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ABSTRACT: The TROPOspheric Monitoring Instrument (TROPOMI) is used to derive top-down NOX emissions for two
large power plants and three megacities in North America. We first re-process the vertical column NO2 with an improved air
mass factor to correct for a known systematic low bias in the operational retrieval near urban centers. For the two power plants,
top-down NOX emissions agree to within 10% of the emissions reported by the power plants. We then derive top-down NOX
emissions rates for New York City, Chicago, and Toronto, and compare them to projected bottom-up emissions inventories. In
this analysis of 2018 NOX emissions, we find a +22% overestimate for New York City, a −21% underestimate in Toronto, and
good agreement in Chicago in the projected bottom-up inventories when compared to the top-down emissions. Top-down
NOX emissions also capture intraseasonal variability, such as the weekday versus weekend effect (emissions are +45% larger on
weekdays versus weekends in Chicago). Finally, we demonstrate the enhanced capabilities of TROPOMI, which allow us to
derive a NOX emissions rate for Chicago using a single overpass on July 7, 2018. The large signal-to-noise ratio of TROPOMI is
well-suited for estimating NOX emissions from relatively small sources and for sub-seasonal timeframes.

■ INTRODUCTION

NOX (NOX ≡ NO + NO2) is a group of toxic air pollutants
primarily created as a byproduct of fossil fuel or biomass
combustion. NOX can participate in a series of chemical
reactions to generate O3 (a toxic air pollutant with a longer
atmospheric lifetime), HNO3 (a key contributor to acid rain),
and particulate nitrate (NO3

−) (a component of fine
particulate matter and an additional health hazard).1 NOX is
unique because of its short photochemical lifetime (2−8 h)
during the summer daytime.2−4 As a result, tropospheric NOX

concentrations are strongly correlated with local emissions,
which are often anthropogenic in origin.
There is a rich legacy of monitoring NOX by remote sensing

instruments.5 NO2which approximately comprises 70% of
NOX in urban areas6can be observed from space because it
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has unique high frequency spectral features within the 400−
500 nm wavelength region.7 The newest remote sensing
spectrometer, TROPOMI,8,9 has been gathering data on the
global heterogeneities of NO2 air pollution since October
2017. This instrument builds on the legacy of prior
ultraviolet−visible (UV−vis) spectrometers including the
Global Ozone Monitoring Experiment (GOME),5,10,11 Scan-
ning Imaging Spectrometer for Atmospheric Chartography
(SCIAMACHY),12,13 Global Ozone Monitoring Experiment-2
(GOME-2),14,15 and the Ozone Monitoring Instrument
(OMI).16−19

The short lifetime of NO2 has been exploited to infer NOX
emissions from satellite remote sensing instruments in various
areas around the globe.2−4,20−27 Because of continuous
methodology improvements over the past decade, deriving
NOX emissions from NO2 satellite observations can be done
with high accuracy.27 However, because of the coarse pixel size
of previously launched sensors (varying from 13 × 24 km2 at
nadir by OMI to 40 × 320 km2 by GOME), these instruments
were primarily used to generate emissions estimates over long
timeframes (>12 months) by oversampling to finer resolution
(e.g., 4 × 4 km2).21,24,26 While these long-term emissions
estimates are helpful, the magnitude of NOX emissions changes
daily and seasonallybecause of fossil fuel demandsand
annuallybecause of regulations and economic drivers. As a
result, long-term averages of NOX emissions are not ideal for
policy regulators.
TROPOMI’s smallest pixel size (3.5 × 7.2 km2 at nadir,

reduced to 3.5 × 5.6 km2 at nadir on August 6, 2019) and
enhanced signal-to-noise ratio are significant improvements
when compared to previous satellite instruments.8 Initial NO2
measurements from TROPOMI show the complex spatial
heterogeneities of NO2 pollution far better than any instru-
ment before it.28 In this paper, we show subseasonal NOX
emissions estimates from three megacities in eastern North
America and two isolated power plants in the western United
States. We use a method originally developed by Beirle et al.2

and refined by later studies3,24,27 to derive monthly NOX
emission estimates using a statistical fit of NO2 column
measurements with an exponentially modified Gaussian
(EMG) function. The results shown here represent the first
time NOX emissions have been derived for subseasonal
periods.

■ METHODS
TROPOMI was launched by the European Space Agency
(ESA) for the European Union’s Copernicus Sentinel 5
Precursor (S5p) satellite mission on October 13, 2017. The
satellite follows a sun-synchronous, low-earth (825 km) orbit
with an equator overpass time of approximately 13:30 local
solar time. TROPOMI measures total column amounts of
several trace gases in the UV−vis−near infrared−shortwave
infrared spectral regions. At nadir, pixel sizes are 3.5 × 7.2 km2

with little variation in pixel sizes across the 2600 km swath.
The instrument observes the swath approximately once every
second and orbits the Earth in about 100 min, resulting in daily
global coverage. NO2 slant column densities are derived from
radiance measurements in the 405−465 nm spectral window of
the UV−vis−NIR spectrometer.9 Tropospheric vertical col-
umn density data, which represent the vertically integrated
number of NO2 molecules per unit area between the surface
and the tropopause, are then calculated by subtracting the
stratospheric portion and then converting the tropospheric

slant column to a vertical column a posteriori using an air mass
factor (AMF). The AMF is a unitless quantity used to convert
the slant column into a vertical column and is a function of the
satellite viewing angles, solar angles, the effective cloud
radiance fraction and pressure, the vertical profile shape of
NO2 provided by a chemical transport model simulation (for
operational data TM5-MP model is used at 1° × 1°
resolution), and the surface reflectivity (for operational data,
OMI climatological Lambertian equivalent reflectivity is used
at a 0.5° × 0.5° resolution).29 The operational AMF
calculation does not explicitly account for aerosol absorption
effects, which are accounted for in the effective cloud radiance
fraction.
For this study, we use the operational TROPOMI NO2 total

slant column (SCDtotal) and stratospheric slant column
(SCDstrat) NO2 products as provided by KNMI, and
tropospheric AMF (AMFtrop) provided by Environment and
Climate Change Canada (ECCC) to calculate tropospheric
vertical column amounts (VCDtrop) using eq 1.

=
−

VCD
SCD SCD

AMFtrop
total strat

trop (1)

The ECCC tropospheric vertical column product is derived
from the operational v1 (varies from v1.00.01 to v1.01.00)
TROPOMI NO2 data, which have been publicly released
starting April 30, 2018. In the ECCC TROPOMI NO2
tropospheric vertical column product, the tropospheric AMF
has been re-processed to include daily mid-afternoon vertical
NO2 shape factors from a 10 × 10 km2 Global Environmental
Multiscale-Modelling Air-quality and Chemistry (GEM-
MACH) chemical transport model simulation and MODIS
0.01° × 0.01° surface reflectance. For more details on the AMF
methodology, please refer to McLinden et al. and Griffin et
al.28,30 We filter the TROPOMI NO2 data to ensure only the
best quality pixels are used. Daily pixels with solar zenith angles
≥80° and cloud radiance fractions ≥0.5 are removed.
An EMG function (described in detail in the next

paragraph) is fit to an oversampling of re-processed NO2
column measurements observed by TROPOMI around each
point source (i.e., power plant or city) rotated based on wind
direction in order to determine the NO2 burden and lifetime
within the average plume. The NO2 plumes for each day were
rotated based on the wind direction of the bottom eight levels
(i.e., from the surface to ∼500 m) of the 0.125° × 0.125° ERA-
Interim re-analysis31 and then manually adjusted to ensure that
the plume was oriented from west to east. Because we
discovered that this analysis is very sensitive to the wind
direction, we have completed the time-consuming step of
manually adjusting every day of the TROPOMI NO2 record
using visual inspection so that each day’s NO2 plume is aligned
from west to east. Most days need between 0° and 30° of
manual rotation. Therefore, the ERA-Interim wind direction
provides a first guess, but any errors associated with the wind
direction are minimized by the manual rotation. Only days in
which the ERA-Interim wind speeds are >3 m/s are included
in this analysis because NO2 decay under this condition is
dominated by chemical removal, not variability in the winds.4

For the power plants in the western U.S., it was necessary to
relax this threshold to >1 m/s because synoptic winds during
summer in the western U.S. are often weak.
The original methodology, proposed by Beirle et al.2 and

applied to OMI NO2 data,3,23,24,27 involves the fitting of
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satellite NO2 line densities to an EMG function. In this
manner, the average NOX emissions rate and effective
photochemical lifetime of NO2 can be derived from the
parameters that describe the best statistical fit.
NO2 line densities are the integral of the NO2 satellite

retrieval perpendicular to the path of the plume; the units are
mass per distance. The EMG model is expressed as

α μ σ μ
σ

σ β= + − Φ − − +
x x x

x
x

x
x
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where α is the total number of NO2 molecules observed near
the hotspot, excluding the effect of background NO2, β; xo is
the e-folding distance downwind, representing the length scale
of the NO2 decay; μ is the location of the apparent source
relative to the city center; σ is the standard deviation of the
Gaussian function, representing the Gaussian smoothing length
scale; and Φ is the cumulative distribution function. Using the
“curvefit” function in IDL, we determine the five unknown
parameters: α, xo, σ, μ, and β based on the independent
(distance; x) and dependent (TROPOMI NO2 line density)
variables.
Using the mean ERA-Interim wind speed, w, of the NO2 line

density domain, the mean effective NO2 lifetime τeffective and
mean NOX emissions can be calculated from the fitted
parameters xo and α

α
τ

τ= =
x
w

NO emissions 1.33 , whereX
effective

effective
oi

k
jjjjj

y
{
zzzzz

(3)

The factor of 1.33 is the mean column-averaged NOX/NO2
ratio and is time-dependent, spatially varying, and primarily a
function of the localized j(NO2) and O3 concentration.

■ RESULTS
To validate our top-down NOX emissions, we test our
methodology on known NOX emissions sources: large U.S.

power plants. Air pollutant emissions from large U.S. power
plants are tracked hourly by EPA’s continuous emission
monitoring systems (CEMS) database (https://ampd.epa.gov/
ampd/). Pollutant flow rates are measured continuously inside
the power plant stacks, and the data are quality-assured using
the procedures described by federal guidelines (Appendix F to
40 CFR 60). To ensure that our top-down method is
quantifying the emissions of the selected power plant without
contamination from other sources, we choose power plants in
isolated areas far from any other large source of NOX
emissions. For our analysis, we choose the Four Corners/San
Juan Power Plant complex in New Mexico and the Colstrip
Power Plant in Montana. These power plant complexes are
analyzed because of their persistently detectible NOX
emissions over short timeframes and isolated nature. These
power plants have legacies for being some of the largest point-
source NOX emitters in the United States. Other power plants
were considered, but their plumes were not consistently
detected on daily timeframes; we expect that if this analysis
were conducted over a longer timeframe, we would remove the
requirement of having a detectable daily plumes and thus
would be able to analyze the NOX emissions of other power
plants.
In Figure 1, we show the top-down NOX emissions

derivation for the Four Corners/San Juan and Colstrip
power plants. For a five-month period during May to
September 2018 (154 days), the top-down NOX emissions
for Four Corners/San Juan are only 12% smaller than reported
in the CEMS database. For the same five-month period, the
top-down NOX emissions for Colstrip are 3% smaller than
reported in the CEMS database. In each case, the daily CEMS
NOX emissions rates during the early afternoon (11 AM to 2
PM local time) are temporally matched to days with valid
TROPOMI overpasses. In total, there are 90 TROPOMI
overpasses used for the Four Corners/San Juan top-down
derivation and 92 TROPOMI overpasses for Colstrip. When
using the operational tropospheric vertical column product
provided by KNMI, we find a larger underestimate of 25 and
28% respectively (Figure S1), which indicates that re-
processing the AMF with the GEM-MACH regional chemical

Figure 1. Average May to Sept 2018 top-down NOX emissions estimates from two isolated power plant complexes in the western U.S.: (left) Four
Corners/San Juan, NM and (right) Colstrip, MT. Top panels show the TROPOMI NO2 data rotated based on wind direction. Only days with 0−
500 m averaged wind speeds >1 m/s and 75% valid coverage within a 1° × 1° box centered on the source are used. Bottom panels show the
TROPOMI NO2 line densities, which are integrals along the y-axis ± 25 km about the x-axis. The statistical EMG fit to the top-down line densities
is shown in light blue.
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transport model is moderating a systematic low bias in the
operational retrieval.
This methodology is then applied to three megacitiesNew

York City, Chicago, and Torontoin North America that have
consistent and distinguishable NOX plumes originating from
pollution sources in the city centers. We choose these cities
because of their legacies of have large NOX emissions, flat
topography, and propensity for moderate wind speeds during
summer. These cities are susceptible to sea and lake breezes,

but these are minimized during days with strong synoptic
winds (>3 m/s). Other cities were considered, but their
plumes were not consistently detected on daily timeframes or
their synoptic winds were too weak (e.g., Los Angeles); we
expect that if this analysis were conducted over a longer
timeframe, we would remove these requirements and thus
would be able to analyze the NOX emissions of additional
cities.

Figure 2. (Left) TROPOMI NO2 oversampled to 1 km resolution for May−Sept 2018 for the (top) New York City area, (center) Chicago area,
and (bottom) Toronto area. (Right) Five-month averaged top-down NOX emissions estimates from these three cities: top panels show the
TROPOMI NO2 data rotated based on wind direction. Only days with 0−500 m averaged wind speeds >3 m/s and 75% coverage within a 1° × 1°
box centered on the source are used, while bottom panels show the TROPOMI NO2 line densities, which are integrals along the y-axis ± 50 km
about the x-axis. The statistical EMG fit to the top-down line densities is shown in light blue.
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For our analysis of city emissions rates, we only use
TROPOMI NO2 overpass data that fit three criteria: 0−500 m
re-analysis wind speeds are >3 m/s, >75% of the area within a
50 km radius of the city center has a valid TROPOMI NO2
retrieval, and there is an identifiable plume originating from the
city that is larger than any other plume within 100 km upwind
or downwind of the city. The latter criterion is done by visual
inspection and is used to eliminate contamination from other
cities in the region, such as the effects of Philadelphia on New
York during days with southwesterly synoptic winds or the
effects of Milwaukee on Chicago on days with northerly
synoptic winds. During these mostly clear and completely clear
days, any given grid point has an 87% chance of having a valid
pixel. In other words, on these mostly clear days, there is a very
high chance that almost all of the metropolitan area has a valid
retrieval.
In Figure 2, we show the top-down method applied to these

three cities for the five-month period of May to September
2018. For New York City, the five-month top-down estimate is
18 Mg/h NOX. The five-month timeframe (154 days total)
only elicited 24 valid days20 weekdays and 4 weekend days;
this five-month period was the wetter and cloudier than normal
for New York City.32 The 18 Mg/h estimate is lower than the
projected 2018 EPA NEI NOX emissions rate of 22 Mg/h
within a 50 km radius of the city; the projected 2018 value is
calculated by assuming a 5% per year reduction in NOX since
the 2014 NEI. The discrepancy between the bottom-up
inventory and the top-down approach can be attributed to
three compounding factors: a potential small systematic low
bias in the retrieval, the bottom-up NOX from the 2014 NEI
may be too large, or the 5% per year reduction is too
conservative. It should be noted, however, that an overestimate
in the NEI is consistent with other studies in the mid-
Atlantic.33,34 For Chicago, the five-month top-down estimate is
19 Mg/h NOX. The five-month timeframe elicited 38 valid
days28 weekdays and 10 weekend days. For Chicago, we
find excellent agreement with projected 2018 NEI annual
average of 18 Mg/h. For Toronto, the five-month top-down
estimate is 14 Mg/h NOX over 39 days30 weekdays and 9
weekend days. Projected emissions inventories within a 50 km
radius of Toronto (excluding nearby Hamilton) are 11 Mg/
h;35 thus, there appears to be an underestimate in NOX
emissions for Toronto. When using the operational tropo-

spheric vertical column product, top-down emissions are 36−
47% smaller than the top-down emissions described above
(Figure S2).
In order to quantify the uncertainty associated with the top-

down NOX estimates, we use a bootstrapping technique to
evaluate the sensitivity of the estimates to the selection of
days.4 In this method, we randomly replace entire daily
TROPOMI scenes with scenes from other days. We perform
this random replacement 100 times to generate a distribution
of estimates around the mean top-down NOX estimates. For
New York City, the NOX bootstrapped emissions are 18 ± 5
Mg/h, yielding a coefficient of variation (standard deviation/
mean) of 0.26. For Chicago, the NOX bootstrapped emissions
are 19 ± 5 Mg/h, yielding a coefficient of variation of 0.27. For
Toronto, the NOX bootstrapped emissions are 14 ± 5 Mg/h,
yielding a coefficient of variation of 0.36. This suggests that the
top-down NOx emissions have an uncertainty of about 30%
because of daily variability; it should be noted that boot-
strapping does not account for any systematic bias in the
measurements, such as those related to a clear-sky bias (e.g.,
emissions patterns may be different on cloudier and cooler
days).36

We then calculate the NOX emissions over shorter
timescales in order to assess the sub-seasonal variability of
NOX emissions. We separate the satellite data into weekday
and weekend bins. In Figure 3, we find the NOX emission rate
to be 45% larger on weekdays when compared to weekend
days in Chicago. Similar findings have been documented
elsewhere,37,38 but this is the first time it has been documented
using a single season of satellite data.
In a final step, we discovered a day in which NOX emissions

could be derived using a single TROPOMI overpass. On July
7, 2018a Saturdaya plume originating from the Chicago
metropolitan area can be clearly observed. The following
unique combination of factors allowed us to derive top-down
NOX emissions using a single overpass: there were no clouds
within a 200 km radius of the city, the wind speed was strong
enough (>3 m/s) to observe a decaying downwind plume, and
the unique wind direction (ESE) was such that there was no
contamination from upwind or downwind sources. For this
day, we derived the top-down NOX emissions rate to be 11.5
Mg/h, as seen in Figure 4. This estimate is similar to the five-
month weekend emissions rate, which gives us confidence that

Figure 3. Five-month averaged top-down NOX emissions estimates for Chicago sorted by weekdays and weekends during the summer of 2018.
(Left) Weekdays only (28 days total) and (right) weekend days only (10 days total).
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this estimate is robust. In Figure 4, we also provide surface 8 h
maximum O3 measurements at EPA air quality system (AQS)
monitoring stations on that day. At the beginning of the
plumethe Illinois/Indiana borderthere are no enhance-
ments of O3. However, as the observed plume progresses
downwind, there are 15−20 ppb enhancements of surface O3.
At the Naperville, IL EPA AQS monitor, observed 8 h
maximum daily O3 reached 58 ppb and at the Rockford, IL
AQS monitor, 8 h maximum daily O3 reached 62 ppb. This
suggests that O3 production is NOX-limited within the majority
of the downwind plume. This also suggests that the Chicago
metropolitan area was responsible for the enhancements of O3
in the western suburbs on this particular day. This case study
also highlights the interdependencies between meteorology
and chemistry in the production of O3; O3 concentrations are
often largest 50−100 km downwind of a NOX emissions
source.

■ DISCUSSION

In this work, we show the potential of TROPOMI NO2 to
provide new information to help air quality policy develop-
ment. We develop top-down NOX emissions estimates for two
power plants and three megacities in North America for
seasonal and sub-seasonal timeframes using TROPOMI. Using
the operational TROPOMI NO2 product that is enhanced by
ECCC, we report a statistically insignificant low bias in our
calculation of NOX emissions from two U.S. power plants. For
New York City, Chicago, and Toronto, we report NOX
emissions to be 18 ± 5, 19 ± 5 and 14 ± 5 Mg/h respectively.
We find mean top-down NOX emissions from New York City
to be lower than the projected NEI estimates, although not in a
statistically significant manner. For Chicago, we find better
agreement with the NEI, and for Toronto, we find an
underestimate in reported NOX emissions. It is important to
note that the bottom-up inventory estimates are annual average
projections from earlier year inventories. For Chicago, we are
also able to distinguish the weekday versus weekend effect of
NOX emissions within a single five-month period (45% larger
on weekdays versus weekends in Chicago). Finally, in a last
step, we discovered a day (July 7, 2018), in which a NOX
emissions rate could be derived for Chicago using a single
TROPOMI overpass.

It should be noted that these metropolitan areas are near
large water features and are subject to sea and lake breezes,
which adds uncertainty to these analyses. Errors in the mean
wind speed and variabilities in wind direction are the largest
uncertainties that may systematically bias our estimates.
Variabilities in the wind direction are partially accounted for
in the effective photochemical lifetime.4 As a next step, we
suggest coupling the top-down approach with wind fields from
NOAA’s 3 km High-Resolution Rapid Refresh (HRRR) model.
While past studies using OMI needed 12+ months of data to

develop top-down NOX estimates, TROPOMI’s considerably
smaller pixels sizes and reduced instrument noise allows us to
derive top-down NOX emissions using less than 5 months of
data, and sometimes even much less than thatin one case
just a single day. This advancement is particularly exciting
because TROPOMI can provide first estimates of seasonal
NOX emissions before more rigorous bottom-up emissions
inventories are released. Furthermore, the capability to
calculate top-down emissions rates over short timeframes
allows us to develop estimates from transient sources such as
wildfires and intermittent industrial activities, which are
notoriously difficult to quantify in any other way. As
TROPOMI continues to observe our atmosphere, we can
expect to develop more estimates of NOX emissions for cities
and power plants worldwide that can be especially helpful for
policymakers in assessing the effectiveness of regulations on
NOX emissions.
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Figure 4. Daily top-down NOX emissions estimate for the Chicago area on Saturday July 7, 2018. (Left) Observed operational TROPOMI NO2
columns and 8 h maximum ozone concentrations from the EPA AQS shown as colored circles. (Right) Top panel shows the TROPOMI NO2 re-
processed data rotated based on the daily wind direction (ESE). The bottom panel shows the re-processed TROPOMI NO2 line densities, which
are integrals along the y-axis ± 50 km about the x-axis. The statistical EMG fit to the top-down line densities is shown in light blue.
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