, on the west side of the St Clair River (Fig. 1), which
has limited industry but a moderate level of commercial
vehicle activity due to border crossings. A Ist-order emis-
sion estimate of vehicular NO, emissions from Port Huron
from daily-reported traffic counts results in an upper limit of
NO> influx VCD of ~ 1 x 10" molec. cm—2 (see the Supple-
ment S4). True influx would vary along the length of the mea-
surement transect, depending on what sources are upwind of
the location. Halla et al. (2011) measured NO; tropospheric
VCDs using MAX-DOAS in a similar region approximately
70 km southeast of Sarnia. The observed NO, VCDs in that
study ranged from 0.01 x 10'® to 1.25 x 10'® molec.cm™2
with a median value of 2 x 10'% molec. cm™2, which is ex-
pected to be representative of background NO; columns in
this region. The highest VCD in that study was attributed
to the transport of industrial emissions from the Sarnia area
and/or from Detroit, MI, to the northwest and west of the site,
respectively (Halla et al., 2011). Based on the range of VCDs
from literature, vehicular emission estimates, and satellite
measurements, a background VCD of 2 x 10" molec. cm™2
is a reasonable estimate, and emissions sensitivity tests were
conducted using influx VCDs of 0.5-3 x 10> molec.cm™2
(the Supplement S5). In contrast, the NOy VCDjuux On
Days 2 and 3 and SO, VCDjuqux on Day 1 were determined
from the average VCDs measured in the low-pollution area
of each transect.

Determination of NO, emission estimates from NO,
measurements

NO, emissions were estimated using Eq. (4) from the NO,
flux integral and the average NO, /NO; ratio (NO, > 3 ppb)
measured by the NO, analyzer along the route. The emis-
sion values were then corrected for expected NO, loss during
transport using a NO, lifetime, 7. NO, emission estimates
were calculated as follows:

N_Oxe(‘/*u) )
NO,

Eno, = ENo, -

where t is NO, lifetime, w is wind speed, and y is the dis-
tance between the NO, source and the measurement loca-
tion. For routes where individual NO, /NO, ratios deviated
significantly from the route average, the NO, emission es-
timates were calculated by applying (1) the route-averaged
NO, /NO; ratio and (2) individual NO, /NO, ratios associ-
ated with each NO; VCD point by point. Multiple factors de-
termine NO, lifetime in a plume. A NO, lifetime of 6 h was
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Figure 2. NO; mixing ratios and NO, VCDs along routes 1-4 on
Day 1 (a—d) and route 1 on Day 2 (e). Uncertainties in measured
NO; mixing ratios are £0.5 ppb. Uncertainties in the NO, VCD
are given by oycp = [(0.25VCD)? + (5 x 104 molec. cm—2)2]1/2.

used in this study based on considerations given in Sect. 3.3.
A sensitivity analysis was performed varying the lifetimes
between 4 and 8 h (the Supplement S7). The conversion fac-
tors used to calculate NO, emissions for each route can be
found in Table S8. The NO, /NO; ratios are more fully ad-
dressed in Sect. 3.2 and the NO, lifetime is addressed in
Sect. 3.3.

3 Results and discussion

3.1 Relationship between NO, VCDs and
NO-NO,-NO, analyzer measurements

Figure 2 shows that the enhancements in NO, VCDs down-
wind of Sarnia were generally associated with NO; sur-
face mixing ratio enhancements during Days 1 and 2. This
suggests that pollution from Sarnia was well-mixed within
the boundary layer at the measurement locations, typically
14-23 km downwind of sources (Figs. 3 and 4). However,
the ratio of NO, VCD to NO; mixing ratio was sometimes
variable even during relatively short time periods when the
boundary layer height was expected to be constant (Fig. 2a).
This variability was probably due to the presence of multiple
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NO, plumes that had originated from sources with different
heights (i.e., stacks and surface sources) and emission rates.

In contrast to Days 1 and 2, NO, VCD enhancements on
Day 3 were not consistently associated with NO, surface
mixing ratio enhancements (Figs. 5 and 6). A large surface
enhancement (NO, = 22 ppb) was observed at the location
of the VCD NO; enhancements (~ 2.5 x 10'® molec.cm™2)
associated with the NOVA Chemicals industrial plume on
route 2 (Figs. 5b and 6b) but not on route 1 (Figs. 5a and 6a).
This discrepancy is likely due to the closer proximity of the
driving route to the source compared with Day 1, combined
with limited vertical mixing of the plume. The relatively long
sampling time of the NO, analyzer with a relatively fast driv-
ing speed on this route may also have led to an underestima-
tion of the true NO, values for this localized plume.

3.2 NO,/NO; ratios

The NO, /NO; ratio is necessary to estimate NO, emissions
from the source, given measurements of NO, VCDs (Eq. 4).
Ratios of NO,/NO; (Table 2) measured along the routes
on Days 1 and 3 were within 20 % of the route-averaged
value with a relative standard deviation of less than 12 %.
NO, /NO; ratios tended to increase at locations associated
with transported plume centerlines, as expected due to an in-
crease in NO emissions from the sources (see Fig. 7), and
exhibited the greatest variability in air masses affected by
sources with different altitudes and emission rates. Day 1,
route 1 exhibited variable NO, /NO; ratios due to emissions
from the power plants across the river in Michigan, residen-
tial and vehicular traffic, and industrial emissions (Figs. 3a
and 7).

Potential errors may exist in the NO, /NO; ratio due to the
presence of other NO, species in the air mass (e.g., HNOs3,
HONO, NOs3, N»Os, organic nitrates, etc.) that are also con-
verted to NO by the Mo convertor in addition to NO, (Dunlea
et al., 2007). However, these errors are smaller than might be
expected due to the presence of the error in both the numer-
ator and the denominator of the ratio, NO, /NO; = (NO +
NO,)/NO,, thus partially offsetting each other. For example,
at an apparent NO,. /NO; ratio of 1.40 (average in Table 2),
a 10 % and 30 % error in the reported NO, due the presence
of other NO, species gives rise to errors of only —2.6 % and
—6.6 % in the measured NO, /NOs ratio, respectively. Math-
ematically, the error in the NO, /NO; ratio becomes larger as
the percentage of NO in the total NO, increases. However,
since most of the interfering NO, species are generated pho-
tochemically, or only at night (NO3, N>Os) increasing with
reaction time and distance away from the source, the percent-
age of interfering species is smaller at higher values of to-
tal NO and NO,. Under significantly intense photochemical
conditions in the Mexico City metropolitan area (MCMA)
field campaign in 2003, the interference in the chemilumi-
nescence monitors resulted in average NO, concentrations
being 22 % higher than those determined from spectroscopic
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measurements (Dunlea et al., 2007), which would give rise
to an error in the NO, /NO; ratio of <5 %. In the current
study we estimate that the resultant negative bias in the mea-
sured NO, /NO» ratio does not exceed —5 % for several rea-
sons: (i) we filter out low-NO, data (< 3 ppb), (ii) the emis-
sion integral is dominated by regions with high NO, that are
spatially and temporally close to the sources, and (iii) pho-
tochemistry was reduced during this spring campaign. The
uncertainty that arises from potential errors in the NO, /NO;
ratio is insignificant compared to other errors (see Table S9).
It is also worth noting that NO; measurements by the NO,
analyzer are not directly used for the calculation of emis-
sions; only the NO, /NO; ratio is used.

Previous mobile MAX-DOAS studies have relied on lit-
erature estimates of the NO,/NO;, ratio (Shabbir et al.,
2016; Shaiganfar et al., 2011) or estimated the ratio from
a Leighton ratio calculated using local air quality station
data (Ibrahim et al., 2010). In regions with many pollutant
sources throughout (e.g., megacities), this ratio is expected
to be horizontally and vertically inhomogeneous. The ratio
can therefore be challenging to estimate and can increase
the uncertainty in the NO, emission estimate. Estimation of
NO, /NO; ratios from near-surface monitoring stations can
be problematic because the ratios are applied to a VCD but
may reflect only local emissions (e.g., nearby vehicular ex-
haust) rather than the total boundary layer. In this study, NO,
data impacted by local emissions were removed. Also, the
Sarnia emissions were expected to be well mixed compared
to the surface since most of the transects were driven suf-
ficiently far from the sources. Therefore, the near-surface
NO, /NO; ratios should be representative for the altitude
range of the dispersed NO, plume(s). This hypothesis is sup-
ported by the similarity between the NO; surface and VCD
temporal trends during the study, especially on Days 1 and 2
(Fig. 2).

3.3 NO; lifetime

Various lifetimes of NOy, t, have been used in previous mo-
bile MAX-DOAS studies for the calculation of NO, emis-
sions from NO, measurements: 6 h in Germany (Ibrahim et
al., 2010), 5h in Delhi (Shaiganfar et al., 2011), 5h in China
(Wu et al., 2017), and 3h in summer and 12h in winter in
Paris (Shaiganfar et al., 2017). In Beirle et al. (2011), the day-
time lifetime of NO, was quantified by analyzing the down-
wind patterns of NO, measured by satellite instruments and
shown to vary from ~4h in low- to midlatitude locations
(e.g., Riyadh, Saudia Arabia) to ~ 8 h in northern locations
in wintertime (e.g., Moscow, Russia). In a follow-up study,
Valin et al. (2013) showed that one cannot assume that t
is independent of wind speed and derived values of 7 from
the satellite observations over Riyadh to be 5.5 to 8 h, corre-
sponding to OH levels of 5-8 x 10° molec.cm ™ at high and
low wind speeds.

Atmos. Chem. Phys., 19, 13871-13889, 2019
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Figure 4. NO, VCDs measured on Day 2 route 1.
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Table 2. NO, /NO, ratios for routes driven.

13879

Date Day’sroute  Measurement local Number of Average+ 1o  Median
number time period points
21 Mar 2017 1 10:26-11:06 37 1.53£0.12 1.49
21 Mar 2017 2 11:22-11:45 23 1.45£0.06 1.44
21 Mar 2017 3 12:09-12:28 18  1.36£0.07 1.37
21 Mar 2017 4 12:34-13:16 24 1.29£0.06 1.31
22 Mar 2017 1 17:22-17:41 10 1.494+0.53 1.30
22 Mar 2017 1 17:22-17:41* 9 1.32+£0.08 1.30
23 Mar 2017 1 11:10-11:19 5 1.39£0.09 1.39
23 Mar 2017 2 11:42-11:57 9 146=£0.17 1.52

The 22 March 2017 17:22-17:41* data had the peak NO, plume location NO, /NO; value removed.
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Figure 5. NO; mixing ratios and NO, VCDs measured on Day 3
along (a) driving route 1 and (b) driving route 2. Uncertain-
ties in measured NO; mixing ratios are =£0.5ppb. Uncertain-
ties in the NO, VCD are given by oycp = [(0.25VCD)2 + (5 x
1014 molec.cm_z)z]l/z.

Multiple factors determine NO, lifetime in a plume, in-
cluding season (e.g., insolation) (Liu et al., 2016); latitude;
wind-driven dilution (Nunnermacker et al., 2000; Valin et al.,
2013); NO,. emission rate and initial dilution (Nunnermacker
et al., 2000); temperature; hydroxyl radical levels (OH); and
precursors to OH including O3z, HyO, and HONO. Very im-
portantly, the daytime lifetime of NO, is a nonlinear func-
tion of the NO, concentration itself, having longer lifetimes
at high and low concentrations with the shortest lifetimes at
intermediate NO, concentrations due to the impact on OH
levels in a nonlinear feedback on its own lifetime (Valin et
al., 2013). The NO, lifetime is ultimately dependent on the
OH levels since this dictates the loss rate of NO; to its ter-
minal sink (NO; + OH — HNO3). However, the presence of
VOC:s in the urban plume, which are catalytically oxidized
forming O3 in the presence of NO, and HO, (OH + HO»),
can decrease the NO, lifetime due to their acceleration of
the conversion of NO to NO, via peroxy radical reactions
(RO; +NO — NO; +RO"). Therefore, NO, lifetimes can
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vary both spatially and temporally (Liu et al., 2016), even
within the same plume (Valin et al., 2013). Underestimation
of the true NO, lifetime leads to overestimation of the NO,
emissions, while an overestimate leads to an underestimation
of the emissions.

While photolysis of HONO is often the major source of
OH in the morning boundary layer (Platt et al., 1980; Al-
icke et al., 2002), midday production of OH via photolysis
of O3 and subsequent reaction of O (D) with water is fre-
quently the dominant source of OH. Assuming O('D) is in
steady state, it can be shown that when ozone photolysis is
the main source of OH, the product of the mixing ratios of
H»0 and O3 is proportional to the production rate of OH. In
this study, the [H>O] - [O3] product was calculated using sur-
rounding station measurements (see the Supplement S8.1).
The [H>O] - [O3] product indicates that midday OH produc-
tion under the spring conditions for Days 1 and 2 is only
10 %25 % of the expected OH production under warmer,
more humid summer conditions, presuming that O3 photoly-
sis predominates. This might suggest OH levels were lower
in our study than during summer, and hence NO, lifetimes
longer. However, we assume this with caution as the HONO
production is not known nor are the loss rates of OH.

As mentioned, the presence of VOCs can decrease the life-
time of NO, under conditions where NOy is sufficiently high
to dominate the peroxy radical reaction path. To test for the
presence of VOCs in the plumes (in the absence of measure-
ments), Leighton ratios, ¢ (Leighton, 1961), were calculated
at locations of maximum NO, VCD associated with Sarnia
plumes. Leighton ratios were calculated following Eq. (5)
(see the Supplement S8.2 for details):

_ JNOo, [NOz]
kg [NO][O3]’

where jNo, is the NO; photolysis rate, kg is the temperature-
dependent rate constant for the reaction between NO and
Os. Leighton ratios equal to 1.0 indicate that NO, NO,, and
O3 are in steady state with no significant interference from
other species, while ratios of ¢ greater than 1.0 imply the
role of other peroxy radical species (e.g., ROz, HO») in the

¢ ®)
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Figure 7. NO, VCDs and NO, /NO, ratios on Day 1 route 1.
Detection of Michigan power plants’ plume(s) (left) on east—
west transect and Sarnia plume (right) on north—-south transect
are highlighted in pink and blue, respectively. Uncertainties in
measured NO,/NO, ratios are 5% (~ £0.075). Uncertain-
ties in the NO, VCD are given by oycp = [(0.25VCD)2 + (5 x
1014molec.cm_2)2]1/2.

conversion of NO to NO; (Finlayson-Pitts and Pitts, 2000).
The NO,/NO ratios were obtained from the NO, analyzer
measurements; O3 mixing ratios were obtained from local
monitoring stations during the same daytime periods as the
transects. Values of jno, were estimated using SLEA Moore
Line station solar irradiance data (Fig. 1; Table S1) and solar

Atmos. Chem. Phys., 19, 13871-13889, 2019

zenith angle following the method in Wiegand and Bofinger
(2000).

Table 3 shows Leighton ratios calculated at the locations
of maximum NO; VCD enhancements. Calculated Leighton
ratios were significantly greater than 1 (¢ = 1.7-2.3) at peak
NO, locations on Day 1 (Table 3). Even if we consider a po-
tential bias of +20 % in the NO, measurements by the NO,
analyzer for reasons outlined in Sect. 3.2 (highly unlikely
in a fresh NO, plume), a 420 % bias in the Leighton ratio
would still give ¢ = 1.4-1.9. We interpret this as an indica-
tion that significant levels of peroxy radicals were present
in the plume, presumably from VOC oxidation by the OH
radical. This is consistent with high VOC emissions from
the petrochemical facilities in Sarnia, with emission rates
> 300tyr~! each for four of the top six industrial NO, emit-
ters in Sarnia (Environment and Climate Change Canada,
2018d). The Day 2 Leighton ratio of less than 1.0 in Table 3
suggests a relatively fresh plume (only 4 km downwind of a
facility) that had not come to photostationary state.

Thus we have indications that OH production may be
lower than summer time leading to longer NO, lifetimes and
we have indications that VOC oxidation in the plume may be
significant leading to shorter NO, lifetimes than air masses
where the photostationary state in NO, is valid. Without fur-
ther information, we have opted to assume a central NO,
lifetime of ~ 6h. Sensitivity calculations were conducted
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Table 3. Calculated Leighton ratios for selected plume maximums on Day 1 and Day 2.

Date Local JNo, Solarirradiance  Solar zenith O3 mixing Measured NOp/NO  Calculated Leighton

time (x 1073 57]) W m72) angle ratio (ppb) (ppb ppbfl) ratio*
21 Mar 2017  11:00 5.23 564 35 18 1.7 1.61
21 Mar 2017  11:30 5.65 600 40 23 2.2 1.76
21 Mar 2017  12:15 6.44 675 43 23 2.2 2.01
22 Mar 2017  17:28 2.71 300 23 10 0.5 0.44

* Note that Leighton ratios, ¢, could be biased high by as much as +20 % from the NO; component of NOy, measured by the NO, analyzer but likely much lower due to it being

a fresh urban and industrial NOy plume.

for NO, emission estimates using a range of lifetimes of
4-8h (the Supplement S7). Varying the lifetime from £2h
changed the emission estimates by < 15 % for all routes ex-
cept for Day 1 route 1 due to low wind speeds during that
route (30 % change).

For the calculation of SO, emissions, SO, was assumed
to have a sufficiently long lifetime in the boundary layer so
as to be conserved between the emission and measurement
location. Note that cloud processing of SO, was assumed to
be negligible since SO, measurements were completed on a
mostly cloud-free day.

3.4 Emission estimates
3.4.1 Emission estimates of Sarnia

The VCDs measured are shown in Figs. 3—6, while the NO,
emissions calculated using Eqgs. (3) and (4) are shown in
Table 4. The values of VCDjpaux required for the calcula-
tions were typically determined from measurements of VCD
in low-pollution transect areas. However, the VCDjpayx on
Day 2 was not determined in this way since these DSCDs
were close to zero within error (Figs. 2 and 4). The VCDjpqux
is expected to be low on Day 2 because the north wind direc-
tion indicates that the air masses originated from over Lake
Huron. These low values were probably due to low light lev-
els during measurement, insufficiently long integration times
(low signal to noise ratio), and NO; background VCD val-
ues below the instrument’s limit of detection. A low value
of VCDjpfiux = 0.5(£0.5) x 10" molec.cm~2 was therefore
assumed.

The emissions were calculated in two ways: (i) using a
route-average NO, /NO; ratio value for each route estimate
and (ii) using individual NO, /NO; ratios co-located with
each VCD measurement. For Day 1 route 1, the route av-
erage NO, /NO, ratio was 1.53+£0.12ppbppb~! with the
difference between the calculated emission rates using the
two methods being only 3 %. Day 1 routes 2—4 exhibited
small variability in NO, /NO; (Table 2), and the variation
in the NO, /NO; ratio impacted emission estimates by less
than 5 %.

However, the difference between emission estimates cal-
culated using individual NO, /NO; ratios versus a route-
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averaged value can be nontrivial, as observed with the Day 2
route 1. Day 2 had consistent northerly wind conditions, and
east—west transects were driven south of Sarnia to capture
the urban plume and background regions to the east (Fig. 4).
The resultant Sarnia NO, emission using the first method is
consistent with the first three Day 1 emission estimates but
the application of the second method (individual NO, /NO;
ratios collocated with each VCD) increased the emission es-
timate by ~ 50 % (Table 4 and Fig. 8). The NO, /NO; ratio
was generally consistent with the averaged value of 1.3 (max-
imum NO, /NO, removed) but increased to 3 in the region
of maximum NO; VCD enhancements 7 km south of the
NOVA Chemicals facility (Table 2). The calculated Leighton
ratio for this peak NO, /NO; ratio location is less than 1 (see
Sect. 3.3 and Table 3). The Leighton ratio suggests the plume
from the NOVA Chemical facility had significant NO that
had not had sufficient time to come to a photostationary state.
The emission estimate using individual NO, /NO; ratios is
considered the more accurate value for this route compared
to the emission value calculated using the route-averaged ra-
tio.

The importance of measuring the local NO, /NO> ratio is
also illustrated by observing variation in the ratio due to the
impact of the Michigan power plant plumes, apparent in the
Day 1 route 1 east—west transect (Fig. 3a). The NO, /NO; ra-
tio along this transect increased to ~ 1.7 (Fig. 7), higher than
the maximum NO, /NO; ratio observed in the north—south
transect downwind of Sarnia. A higher ratio is somewhat un-
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Table 4. Lower-limit NO, emission estimates from 10 m elevation wind speeds.

Date Emission Daily route  Lower-limit NO, ~ NPRI NO,

source number (th™ 1 ) (th™ 1 )
21 Mar 2017  Sarnia 1 1.6+0.8 0.9
21 Mar 2017  Sarnia 2 1.2+£0.5 0.9
21 Mar 2017  Sarnia 3 1.4+£0.5 0.9
22 Mar 2017  Sarnia 1 1.5+£0.6 0.9
22 Mar 2017  Sarnia 1* 22+0.8 0.9
23 Mar 2017 Nova Chem 1 0.27£0.1 0.14
23 Mar 2017 Nova Chem 2 0.29+0.1 0.14

* Calculated using individual NOy /NO, ratios.

expected because the distance between the source and recep-
tor measurement for the power plant source was greater than
the source-receptor distance for the Sarnia sources. Thus,
the power plant plume would have been expected to be more
aged, but the results suggest that the power plant plumes had
a slower conversion of NO to NO; perhaps due to higher ini-
tial mixing ratios of NO, (Nunnermacker et al., 2000). Very
high NO mixing ratios in a power plant plume (i.e., > 40 ppb)
could completely titrate the ambient O3 in the air entrained
into the plume, an observation previously seen in power plant
plumes (Brown et al., 2012).

The east—west transect appears to have captured approxi-
mately half of the power plant plume since the NO, VCDs
and the NO; mixing ratios increase from background to a
plateau at a maximum (Fig. 2a). A preliminary estimation of
the NO, and SO, emissions from the power plants can be de-
termined by scaling up the flux integral from the appropriate
section of the east—west transect by a factor of 2. While this
is highly uncertain, we do this to make a 1st-order estimate
of the power plant plumes on the US side of the border. In
this case, we have used VCDjpfiux = 2-3 X 10" molec. cm™2
for NO, and zero for SO, since the background region SO,
DSCDs were at or below detection limits. The NO, estimate
used individual NO, /NO> ratios because the NO, /NO; ra-
tio was significantly higher in the plume than outside the
plume. This illustrates the importance of in situ instruments
of NO, /NO,, especially when close to the source where
plume NO, /NO; ratios can be variable (Valin et al., 2013).
Given the above assumptions, a tentative 1st-order estimate
of the total emissions from the power plants are 0.31-
0.46tNO, h~! and 0.77tSO>h~!, respectively. The hourly
emissions of the power plants from reported 2015 annual
values are 0.74tNO, h™! and 2.56 tSO,h™! (United States
EPA, 2018). Our hourly estimates are only preliminary since
only half of the plume (approximately) was captured by the
measurement transect.

The NO, emission estimates from Sarnia from Day 1 are
consistent within 25 % and are consistent with the Day 2 es-
timates within the calculated error of approximately +45 %
(Fig. 8, Table 4). Some variability between the emission esti-
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mates is expected due to wind data uncertainties, NO, /NO;
vertical profile variability, errors introduced by using a con-
stant VCDjuqux and NOy lifetime, and temporal variations in
emissions from the source.

Conversion of the hourly-measured emissions to annual
emissions would require knowledge and application of daily,
weekly, and seasonal emission profiles, which is beyond the
scope of this work. The mobile MAX-DOAS emission esti-
mates are reported in units of tonnes per hour since routes
were completed within < 40 min. Events such as flaring can
significantly increase the instantaneous emission rate but are
excluded from the annual emission inventory data. How-
ever, there was no reported flaring during the measurement
period (Ontario Ministry of the Environment, Conservation
and Parks —- MOECC, personal communication, 2017). NO,
emissions from petrochemical facilities, excluding flaring,
typically have low variability during periods of continuous
operation. According to Ryerson et al. (2003), variation in
average hourly NO, emissions from a petrochemical facil-
ity reported by industry (continuous emissions monitoring
system data) was < 10 % from an average of the hourly-
averaged emissions over 11d in Houston, Texas. However,
this trend may be different for the chemical industry. A Ist-
order comparison to the 2017 National Pollution Release In-
ventory (NPRI) values (downscaled by assuming constant
emissions) was made to determine whether our measured
Sarnia emissions are reasonable. The NPRI value is the sum
of the NO, emissions from the top nine industrial emitters
of NO, in Sarnia, whose emissions would have been cap-
tured along the driving routes. The NPRI requires signifi-
cant point-source industrial facilities to report their pollu-
tant emissions, but the method of estimating emissions can
vary by facility (Environment and Climate Change Canada,
2015). The NPRI emission value does not include mobile
and area sources from the Sarnia region. Thus, the NPRI
emission inventory values for Sarnia would be expected to
be smaller than our measured emissions because of this ex-
clusion. The measured NO, emissions are larger than the
2017 NPRI value but not statistically so (Fig. 8; Table 4).
The exception is the Day 1 route 1* value, which is statisti-
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cally higher. The average of the four NO, emission estimates
from Sarnia is greater than the 2017 NPRI value. These re-
sults demonstrate that our measured emission rates are rea-
sonable. Future mobile MAX-DOAS studies could focus on
determining diurnal trends in emissions by driving multiple
routes at as many times of the day as possible on multiple
days, seasons, and weekdays or weekends. Measurements
of vertical wind profiles could reduce emission uncertainty
to allow for identification of temporal trends by comparing
same-day measurements.

Apart from NO,,, we were also able to estimate SO, emis-
sions from the Sarnia urban and industrial region during one
route when the SO, DSCDs were detectable, Day 1 route 3
(Table 5). Our SO, emission estimate using the 10 m wind
speed is consistent within error with the 2017 NPRI value
(Table 5). We expect our SO, emission estimate to be closer
to the NPRI values compared to the NO, estimates because
SO, emissions from area and mobile sources in Sarnia are
expected to be small relative to industrial sources (Ministry
of the Environment and Climate Change, 2017). Since ships
were not operating in the St Clair River at this time of year,
shipping emissions of SO, were absent. Thus SO, plumes
in this region are localized to the major industrial emission
sources. Therefore, the VCDs from the areas unaffected by
the Sarnia plumes are representative of background values,
VCDinfiux- While the mobile MAX-DOAS was able to cap-
ture these plumes (Fig. 9), only one of seven local monitor-
ing stations (LaSalle Road, Fig. S1) observed elevated levels
of SO, during this period. The undersampling by stations is
due to the highly localized nature of the SO, plumes that are
from stacks where the plume is frequently elevated above the
surface. These results illustrate the complementary nature of
mobile MAX-DOAS and in situ measurements and the im-
portance of monitoring techniques that can capture localized
plumes independent of the wind direction.

3.4.2 Emission estimates of NOVA Chemicals
industrial facility

NO, emissions were opportunistically measured from a sin-
gle facility on Day 3 because the southerly wind direc-
tions isolated this plume (Environment and Climate Change
Canada, 2018b) from other industrial sources in Sarnia.
The plume originated from Nova Chemicals (labelled Nova
Chem), the second highest emitter of NO, in the region in
2017. These conditions allowed us to test the mobile MAX-
DOAS method in isolating a single plume. The wind direc-
tion on Day 3 indicated that the air masses originated from
rural areas south of Sarnia and the VCDj,q,x Was expected to
be low, ~ 1 x 10" molec. cm™2.

The emission estimates of NO, from the two routes on
Day 3 from the NOVA Chemicals industrial site (Tables 4
and 5) are consistent with each other within 10 %. The con-
sistency increases confidence in fitting the spectra in each
transect against a local FRS and removing influx using the
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average background VCDs rather than using the DSCDogfset
method in this case. The use of background VCDs is appro-
priate because vehicular traffic upwind of the measurement
transect is minimal in the local area. Upwind emissions were
unlikely to have contributed significantly to the total mea-
sured emissions. The emission estimates from NOVA Chem-
icals are larger than the 2017 NPRI values (Tables 4 and
5). This comparison merely indicates that the mobile MAX-
DOAS values are reasonable given that there was likely diur-
nal variability and the measurements were taken only during
a single hour on a single day.

3.5 Comparison of OMI satellite and MAX-DOAS
VCDs

The satellite and MAX-DOAS NO, VCDs on Day 1 exhibit
similar spatial trends in the simple sense that NO, VCDs in-
crease towards the south from the background regions north
of Sarnia (Fig. 10). This trend is probably due to a combina-
tion of emissions from USA power plants, the Detroit area,
and Sarnia. The NO, VCD of the pixel containing the ma-
jority of the Sarnia industrial facilities is comparable to ru-
ral area VCDs to the northwest of Sarnia. Only 1/8 of the
Sarnia pixel’s footprint region is likely to be impacted by
Sarnia emissions, and the remainder observes mostly rural
to semirural regions. The OMI pixel from Day 3 (Fig. 11)
containing Sarnia exhibits a minimal increase in NO, VCD
(1-2x 10" molec. cm~2) compared to the surrounding back-
ground regions (Fig. 11). In contrast, the mobile MAX-
DOAS measurements observed VCD enhancements of up to
1 x 10'® molec. cm~2 within this pixel. The averaging due by
the large pixel size (24km x 84km) causes underestimation
of the maximum VCDs. Identification of Sarnia-only emis-
sions without error due to horizontal averaging or inclusion
of other sources may require satellite measurements with
nadir-viewing pixels centered on Sarnia and/or extremely
large averaging times.

3.6 Uncertainties in this study and recommended
improvements for mobile MAX-DOAS
measurements

Many of the factors that increased the uncertainty in the
emission values in this study can be significantly reduced
in future through relatively small changes in the method.
The many factors have been addressed in the Supplement
(Sect. S7) and summarized in Table S9. Ideally accurate hor-
izontal flux measurements would require knowledge of the
vertical and horizontal profile of pollutant concentrations as
well as the vertical and horizontal profile of wind vectors.
Lack of knowledge of the vertical profile of wind speed
increases uncertainty in mobile MAX-DOAS emission es-
timates since elevated plumes and well-mixed plumes are
transported by winds with typically higher speeds than those
near the surface. Future studies could focus on reducing un-
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Table 5. Average emission estimates from mobile MAX-DOAS using 10 m wind speeds and from NPRI.

Gas Lower-limit emission 2017 NPRI values

estimate (thfl) (thfl)

Sarnia NO, 1.604+0.34 0.9
Sarnia SO, 1.81£0.83 1.85
NOVA Chemicals — Corunna Site  NO,y 0.28 £0.06 0.14
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Figure 9. SO, VCDs along route for emission estimate (Day 1 route 3).

certainty by using measurements from sodar, lidar, tall tow-
ers, balloon soundings, or a radio acoustic meteorological
profiler. In this study, uncertainty was increased (18 %-30 %
based on sensitivity analysis; see Supplement S5 and S7)
because driving routes could not always include measure-
ments along influx regions (Day 1) due to road proximity
to sources or obstructions to the viewing field. Future exper-
iments could measure influx values while stationary at mul-
tiple locations along the upwind region chosen for an unob-
structed viewing field. Very low background trace-gas lev-
els also resulted in SO, DSCDs that were below detection
limit most of the time, while being occasionally below de-
tection limit for NO; (Fig. 2e). A spectrometer with higher
sensitivity giving lower detection limits could solve this is-
sue. Increased averaging of spectra would also improve de-
tectability but at the expense of worse spatial resolution, un-
less measurements can be made at a slower driving speed.
Uncertainty in the NO, lifetime was a small contribution
to uncertainty in this study (up to £12 %) because the dis-
tances and transport times between source and measurement
locations were relatively small (< 25 km). The exception was
Day 1 route 1 where uncertainty was up to 30 % due to low
wind speeds. The error contribution of NO, lifetime could
be nontrivial if driving routes are far from the sources (e.g.,
large cities). This error could also be nontrivial if the lifetime
that one assumes does not account for the multiple factors
discussed in Sect. 3.3. Bias in the emission estimates from
an incorrect lifetime could be avoided by determining NO,
lifetimes from photochemical modelling or, for large cities,
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satellite observations (Beirle et al., 2011) but taking into ac-
count wind speeds (Valin et al., 2013).

4 Conclusions

In this study, we combined mobile MAX-DOAS techniques
with mobile NO, measurements and a modular meteo-
rological station to measure emissions of NO, and SO,
from the Sarnia region, a relatively small urban and in-
dustrial city. Trace-gas VCDs were determined using the
DSCDygfset method (Wagner et al., 2010) or by fitting mea-
sured spectra against a route-local low-pollution spectrum.
Both methods provided good results, which suggest that the
first method is ideal if there are many hours of measure-
ments and the second method is ideal when short routes
contain low-pollution regions. Average lower-limit mobile
MAX-DOAS emissions of NO, from Sarnia were measured
to be 1.60 +0.34th~! using 10 m elevation measured wind
speeds. The estimates were larger than the downscaled 2017
NPRI-reported industrial emissions of 0.9th~! (Environ-
ment and Climate Change Canada, 2018b) but the NPRI es-
timate excludes area and mobile emissions. Our lower-limit
SO, emission measurement for Sarnia was 1.81 +0.83th~!
using 10 m wind speeds, which is equal within uncertainty to
the 2017 NPRI value of 1.85th~! (Environment and Climate
Change Canada, 2018c). Our average lower-limit NO, emis-
sion measurement from the NOVA Chemicals facility was
0.28 +0.06th~!, the same order of magnitude as the 2016
NPRI value of 0.14th~! (Environment and Climate Change
Canada, 2018a).
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Figure 10. Day 1 NO, VCDs from OMI satellite VCDs and mobile MAX-DOAS route 4. OMI satellite pixels closest to Sarnia were
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Figure 11. Day 3 NO, VCDs from OMI satellite and mobile MAX-DOAS route 1. OMI pixels shown were measured at ~ 18:00 local time.
Semiopaque rectangle centered on the coloured dots indicates the spatial extent of the pixel.

Simultaneous measurements of NO-NO,-NO,, improved
the accuracy of NO, emission estimates when plumes of
varying ages were observed. The NO, results from Days 1
and 2 suggest that accurate mobile MAX-DOAS NO, emis-
sion measurements from routes that observe plumes with

www.atmos-chem-phys.net/19/13871/2019/

differing ages require accurate knowledge of the localized
NO, /NO ratio.

The variability in the ratio of the NO, VCDs and mix-
ing ratios indicates that surface NO, mixing ratios cannot
be reliably estimated from NO, VCDs and boundary layer
height alone when pollution is emitted from sources of vary-
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ing heights and chemical composition. A NO, analyzer can
be an essential component of mobile MAX-DOAS NO; mea-
surements. The addition of this instrument allows the method
to characterize the boundary layer fully and accurately esti-
mate NO, emissions from NO; measurements when multiple
NO, sources are present and when transects are sufficiently
distant from the sources.

The modular meteorological station improved knowledge
of local wind essential to identify time periods of low tem-
poral variability, ensuring low error due to wind estimation.
These time periods would have been difficult to identify
with only hourly-averaged or modelled wind data. Accurate
knowledge of the vertical wind profile would significantly
enhance the accuracy of the mobile MAX-DOAS emission
estimates. Future studies could obtain vertical wind profiles
using sodar, lidar, windRASS, and radiosonde on a weather
balloon or local aircraft soundings.

Mobile MAX-DOAS measurements identified significant
OMI intrapixel inhomogeneity and observed industrial pol-
lution enhancements that were poorly captured by the in situ
ground stations. These results suggest that mobile MAX-
DOAS has clear advantages in similar industrial regions over
other remote sensing techniques used for estimating emis-
sions (e.g., using aircraft or satellite): higher spatial resolu-
tion, the potential for multiple emission estimates per day
(i.e., observations of diurnal trends), and much lower opera-
tional costs. Mobile MAX-DOAS is a top-down low-cost so-
lution for validating bottom-up inventories that complements
in situ monitoring and has significant utility in smaller re-
gions with significant emissions where satellite applications
are limited. Future mobile MAX-DOAS studies in such re-
gions can focus on measuring temporal trends in emissions.

Data availability. The MAX-DOAS data collected from
this study are publicly available with the following DOI:
https://doi.org/10.5683/SP2/8C4CLX (Davis and McLaren, 2019).
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