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ABSTRACT: The extent to which emission control technologies and policies have
reduced anthropogenic NOx emissions from motor vehicles is large but uncertain.
We evaluate a fuel-based emission inventory for southern California during the June
2021 period, coinciding with the Re-Evaluating the Chemistry of Air Pollutants in
CAlifornia (RECAP-CA) field campaign. A modified version of the Fuel-based
Inventory of Vehicle Emissions (FIVE) is presented, incorporating 1.3 km resolution
gridding and a new light-/medium-duty diesel vehicle category. NOx concentrations
and weekday−weekend differences were predicted using the WRF-Chem model and
evaluated using satellite and aircraft observations. Model performance was similar on
weekdays and weekends, indicating appropriate day-of-week scaling of NOx
emissions and a reasonable distribution of emissions by sector. Large observed
weekend decreases in NOx are mainly due to changes in on-road vehicle emissions.
The inventory presented in this study suggests that on-road vehicles were responsible
for 55−72% of the NOx emissions in the South Coast Air Basin, compared to the corresponding fraction (43%) in the planning
inventory from the South Coast Air Quality Management District. This fuel-based inventory suggests on-road NOx emissions that
are 1.5 ± 0.4, 2.8 ± 0.6, and 1.3 ± 0.7 times the reference EMFAC model estimates for on-road gasoline, light- and medium-duty
diesel, and heavy-duty diesel, respectively.
KEYWORDS: air pollution, emission inventory, motor vehicles, satellite

■ INTRODUCTION
Nitrogen oxides (NOx = NO + NO2) are highly reactive air
pollutants that are produced primarily from the combustion of
fossil fuels. Exposure to ground-level NO2 is associated with
increased mortality due to respiratory and cardiovascular
diseases, and NOx is a major precursor to tropospheric ozone
(O3), which has negative impacts on human health and the
environment.1−4 Nitrogen oxides also react in the atmosphere
to create acid rain and particulate matter in the form of aerosol
nitrates.4 To manage the human health and environmental
impacts of NOx, an improved understanding of NOx emission
sources and the distribution of NOx in high-population areas is
needed.
In the United States, the development of emissions control

technologies has been driven by laws and regulations aimed at
reducing air pollution, with major changes starting in 1963
with the Clean Air Act and its subsequent amendments. The
primary technologies to reduce NOx emissions from vehicles
involve devices that convert NOx emissions into water and N2.
The widespread adoption of catalytic converters has
significantly decreased the NOx emissions from gasoline
vehicles since the 1990s. As a result, heavy-duty diesel trucks
became the largest mobile source of NOx emissions as light-
duty gasoline emissions declined and diesel fuel sales

continued to grow;5−7 these trends were reinforced due to
ineffective diesel NOx emission controls in the 1990s.8

Selective catalytic reduction (SCR) systems were introduced
on new heavy-duty diesel engines starting in 2010. SCR
systems use a urea solution to convert NOx to N2 and have
been shown to reduce in-use NOx emissions from heavy-duty
diesel engines by >75%.9−14 However, the effectiveness of
these systems in reducing NOx emissions under real-world
driving conditions can be impaired at times due to factors such
as extended idling and low exhaust temperature leading to
inactivation of the emission control system.11,14

The extent to which adoption of more effective NOx control
technology has affected emission trends in the United States
remains unclear. Field campaigns, satellite-based inventories,
and chemical transport models have produced results that
highlight uncertainties in NOx emission inventories, including
how much NOx is being emitted and the extent to which NOx
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emissions have decreased in recent years. Estimates of NOx
based on the MOtor Vehicle Emission Simulator (MOVES)
emission model overestimated NOx when compared to field
campaigns in the Baltimore-Washington area and in the
southeast US.15−17 The MOVES model also estimated larger
decreases in NOx emissions than NO2 satellite retrievals
suggest.18 These differences are coupled with the fact that
while precursor emissions to ozone have decreased over the
past several decades, ozone concentrations in urban areas have
declined relatively slowly and background ozone in the
northern hemisphere has been slowly increasing.19,20

Many urban areas in North America are transitioning toward
NOx-limited ozone formation regimes, implying that NOx
emission reductions are increasingly necessary to reduce
ozone.21,22 The Los Angeles area is one of the largest and
most populated urban areas in the United States, with air
pollution problems that are linked to local topography, high
volumes of vehicle traffic, and two major ports that handle
nearly 30% of all imports and exports over the water in the
United States.23 Ozone concentrations in the region remain
high despite major reductions in ozone precursors, and as a
result, the South Coast Air Basin (SOCAB) was designated
“extreme nonattainment” for ozone in 2018.7,24

Chemical transport models (CTMs) have been useful tools
for understanding source contributions, supporting air-quality
planning, and informing policy decisions. However, in order to
maintain reasonable computational time and costs, most
modeling studies focused on NOx chemistry remain at a
spatial resolution too coarse to see individual roadway effects.
While these setups have generally been able to answer
questions about the distribution and sources of NOx on
state-wide and continental levels, they have generally not been
useful for resolving sharp near-source gradients, especially near
major roadways. At higher spatial resolutions, there are several
additional benefits, including being able to model the local
effects of highways, look at neighborhood-scale differences in
human health exposure, and validate models with higher-
resolution satellite retrievals. While the current highest
resolution satellite measurements for NO2 from the Tropo-
spheric Monitoring Instrument (TROPOMI) include reproc-
essed data at a resolution of 3.5 km × 5.5 km,25 new
instruments such as the Tropospheric Emissions: Monitoring
of Pollution (TEMPO) instrument will provide even higher-
resolution data on pollutant concentrations in the future.26

Moving to a high-resolution inventory is in line with recent
improvements in satellite spatial resolution and the increasing
need to examine how changes to emissions affect the exposure
of distinct communities to air pollutants.
Fuel-based inventory methods provide a complementary

perspective to emission model predictions and trends inferred
from satellite data, providing critical insights into how emission
control technologies have impacted NOx concentrations in
heavily trafficked urban areas. To gain a better representation
of the temporal and spatial patterns of NOx, this research
develops and evaluates a 1.3 km × 1.3 km high-resolution fuel-
based inventory for Los Angeles, CA. This study evaluates this
inventory as input in the Weather Research and Forecasting
with Chemistry (WRF-Chem) model by comparing aircraft
measurements taken during the June 2021 RECAP-CA
campaign and vertically integrated tropospheric NO2 concen-
trations from the Sentinel-5P/TROPOMI satellite. The
resulting spatial and temporal agreement with observational

data allows us to understand the individual contributions of
NOx emission sectors in a major urban area.

■ METHODS
Atmospheric Model and Study Domain. We use WRF-

Chem (version 4.2.227) to predict meteorological and air-
quality-related variables for all of June 2021, using the last 3
days of May as a model spin-up period. The model was applied
over two nested domains: (1) all of California and Nevada at 4
km horizontal resolution and (2) southern California at an
unusually fine horizontal resolution of 1.3 km. The model
includes 50 vertical levels of up to 50 hPa. Initial and boundary
conditions for chemical species tracked in the model are from a
parent 12 km resolution continental US simulation that used a
similar model setup and covered the same period. Initial and
boundary conditions for meteorological variables are from the
3 km horizontal resolution High-Resolution Rapid Refresh
(HRRR) model, which features hourly assimilation of
meteorological variables such as wind and temperature from
in-flight commercial aircraft, as well as ground-based radar
reflectivity observations of precipitation.28 Several meteoro-
logical setups were tested and compared with RECAP-CA
aircraft wind measurements. Using HRRR gave better model
performance for wind speed and direction relative to setups
using the North American Mesoscale (NAM) and Rapid
Refresh (RAP) models. The chemical mechanism used in this
study is a version of the Regional Atmospheric Chemistry
Mechanism29 with updates to account for key oxygenated
volatile chemical product (VCP) emissions (RACM-ESRL-
VCP) as specified in Coggon et al.29,30 Chemical vertical
mixing is enhanced for a low boundary layer height under
polluted and fire conditions. Further details of the input data
and WRF-Chem model parametrizations are included in Table
S1 of the Supporting Information.

Emission Inventory. Spatially and temporally resolved
emissions from on-road vehicles in southern California were
estimated and mapped using a modified version of the Fuel-
based Inventory for Vehicle Emissions (FIVE).31,32 The
methodology used to create the FIVE inventory and temporal
scaling factors can be found in further detail in Harkins et al.31

Emissions are distributed spatially using 2018 data from a
national database of traffic counts from the Federal Highway
Administration and are scaled to June 2021 using state-wide
taxable fuel sales.33,34 Comparing the 2018 FHWA traffic
counts to state-level traffic statistics, the traffic count data
accounts for the majority of fuel use both for gasoline (68%)
and for diesel fuel (77%) in California.35 The remaining fuel
use is mostly on small local roads rather than on major
roadways and can thus be adequately distributed using census
block-level population data gridded to 1.3 km resolution.36

Gridded gasoline and diesel fuel consumption estimates are
combined with fuel-specific emission factors (grams of
pollutant emitted per kilogram of gasoline or diesel fuel
burned) to calculate emissions. Emission factors for each
vehicle type are determined based on regression analyses of
measurements from roadside remote sensing and highway
tunnel studies conducted in California.7

The major modifications to the FIVE inventory for this
study include moving to 1.3 km resolution and the
reapportionment of 22% of the total diesel fuel to a light-/
medium-duty diesel vehicle category, separate from the existing
gasoline and heavy-duty diesel vehicle categories. These light-/
medium-duty diesel vehicles now have higher fuel-based NOx
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emission factors compared to heavy-duty diesel trucks.7

Reasons for higher emission factors in this category may vary
due to the inclusion of a wide range of vehicle types, but
contributing factors include slow fleet turnover of light-duty
diesel engines and less deployment of advanced emission
control technology (i.e., selective catalytic reduction for NOx
control) in comparison with heavy-duty diesel trucks. Heavy-
duty diesel engines have been a high state-wide priority in
efforts to accelerate replacement of older (pre-2010) engines
with newer and lower-emitting engines.37 Diurnal and day-of-
week variations in vehicular emissions are based on weigh-in-
motion traffic count data, with separate temporal variation
profiles for light- and heavy-duty vehicles.32 We assume that
the spatial distribution of light- and medium-duty diesel truck
traffic matches that of light-duty gasoline vehicles and use the
activity profile for heavy-duty trucks to specify temporal
variations. In comparison to the existing FIVE inventory, this

reapportionment of diesel fuel to light-/medium-duty vehicles
results in higher on-road NOx emissions overall, especially on
weekdays, and more emissions being attributed to light-duty
vehicle spatial patterns.
In addition to on-road vehicle emissions, the emission

inventory used in this study also includes fuel-based emissions
from off-road engines used in agricultural and construction
equipment.31,38,39 Also included are emissions from oil and
natural gas production,40 power plants based on Continuous
Emission Monitoring System data,41 and other point and area
sources from the 2017 National Emission Inventory scaled to
2021 based on activity factors.31,42 Ocean-going vessel
emissions and emissions from all sources in Mexico were
from the Copernicus Atmosphere Monitoring Service (CAMS)
inventory.43 Biogenic emissions are based on the Biogenic
Emissions Inventory System (BEIS) v3.14 model.44,45

Consistent with previous modeling work in Los Angeles,46

Figure 1. Spatial distribution of average 2021 weekday NOx emission rates from on-road vehicles in southern California (top) and the fraction of
total emissions from on-road vehicles (bottom), mapped at a 1.3 km horizontal resolution. The South Coast Air Basin is outlined..
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BEIS emissions for isoprene and monoterpenes from the urban
land cover type were updated based on Scott and Benjamin.47

Aircraft and Surface Monitor Data. Model predictions
were compared to vertical profile NO2 measured during
aircraft flights over the Los Angeles basin that took place
during the summer of 2021 as part of the RECAP-CA (Re-
Evaluating the Chemistry of Air Pollutants in CAlifornia) field
campaign.48,49 Relevant flights occurred at midday hours on
three weekend days (June 6, 12, and 19) and six weekdays
(June 1, 4, 10, 11, 18, and 21). NOx was measured at 5 Hz
using a thermal dissociation laser-induced fluorescence (TD-
LIF) instrument, and a detailed overview of the instrument can
be found in Thornton et al. and Day et al.50,51 Instrument
calibration details and methodology used during this campaign
can be found in Zhu et al.49 Here, we report only data from the
stacked racetrack patterns (see Figure S1), where the plane
flew 4−6 different altitudes’ layer stacked on top of one
another within the planetary boundary, which were designed to
measure vertical concentration profiles. The aircraft data used
here were split into flights that occurred closer to the coast
(west/central LA) and at locations further inland (east basin)
where temperatures were higher. Only altitude bins with
greater than five observation points were used in the
comparison. The aircraft data were matched with correspond-
ing model predictions using a nearest neighbor method,
averaging the aircraft data every 30 s and pulling comparison
data for the nearest model grid point.
In addition to verifying the vertical profiles against aircraft

observations, the South Coast Air Quality Management
District (AQMD) monitoring network was used for compar-
ison to verify the diurnal patterns of NO2 in the model.46 The
NO2 data for 24 sites located in the South Coast Air Basin
were averaged for each hour of the day on weekdays and
weekends. The quantity of NO2* (NO2* = NO2 + PAN + alkyl
nitrates + HONO + 2*N2O5) was used from the model for
comparison to the measured NO2 due to the conversion of
other nitrogenous species in addition to NO2 by the
molybdenum converter installed within standard chemilumi-
nescent NOx analyzers.

52,53

Satellite Observations. TROPOMI satellite measure-
ments are used in this study to evaluate tropospheric
column-integrated model predictions of NO2 concentrations.
We use the latest NO2 product reprocessed to a spatial
resolution of 3.5 km × 5.5 km from the Sentinel-5P Products
Algorithm Laboratory (SP5-PAL) for June 2021.25,54 We used
this reprocessed data product to create average June tropo-
spheric NO2 columns using methods described by Li et al., as

well as separate weekday and weekend average tropospheric
NO2 columns for the study period.55 Pixels with cloud cover,
snow, or ice, or with otherwise problematic retrievals, are
filtered out to reduce uncertainties by using only data where
the quality flag ≥0.75.56 NO2 vertical profiles require an
assumption for the air mass factor (AMF), which may affect
the ability to compare tropospheric NO2 columns between the
model and satellite data. In order to eliminate biases
introduced by a priori profile assumptions, the NO2 vertical
profiles used in this study are calculated using averaging
kernels and the AMF was calculated from WRF-Chem, rather
than using the AMF derived from the a priori TM5 model.57

This approach has been shown to increase the satellite NO2
concentrations over urban areas by 20% on average.55 Even
accounting for these improvements, there is still an expectation
of a low bias of −20% in TROPOMI tropospheric NO2
columns over polluted cities in comparison to observations
based on studies compared to ground-based Pandora measure-
ments.54,55,58

■ RESULTS AND DISCUSSION
Figure 1 shows the spatial distribution of NOx emissions from
on-road vehicles for the 1.3 km resolution southern California
modeling domain. NOx emissions are the highest in the urban
center, with lower emissions in sparsely populated rural and
mountainous areas. This pattern follows from the emissions
mapping methodology, which relies on vehicle traffic counts
that indicate high traffic densities within urban areas. Sharp
spatial gradients in vehicle emissions near major highways are
clearly apparent in the top panel of Figure 1, not only in rural
areas but also within densely populated urban areas. While
high NOx emissions in and around downtown LA are mostly
due to high volumes of light-duty vehicle traffic, elsewhere
along major highways such as I-5 (running to the northwest of
LA) and I-15 (running to the northeast of LA toward Las
Vegas), the majority of the NOx emissions are due to heavy-
duty diesel trucks. Even though emissions from on-road
vehicles decrease on weekends primarily due to the steep
weekend decrease in diesel vehicle activity, vehicles overall are
still the dominant source of NOx emissions, responsible for
52% of the NOx on weekends versus 62% of the NOx on
weekdays. The fraction of the total emissions from the on-road
sector on weekdays can be seen in the bottom panel of Figure
1.
More details concerning NOx emissions from on-road

vehicles are presented in Table 1. We estimate that average
daily NOx emissions for the South Coast Air Basin were 198 ±

Table 1. Estimates of NOx Emissions from On-Road Vehicles in Southern Californiaa

vehicle category

gasoline LD + MD dieselb HD dieselb on-road total

fuel burned (t/day) 41,763 ± 2506 2295 ± 298 6015 ± 782
EF NOx (g/kg) 2.0 ± 0.6 20.2 ± 3.4 9.2 ± 4.6
avg emissions (t/day) 87 ± 27 49 ± 10 62 ± 32 198 ± 69
WDc emissions (t/day) 89 60 76 224
WEc emissions (t/day) 82 20 26 127
EMFAC (t/day) 59 17 48 124
fuel-based/EMFACd 1.5 ± 0.4 2.8 ± 0.6 1.3 ± 0.7 1.6 ± 0.5

aEmission estimates for the South Coast Air Basin, including Los Angeles, Orange County, and portions of Riverside and San Bernardino Counties.
bDiesel vehicle weight categories are light-, medium-, and heavy-duty (LD, MD, and HD). cEmissions for average weekday (WD) and weekend
(WE) conditions. dRatio of fuel-based emission inventory (weighted average of WD and WE values) from this study with corresponding estimates
for summer 2021 from the most current version of the EMFAC model.59
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69 t/day during our June 2021 study period, which is 1.6 ± 0.5
times the corresponding summer-season estimate from the
California EMFAC model. Our estimates of NOx emissions are
comparable for heavy-duty diesel and higher for gasoline and
light-/medium-duty diesel categories, with the largest relative
difference (a ratio of 2.8 ± 0.6) for light- and medium-duty
diesel vehicles. As shown in Table 1, on-road vehicle emissions
are lower on weekends than on weekdays, as expected, due
mainly to the decreased activity and emissions from diesel
trucks. The overall decrease in vehicular NOx emissions on
weekends is about 100 t/day, which is a 43% reduction relative
to baseline weekday conditions. A potential cause of the lower
emissions in the EMFAC model in comparison to the fuel-
based inventory is in how emission factor trends are derived.
The modified FIVE inventory used in this study uses on-road
remote-sensing data trends, resulting in emission factors that
are higher overall and are decreasing more slowly in
comparison to laboratory-measured emission factors used in
other inventories. The large sample size of remote-sensing data
is better equipped to capture the effects of individual vehicles
with ineffective or nonfunctioning emission control systems.

While the remote-sensing studies capture driving conditions
that reflect typical vehicle activity patterns, they do not capture
start-up and idling conditions, leaving room for actual average
emission factors to be even higher. In the case of heavy-duty
vehicles, selective catalytic reduction (SCR) systems do not
operate effectively at low temperatures, leading to potential
underestimates of mobile source emissions in urban areas
when idealized SCR performance is assumed.
Figure 2 shows modeled and measured NO2 concentrations

as a function of altitude above sea level; values are binned
within 100 m intervals of altitude. The plots are separated into
two regions, Western LA and Eastern LA, in order to eliminate
spatial biases. Flight tracks showing the specific locations of
these measurements are shown in Figure S1. Normalized mean
biases for NO2 are −19 and −8% for the western and eastern
portions of Los Angeles, respectively. Vertical profiles are in
good agreement at most altitudes, especially below 600 m. In
Eastern LA, the NO2 concentrations are closer to the
observations near the surface and diverge slightly with an
increasing altitude. In Western LA, we see that generally the
model and observation of NO2 match very closely, especially

Figure 2. Vertical profiles of measured (RECAP flights) and modeled NO2 concentrations over Western (left panel) and Eastern Los Angeles
(right panel), binned over 100 m intervals. Shaded bands indicate 1 standard deviation from the mean values.
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between 250 and 600 m. Despite slight underestimation in the
model compared to the aircraft observations overall, these
results indicate that the vertical representation of NO2 in the
model closely resembles the NO2 measured during the field
campaign during the same period. An accurate vertical profile
in the model is critical to the calculation of tropospheric NO2
columns from the satellite, as the AMF used in the calculation
is revised to use the NO2 vertical profile shape from the WRF-
Chem simulation and averaging kernels.
The comparison of the diurnal patterns between the model

and AQMD surface observations for the June 2021 study
period is shown in Figure S2. This comparison suggests that
the diurnal variations in modeled NO2* are consistent with
observations, but there is some negative bias in the modeled
NO2* concentrations during nighttime hours on the weekends.
The analysis performed at a 4 km resolution yielded the same
conclusions.
Figure 3 compares spatial distributions of modeled (WRF-

Chem) tropospheric column-integrated NO2 concentrations

with the corresponding TROPOMI satellite-derived values.
Both model and satellite data show high weekday NO2
columns over downtown LA extending south toward Long

Beach as well as extending further inland to the east as far as
San Bernardino. In both cases, there is significantly lower NO2
on the weekends, especially apparent within the South Coast
Air Basin along the corridors east and south of downtown LA.
Elevated NO2 concentrations due to traffic along major
highways running through rural areas are captured well,
notably on Interstate highways I-5 (heading north toward San
Francisco and Sacramento) and I-15 (heading northeast
toward Las Vegas) (see Figure S3 of the Supporting
Information for interstate locations). The main difference
between modeled and observed NO2 in the southern
California domain is that, overall, WRF-Chem has higher
NO2 concentrations in the downtown region, with maximum
NO2 concentrations slightly offset to the northeast compared
to what the TROPOMI satellite observations show (Figure
S4). These differences are slightly emphasized on weekdays in
comparison to weekends.
Figure 4 shows scatterplots of modeled tropospheric NO2

columns versus corresponding satellite-derived values. The
lower NO2 values that prevail on weekends are apparent in the
more limited range of the data in the rightmost panel of Figure
4. The regression-derived coefficients are similar for all three
plots, with near-zero intercepts and slopes of 1.18−1.20. The
model explains a high fraction of the observed variance in NO2
columns, although the value of R2 decreases somewhat from
0.89 on weekdays to 0.81 on weekends. Mean normalized bias
for the model relative to satellite data is +8% for all days in
June, with similar values for the subsets of weekdays only and
weekend days only. The finding of slight overestimation in the
model compared to the satellite data is in contrast with the
finding of slight underestimation compared to the aircraft
observations. The differences between the model and the
satellite are all within the range of and directionally consistent
with findings of previous studies that suggest a negative bias of
∼20% in satellite-derived observations of NO2 columns in
urban areas.47

The direct comparison between model and satellite NO2
columns at 4 km resolution over the larger California domain
can be seen in Figure S5 of the Supporting Information. Model
performance for our study period at a 4 km resolution for
California is comparable to model performance at a 1.3 km
resolution for southern California within the same domain, as
shown in Figure S6 of the Supporting Information. At 4 km
resolution, we see an R2 of 0.83 with a slope of 1.14 for the
entire California/Nevada domain and an R2 of 0.91 and a slope

Figure 3. Average tropospheric NO2 columns over southern
California for June 2021 were predicted using the WRF-Chem
model (top row) with comparisons to TROPOMI satellite data
(bottom row). Separate results are shown for weekdays (left panels)
and weekends (right panels). The boundaries of the South Coast Air
Basin and major highways are shown in white.

Figure 4. Orthogonal distance regression between modeled and satellite-derived tropospheric NO2 columns over southern California in June 2021
for all days (left panel), weekdays only (middle panel), and weekends only (right panel).
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of 1.09 for the southern California domain. While the results
have similar statistics, the 1.3 km output has the added benefit
of resolving sharp gradients in NO2 over major cities and
highways, which is in line with what can be resolved by the
satellite.
To further evaluate the emission inventory, we turn to a

more in-depth consideration of weekday−weekend differences
in the NO2 columns. Figure 5 shows weekday−weekend

difference plots of NO2 columns for the model and for the
satellite data. The spatial patterns of areas showing large
weekend decreases in these plots are similar. The model shows
larger weekend NO2 decreases northwest of downtown along
the I-5 Interstate highway through the San Fernando Valley,
while the satellite data indicates larger weekend NO2 decreases
further inland, extending to the east as far as San Bernardino.
The traffic count data underlying the fuel-based inventory used
in this study are for 2018 and may not adequately reflect
expansions in warehousing, truck traffic, and associated NOx
emissions that have recently occurred in inland portions of the
LA basin.60,61

An additional emission sensitivity case was considered in a
model run with all on-road vehicle emissions zeroed out
completely. Emissions from other source categories were left
unchanged. As shown in Figure S7, the spatial pattern in the
resulting weekday−weekend difference plot for this case
without the on-road sector does not match either the observed
spatial distribution or the magnitude of weekend NO2
decreases shown in Figure 5. We conclude that locations
that exhibit large weekend NO2 decreases (i.e., from
Downtown LA east to San Bernardino) are those where on-
road vehicle emissions make large absolute and relative
contributions to tropospheric NO2 columns.
Current emission inventories used for air-quality planning

purposes suggest that on-road vehicle emissions are no longer
the dominant source of NOx emissions in southern California.
In contrast, as shown in Table 2, the emission inventory in this

study has 25% higher NOx emissions overall when compared
to the planning inventory, with the dominant contribution
coming from on-road sources. More specifically, the present
study includes higher emissions from on-road vehicles (198 ±
69 vs 103 tons/day) that account for 66% of the anthropogenic
NOx emissions. The planning inventory assigns greater
importance to area and off-road mobile sources, which
together account for a higher fraction (49 vs 26%) of total
NOx emissions compared to the present study.
Air-quality model results, satellite observations, and their

corresponding weekday−weekend differences are consistent
with a larger-than-expected on-road vehicular source of NOx
emissions in southern California. Major efforts to update fleets
to newer engine models with advanced emission control
systems have improved heavy-duty diesel, and values from the
EMFAC model are consistent with and within the uncertainty
of those from the fuel-based inventory evaluated here. Still,
actual emissions from heavy-duty diesel may be even higher
than estimated due to ineffective NOx control during idling
and low load driving conditions. Total NOx emission estimates
are higher in this study for on-road vehicles in comparison to
the EMFAC inventory owing to higher emissions from
gasoline vehicles and light- and medium-duty diesel vehicles.
Contributing factors to these differences may include slow
absolute progress in reducing fleet-average NOx emission
factors for gasoline vehicles since 2010 (see Figure 2 in Yu et
al., 2021) and slow fleet turnover with relatively high in-use
NOx emission factors for light- and medium-duty diesel trucks.
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