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Abstract Airborne mass balance experiments were conducted around the Washington, D.C.-Baltimore
area using research aircraft from Purdue University and the University of Maryland to quantify emissions of
nitrogen oxides (NOx = NO + NO2) and carbon monoxide (CO). The airborne mass balance experiments
supported the Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) campaign, an
intensive airborne study of anthropogenic emissions along the Northeastern United States in
February–March 2015, and the Fluxes of Atmospheric Greenhouse Gases in Maryland project which seeks to
provide best estimates of anthropogenic emissions from the Washington, D.C.-Baltimore area. Top-down
emission rates of NOx and CO estimated from the mass balance flights are compared with the Environmental
Protection Agency’s 2011 and 2014 National Emissions Inventory (NEI-11 and NEI-14). Inventory and
observation-derived NOx emission rates are consistent within the measurement uncertainty. Observed CO
emission rates are a factor of 2 lower than reported by the NEI. The NEI’s accuracy has been evaluated for
decades by studies of anthropogenic emissions, yet despite continuous inventory updates,
observation-inventory discrepancies persist. WINTER NOx/CO2 enhancement ratios are consistent with
inventories, but WINTER CO/NOx and CO/CO2 enhancement ratios are lower than those reported by other
urban summertime studies, suggesting a strong influence of CO seasonal trends and/or nationwide CO
reductions. There is a need for reliable observation-based criterion pollutant emission rate measurements
independent of the NEI. Such determinations could be supplied by the community’s reporting of
sector-specific criteria pollutant/CO2 enhancement ratios and subsequent multiplication with currently
available and forthcoming high-resolution CO2 inventories.

1. Introduction

Nitrogen oxides (NOx = NO + NO2) and carbon monoxide (CO) are emitted from a variety of natural and
anthropogenic sources including soil and combustion processes. NOx and CO contribute to tropospheric
ozone (O3) production through complex reactions of peroxy radicals via hydroxyl radical oxidation of CO
and volatile organic compounds (VOCs) and photolysis of NO2. High surface-level O3 concentrations can
cause oxidative damage to crops (Van Dingenen et al., 2009). O3 and NO2 can irritate the human respiratory
system, in part through contributions to particulate matter formation (Samet et al., 2000). CO is a toxin at suf-
ficiently high levels (Cobb & Etzel, 1991). Because of their impacts on health, the environment, and their con-
tribution to surface-level O3, NOx and CO are criteria pollutants regulated by the U.S. Environmental
Protection Agency (EPA). Annual county-level emission estimates of criteria pollutants are developed by
the EPA every 3 years and released as the National Emissions Inventory (NEI) to reflect the impacts of equip-
ment innovations, new mitigation strategies, population, and the economy.
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Beginning with the Clean Air Act in 1970, policies aiming to limit surface-level O3 have targeted key sources of
O3 precursors, such as power plants and vehicles (EPA, 2004). Satellite observations have revealed significant
reductions in NOx emissions where power plant emissions dominate, such as the eastern United States, as a
result of selective catalytic reduction systems (EPA, 2015a; Kim et al., 2006; Krotkov et al., 2016). Similarly,
innovations in catalytic converters and NOx after treatment technologies for gasoline- and diesel-powered
vehicles have led to reductions in mobile CO and NOx emissions (Bishop & Stedman, 2015; Dallmann &
Harley, 2010; Parrish, 2006). As a result, nationwide NOx and CO emissions have steadily decreased over
the past several decades (He et al., 2013; Huang et al., 2014; Miyazaki et al., 2017; Pommier et al., 2013;
Russell et al., 2012; Stavrakou et al., 2008), with indications of CO decreasing at a faster rate than NOx

(Hassler et al., 2016). While there is general consensus between inventories and observations that NOx and
CO emissions are decreasing in the United States and other developing countries (Hassler et al., 2016;
Konovalov et al., 2010; Miyazaki et al., 2017; Pommier et al., 2013), discrepancies remain between
observations and national inventories regarding the magnitude of current NOx and CO emissions. Emission
quantification using surface, mobile, airborne, and satellite (“top-down”) measurements can be used to eval-
uate the accuracy of emissions inventories, that is, “bottom-up” methods (Nisbet & Weiss, 2010).

The atmospheric lifetime of CO is on the order of 1 month. NOx, which is predominately emitted as NO and
rapidly interconverts with NO2 during the day, will react to form other oxidized nitrogen species (NOz) includ-
ing HNO3, HONO, HO2NO2, peroxy nitrates, organic nitrates, and aerosol nitrate, all of which contribute to
total reactive nitrogen NOy. The interconvertible nature of NOy species can complicate the quantification
of urban NOx emissions, and evaluation of NEI NOx emission estimates if there is conversion of NOx to NOz

and instrumentation is not capable of measuring NOz species. The effective lifetime of NOy varies by season,
as it is temperature- and radiation-dependent, is highly dependent on oxidant concentrations of the hydroxyl
radical (OH) and O3, and is generally limited by dry deposition (Beirle et al., 2011; Parrish et al., 1993; Yienger
et al., 1999). Transformation of NOx to other NOy species and depositional NOy loss must be considered when
using observational data to quantify city-wide NOx emissions.

Previous studies usually investigated NOy transport and reactivity in spring, summer, and fall (Chou et al.,
2009; Horowitz et al., 1998; Hudman et al., 2007; Neuman et al., 2006; Singh et al., 2007; Stohl et al., 2002;
Thornton et al., 2002; Zhang et al., 2016). The lack of measurements conducted during the cold season leads
to greater uncertainty regarding the magnitude of wintertime NOx emissions and the ratio of emitted NOx

relative to other combustion products. Satellite measurements not only show that urban NO2 column densi-
ties are greater in winter than summer because of longer NOx lifetimes (Lamsal et al., 2010; Russell et al., 2012)
but also indicate that NOx emissions are greatest in summertime as a result of soil and biomass burning
emissions (Lamsal et al., 2010; Miyazaki et al., 2017). Wintertime emissions from cities could differ from other
seasons due to increased residential heating, vehicles started and operated at cold temperatures, or changes
in traffic patterns due to poor road conditions. These wintertime emission fluctuations could result in unique
combustion product emission ratios compared to other seasons.

The Wintertime INvestigation of Transport, Emissions, and Reactivity (WINTER) was conducted along the
Northeastern U.S. in February and March 2015 to investigate the lifetime, behavior, and magnitude of anthro-
pogenic emissions during the cold season. Some of the WINTER flights overlapped in space and time with
measurements of the Fluxes of Atmospheric Greenhouse Gases in Maryland project, a long-term campaign
which seeks to quantify anthropogenic emissions from the Washington, D.C.-Baltimore area (D.C.-Balt).

Some field studies reported that different releases of the NEI overestimate NOx emissions (Ahmadov et al.,
2015; Anderson et al., 2014; Brioude et al., 2013; Canty et al., 2015; Castellanos et al., 2011; Hudman et al.,
2007; Marr et al., 2013; Travis et al., 2016; Yu et al., 2012), while others have shown the NEI to be consistent
with observations (Dallmann & Harley, 2010; Parrish, 2006). A commonly identified source of the NEI overes-
timation is mobile source NOx emissions (Anderson et al., 2014; Canty et al., 2015; McDonald et al., 2012;
Travis et al., 2016), which account for ~60% of nationwide NOx in the NEI (Bishop & Stedman, 2008; EPA,
2016b). NEI mobile emissions include both “on-road” automobile emissions and “nonroad” emissions, for
example, locomotives, marine, aircraft, construction, recreation, lawn/garden vehicles, and equipment
(EPA, 2016b). Nonroad emissions potentially represent a significant source of uncertainty in the NEI given
the relatively few studies that have characterized emission factors from the large number of nonroad
vehicle/equipment types (Dallmann & Harley, 2010; Heidari & Marr, 2015).
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Similarly, some studies have shown that the NEI significantly overestimates CO (Brioude et al., 2013; Fujita et al.,
2012; Hudman et al., 2008; Miller et al., 2008; Parrish, 2006), while others report smaller observation-NEI discrepan-
cies (Anderson et al., 2014; Castellanos et al., 2011; Yu et al., 2012). However, most field studies were conducted
from spring throughfall (Anderson et al., 2014; Brioude et al., 2013; Canty et al., 2015; Castellanos et al., 2011;
Hudman et al., 2007, 2008; Kim et al., 2016; Miller et al., 2008; Travis et al., 2016; Yu et al., 2012). The WINTER mea-
surements over the northeastern United States allow for the evaluation of the NEI during the cold season.

The NEI is built by combining local, tribal, and state-level inventories; monitoring systems; and models (EPA,
2016b). Comparisons of top-down analyses with different releases of the NEI or with NEI estimates for differ-
ent areas in the United States must be carefully considered as it is possible that NEI emission estimates are
more accurate for certain sectors or certain parts of the United States. For example, power plant emissions
monitored with Continuous Emissions Monitoring Systems (CEMS) are generally expected to be accurate
within an uncertainty of 14% (Peischl et al., 2010; Pouliot et al., 2012). These sources can contribute signifi-
cantly to regional emissions along the Ohio River Valley and the eastern United States and are responsible
for ~25% of NOx emissions nationwide (EPA, 2016b; Kim et al., 2006). Different methodologies have been
developed to estimate emissions for the same sector across different years or regions. For example, the
2005 NEI relies on the MOBILE6 model to estimate automobile emissions, while the 2011 NEI uses the
Motor Vehicle Emission Simulator (MOVES) model (Kota et al., 2014), except vehicle emissions for California
are estimated using a California Air Resource’s Board model (Kim et al., 2016). As a result, evaluations of
the NEI accuracy should be interpreted as time- or region-specific.

In addition to improving future NEI estimates, sector-specific measurements of criteria pollutants, along with
greenhouse gas observations, could prove helpful for building an observations-based inventory of anthro-
pogenic emissions (Hsu et al., 2010; Warneke et al., 2007). High-resolution carbon dioxide (CO2) inventories
have been developed for the United States (Vulcan; http://vulcan.project.asu.edu) and for some U.S. cities
(Hestia; http://hestia.project.asu.edu) for selected years (Gurney et al., 2009, 2012; Newman et al., 2016;
Patarasuk et al., 2016). If robust NOx/CO2 and CO/CO2 emission factors are determined for each contributing
sector, the fuel- and activity-based Hestia CO2 inventory can eventually be converted into nationwide NOx

and CO inventories independent of the NEI. Ratios of co-measured criteria pollutants and greenhouse gases
(“emission ratios,” e.g., NOx/CO2 and CO/CO2) have been reported for selected cities (Brioude et al., 2013;
Pollack et al., 2012; Williams et al., 2009) and could complement the development of observation-based
criterion pollutant inventories. However, before a CO2 emission inventory can be used to guide the
development of new criteria pollutant inventories, appropriate criterion pollutant/greenhouse gas emission
ratios must be reported from individual energy sectors, from more urban areas, and in different seasons.

To improve our understanding of wintertime emissions of reactive air pollutants, mass balance flights were
conducted during WINTER using the Purdue University Airborne Laboratory for Atmospheric Research
(ALAR) and the University of Maryland (UMD) experimental Cessna aircraft to quantify emission rates of
NOx and CO from D.C.-Balt. Airborne mass balance experiments have been used to quantify emissions from
power plants (Ryerson et al., 1998; Trainer et al., 1995), oil and gas fields (Karion et al., 2013, 2015; Lavoie et al.,
2015, 2017; Peischl et al., 2015, 2016; Pétron et al., 2014; Ren et al., 2017), and cities (Cambaliza et al., 2014,
2015; Gioli et al., 2014; Heimburger et al., 2017; Kalthoff et al., 2002; Mays et al., 2009; O’Shea et al., 2014;
Salmon et al., 2017). Measurements of NOy aboard the NCAR C-130 during WINTER are also used to provide
information about NOy partitioning downwind of D.C.-Balt. We compare our observation-derived emission rates
with the 2011 and 2014 NEI (NEI-11 and NEI-14). We also report NOx, CO, and CO2 enhancement ratios and
compare them with ratios reported from studies conducted across the United States during other seasons.

2. Methods and Data
2.1. Study Area

The D.C.-Balt urban area is centered on the cities of Washington, D.C. (38.905°N, 77.016°W) and Baltimore, MD
(39.288°N, 76.617°W) and has a population of approximately 9.6 million (U.S. Census Bureau, Population
Division, 2016). The Purdue and UMD experimental aircraft flights were conducted around D.C.-Balt as part
of the WINTER and Fluxes of Atmospheric Greenhouse Gases in Maryland campaigns. The Appalachian
Mountains lie to the west of D.C.-Balt, rural areas lie to the north and south, and the Chesapeake Bay and
Atlantic Ocean lie to the east of the urban area. Similar to long-term observations of wintertime winds in
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the area (Berg & Allwine, 2006), northwest winds were most commonly observed during the February and
March 2015 flights. Airborne observations of urban emissions from D.C.-Balt have been previously discussed
(Anderson et al., 2014; Brent et al., 2015; Castellanos et al., 2011; Hains et al., 2008; He et al., 2013, 2014, 2016;
Marufu et al., 2004; Taubman et al., 2006). Observations conducted duringWINTER in 2015 are compared with
measurements conducted by the UMD aircraft the following February (2016) in D.C.-Balt, and in Indianapolis,
IN in November to December 2014 (Heimburger et al., 2017), as part of the Indianapolis Flux Experiment
(Davis et al., 2017).

2.2. Aircraft Measurements
2.2.1. Purdue Airborne Laboratory for Atmospheric Research
The Purdue ALAR was equipped with a Los Gatos Research off axis integrated cavity output spectrometer
(OA-ICOS) for 1-Hz NO2 measurements (Brent et al., 2015). The Purdue NO2 OA-ICOS was calibrated after
the WINTER campaign with an NO2 permeation source. The measured 5-s precision for the Purdue NO2 ana-
lyzer was ±60 pptv. A 2B Technologies Model 202 Ozone Monitor was installed in the Purdue ALAR for 0.1-Hz
O3 measurements. The Purdue O3 analyzer was calibrated using a 2B Technologies Model 306 Ozone
Calibration Source. The accuracy and detection limit for O3 were <2% and 3 ppbv, respectively. Purdue’s
ALAR was equipped with a Picarro G2301-m CRDS for 0.5-Hz CO2 measurements during the WINTER cam-
paign. The Purdue CRDS was calibrated with four analytical standards from the National Institute of
Standards and Technology (NIST) ranging from 359.52 to 429.68 ppmv CO2. The measured 5-s precision
for CO2 was ±30 ppbv. Radiation (direct and diffuse) was measured by the Purdue ALAR with a LI-COR LI-
200R pyranometer. The Purdue ALAR’s wind system (Garman et al., 2006) and instruments for observations
of other gases and aerosol during the WINTER campaign have been previously described (Salmon et al.,
2017). The Purdue aircraft was used to conduct measurements in Indianapolis in November to December
2014. Methods for the Indianapolis measurements are discussed by Heimburger et al. (2017).
2.2.2. UMD Experimental Cessna
The UMD Cessna was also equipped with a Los Gatos Research OA-ICOS for 1-Hz NO2 measurements. It was
calibrated using the gas phase titration method by quantitatively converting a NIST-traceable NO standard to
NO2. The average difference between the Purdue and UMD NO2 measurements during a 20-min intercom-
parison flight conducted on 19 February 2015 was 29%. Beginning on 19 February 2015, nitric oxide (NO)
was measured from the UMD Cessna with a chemiluminescence NO-NOx analyzer (Thermo Electron
Corporation, Model 42) running in the NO mode. The NO analyzer was calibrated with a NIST-traceable NO
standard with an accuracy of ±(3% + 50) pptv. A UV absorption O3 analyzer (Thermo Electron Corporation,
Model 49) was installed on the UMD Cessna. The O3 analyzer was calibrated with a primary O3 calibrator that
was calibrated with a standard reference photometer at NIST. The accuracy and detection limit for the UMD
O3measurements were<1% and 1 ppbv. A Picarro G2401-m cavity ringdown spectrometer for 0.5 Hz CO and
CO2 measurements was installed in the UMD Cessna. The UMD CRDS was calibrated with four NIST standards
ranging from 359.52–429.68 ppmv for CO2 and 217.00–1047.25 ppbv for CO. The measured 5-second preci-
sion for UMD CO2 and CO measurements were ± 20 ppbv and ± 8 ppbv, respectively. Other instrumentation
installed in the UMD Cessna has been discussed by He et al. (2014) and Ren et al. (2017).
2.2.3. C-130 Measurements of NOy, CO, and CO2

Reactive nitrogen oxides were measured using several instruments during WINTER on the C-130 aircraft. For
the analysis here, NO, NO2, and NOy were measured with a NOAA custom-built CRDS. NO2 was measured by
direct absorption at 405 nm (Fuchs et al., 2009) and was calibrated throughout the campaign by measure-
ment of NO2 converted from known amounts of O3 in excess NO (Washenfelder et al., 2011). The stated accu-
racy and 1σ 1-s precision of the NOAA CRDS instrument is 3% and<30 pptv for NO2 (Wild et al., 2014) but was
<8% and 114 pptv, respectively, on C-130 research flights 1 and 2 (3 and 6 February 2015) due to an inlet zero
issue. NOy was thermally converted in a quartz heater (650°C) and measured as NO2 in a separate channel
after chemical conversion of NO to NO2 via excess O3 (Wild et al., 2014). The NOy channel is calibrated using
the same method as the NO2 channel and had an accuracy of 12% and 1σ 1-s precision of 190 pptv for the C-
130 flights considered here.

Carbon monoxide was measured by a commercial Aero-Laser AL-5002 VUV resonance fluorescence instru-
ment having a 1.5-ppbv precision (1σ 1-s) and 0.5-Hz frequency response. A Picarro G2311-f CRDS instrument
quantified CO2 dry mole fraction with a 1σ 0.2-s precision of 250 ppbv, with a 2-Hz frequency response.
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2.3. Airborne Mass Balance Experiment

Emission rates from D.C.-Balt were quantified from airborne mass bal-
ance measurements conducted by the UMD and Purdue aircraft on
the weekdays: 13, 18, 19, 20, 23, 24, 25, and 27 February and 11
March 2015. Flight paths are shown in Figure 1 (Table S1 in the sup-
porting information is a flight log detailing all the flights discussed in
this paper). Mass balance measurements conducted on 19 February
2015 were used to quantify emissions from an energy generating
facility in Maryland. Mass balance experiments were conducted dur-
ing afternoon hours when boundary layer conditions are most con-
stant relative to other times of the day (Stull, 1988). Flights
initiated at approximately noon and ended in late afternoon before
boundary layer decay began (Acevedo & Fitzjarrald, 2001; Lothon
et al., 2014). Figure 2a shows an example three-dimensional mass
balance flight path colored by CO mixing ratio for 25 February
2015, and the inset (Figure 2b) shows the two-dimensional top view
of the flight path. Flights typically began with a vertical profile con-
ducted upwind of the study area to estimate boundary layer height,
followed by an upwind transect to measure inflow mixing ratios.
Then, typically three downwind transects were conducted approxi-
mately equally spaced throughout the boundary layer. At some point
during the downwind transects, an additional vertical profile (s) was
(were) conducted downwind of the study area, usually within the
urban plume, to characterize vertical mixing and identify boundary
layer evolution throughout the duration of the flight.

2.4. Calculation of NOx

Only NO2 was measured during the Purdue ALAR mass balance flights,
while NO and NO2 were both measured by the UMD Cessna (except for
one UMD flight on 13 February 2015 when only NO2 was measured). For
mass balance days when NOx cannot be directly calculated frommeasure-
ments, NOx is defined as the sum of calculated steady state NO (NOss) and
measuredNO2 (Leighton, 1961). The step-by-step calculation of NOss using
airborne measurements of NO2, O3, and calculated NO2 photolysis rates is
discussed in detail in Text S1 and Figures S1 and S2 in the supporting
information, along with a discussion of associated uncertainties.

2.5. Background Determination

To determine the urban enhancement in CO and NOx, background
values (Cbg, i; C is CO or NOx) are subtracted from the elevated downwind
mole fractions of CO and NOx (Cdw, i). Point-by-point urban enhance-
ments in NOx and CO are identified as XNOx,i and XCO,i, as in equation (1):

XC;i ¼ Cdw;i � Cbg;i (1)

Background mole fractions are defined by fitting an ordinary least
squares linear regression to the rural area-influenced mole fractions
on either side of the urban plume (Cambaliza et al., 2014, 2015;
Heimburger et al., 2017; Karion et al., 2015; Salmon et al., 2017), analo-
gous to defining the baseline of a chromatographic peak. We define
the transition from rural- to urban-influenced air as the point when
the downwind NOx and CO mole fractions are greater than the back-
ground plus 3 times the observed standard deviation of the back-
ground, which is defined as the standard deviation in the

Figure 1. Mass balance flight paths conducted around D.C.-Balt during
Wintertime INvestigation of Transport, Emissions, and Reactivity. Northwest
winds were typically observed during D.C.-Balt mass balance flights, except for
18 February 2015 (orange) and 24 February (light blue) when winds were from
the south. Map source: Esri, U.S. Geological Survey, National Oceanic and
Atmospheric Administration, 2010 U.S. Census. Population density (shown in
gray) is distributed by the U.S. Census Bureau’s populated place definitions.

Figure 2. (a) Three-dimensional view of the mass balance flight conducted
around D.C.-Balt on 25 February 2015. The flight path is colored by CO mixing
ratio. The experiment began with a vertical profile upwind of the urban area,
followed by an upwind transect. Three transects were then conducted down-
wind of the city. Three additional vertical profiles were conducted downwind of
the study area to characterize vertical mixing. Segments traveling to and from the
home airport have been removed from (a) for clarity. (b) The two-dimensional
top view of the entire flight path. Map source: Esri, U.S. Geological Survey,
National Oceanic and Atmospheric Administration, 2010 U.S. Census. Population
density (shown in gray) is distributed by the U.S. Census Bureau’s populated
place definitions.
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atmospheric species along the upwind transect. For the regression analysis, the aircraft’s location along the
downwind transect is the independent variable and the dependent variable is the rural-influenced NOx or CO
mole fractions. This method for background determination has been evaluated by Heimburger et al. (2017).
The D.C.-Balt NOx and CO plumes with defined backgrounds are provided in Figures S3 and S4, respectively.

2.6. Transformations of NOx

Transformations of NOx to NOz must be accounted for in the D.C.-Balt mass balance analysis for meaningful
reporting of city-wide NOx emissions and comparison to the NEI. The NEI reports NOx emissions from the
source. After being emitted, NOx can react to form NOz, for example, HNO3, HO2NO2, peroxyacyl nitrates,
organic nitrates (RONO2), and aerosol nitrate. We assume that the NOy molecules contributing to the
observed urban enhancement downwind of the study area were all initially emitted as NOx, and, because
of the short atmospheric processing time between emission andmeasurement (average: 2.8 hr), NOy removal
is relatively small (~11%, calculation in Text S2). During the day, the downwind ratio of NOx/NOy is dependent
on NOy photochemical reaction and deposition rates and theoretically varies with the age of the air parcel
since emission.

The relationship between air parcel transport time and NOx/NOy was determined for three isolated urban
plumes sampled by the C-130 aircraft (flight path in Figure 3a) during afternoon hours (14:45–17:15 EST).
The measured NOx/NOy ratios within the three urban plumes are plotted as a function of transport time (t) in
Figure 3b. Transport times were determined using the National Oceanic and Atmospheric Administration Air
Resources Laboratory’s Hybrid Single-Particle Lagrangian Integrated Trajectory model (Stein et al., 2015),
which was defined as the time lapse between when the air parcel passed over the D.C-Balt or Philadelphia
area and when the air parcel was sampled. For this analysis, the D.C.-Balt area was defined as the line inter-
secting the geographical coordinates of Washington, D.C. and Baltimore, MD, and the Philadelphia area was
defined as the best fit line of the geographical coordinates of Trenton, NJ; Philadelphia, PA; and Wilmington,
DE (red traces in Figure 3a).

Hybrid Single-Particle Lagrangian Integrated Trajectory-calculated transport times (t) can be used as inputs
for equation (2) to calculate the NOx/NOy ratios downwind of D.C.-Balt during the mass balance flights (which
did not have NOz measurements). To account for transformations of NOx to NOz species, the urban NOx

enhancements (XNOx,i; equation (1)) were divided by the calculated NOx/NOy (equation (2)) to give the calcu-
lated NOy enhancements (XNOy*,i; where the asterisk indicates “calculated”), as in equation (3).

Figure 3. (a) C-130 flight path on 3 February 2015 flown downwind of D.C.-Balt and Philadelphia. The D.C.-Balt and
Philadelphia “emission areas” are indicated by the red trace. Transport times are defined as the time between emission
from D.C.-Balt or Philadelphia (red trace) and sampling downwind by the C-130 (transect altitudes are reported in meters
above sea level). Map source: Esri, U.S. Geological Survey, National Oceanic and Atmospheric Administration, 2010 U.S.
Census. Population density (shown in gray) is distributed by the U.S. Census Bureau’s populated place definitions. (b) The
ratio of NOx/NOy sampled by the C-130 within the isolated plumes indicated in (a) plotted as a function of transport time
between emission and sampling.
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NOx=NOy
� �

i ¼ 1:0� 0:0169·t (2)

XNOy�;i ¼ XNOx;i

NOx=NOy
� �

i

(3)

Uncertainties and assumptions associated with the calculation of NOy,
including the temporal variability of NOx/NOy (Ren et al., 2006), NOy

removal via dry deposition(Sickles & Shadwick, 2007; Zhang et al.,
2012), and the vertical gradient of NOx/NOy within the boundary layer,
are discussed in Text S2 and Figure S5.

2.7. Emission Rate Calculation

To quantify the total emission rate of NOy* and CO from the D.C.-Balt
area, fluxes, FC, i, of the scalar, C (NOy* or CO), are calculated at each downwind sampling point according
to equation (4).

FC;i ¼ U⊥; i ·XC;i (4)

In equation (4), the urban enhancement XC, i (mol m�3) in CO or NOy* is multiplied by the component of the
wind speed (10-s average) perpendicular to the downwind flight track, U⊥, i (m s�1), to yield a flux, FC, i
(mol m�2 s�1), across an imaginary vertical plane downwind of the source region. An expanded form of equa-
tion (4) is provided in Text S3.

The flux values calculated at each downwind sampling point, FC, i, are interpolated/extrapolated to create a two-
dimensional x-z plane, or matrix (MC) of downwind CO or NOy* fluxes (Heimburger et al., 2017). The matrix
extends from the surface to the top of the boundary layer and only extends horizontally to include urban-
influenced air (section 2.5). The average boundary layer height during theWINTER D.C.-Balt mass balance flights
was 1,200m (Table S1). Determination of boundary layer height (zi) from vertical profiles is defined by the great-
est increase in potential temperature with altitude (Bonin et al., 2018; Cambaliza et al., 2014). The citywide emis-
sion rate, ERC (mol s�1), is calculated by integrating the pixels of the flux matrix, MC, across the horizontal
bounds of the city, and vertically from the surface to the top of the boundary layer according to equation (5):

ERC ¼ ∫zi0 ∫
þx
�xMCdx dz (5)

Uncertainties associated with the CO and NOy* mass balance rate calculation are discussed in Text S3 and
Table S2.

2.8. Emission Inventories

We conduct a 1:1 comparison of our top-down D.C.-Balt NOy* (hereon referred to as NOx) and CO emissions
estimates to version 2 of the NEI-11 and version 1 of the NEI-14 (EPA, 2015b; EPA, 2016b). NEI-11 and NEI-14
annual county NOx and CO emissions are temporally allocated by month and projected forward in time to
2015 with version 6.2 of the EPA’s 2011 Emissions Modeling Platform (EPA, 2015c). For reference, the sector
breakdown of NEI-11 D.C.-Balt NOx and CO emissions is provided in Table 1 (EPA, 2015c). Inventory CO2 esti-
mates for the D.C.-Balt study area are determined from the Vulcan 2002 fossil fuel CO2 emission inventory and
scaled by population growth to 2015 (version 2.2; http://vulcan.project.asu.edu/) (Gurney et al., 2009).

We assume that the co-emitted combustion products CO2, CO, and NOx follow a similar diurnal emission pro-
file. The temporal structure of Hestia’s 2014 Baltimore CO2 data product (http://hestia.project.asu.edu/) is
used to temporally allocate the D.C.-Balt Vulcan CO2 and NEI-11 and NEI-14 monthly NOx and CO emissions
estimates into hourly emission rates. We opt to use the Hestia Baltimore emission trends because Hestia
represents fossil fuel combustion emissions within our study area which are available at hourly resolution.
WINTER 2015 CO and NOx emissions were also calculated from Sparse Matrix Operator Kernel Emissions
(SMOKE) outputs based on the NEI-11, as described by Anderson et al. (2014). The SMOKE analysis predicted
slightly higher afternoon CO (1,500 ± 500 mol s�1) and NOx (170 ± 20 mol s�1) emission rates compared to
the interpolated, forward-projected, temporally allocated NEI CO (~1,100 mol s�1) and NOx (~115 mol s�1)

Table 1
Distribution of NEI-11 D.C.-Balt NOx and CO Emissions by Sector

Source
sector

NOx CO

Feb Mar Feb Mar

On-road 49.4% 52.1% 49.4% 48.9%
Nonroad 12.1% 15.3% 21.5% 34.6%
Point 16.0% 16.7% 4.1% 4.4%
Nonpoint 17.3% 11.1% 15.3% 10.3%
Marine 3.5% 3.9% 0.1% 0.1%
Fire 1.0% 0.1% 9.5% 1.2%
Biogenic 0.6% 0.8% 0.2% 0.4%
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emission estimates. A step-by-step explanation of the scaling/temporal
allocations conducted on the D.C.-Balt emission inventories, as well as
discussion of the SMOKE analysis (EPA, 2014a, 2014b; Goldberg et al.,
2015, 2016; Houyoux & Vukovich, 1999; Kota et al., 2012; Vinciguerra
et al., 2017), is provided in Text S4 and Figures S6 and S7.

Emissions from an energy generating facility in Maryland were esti-
mated from measurements made downwind of the facility on 19
February 2015 and were compared with the EPA’s CEMS data, which
reports hourly, facility-level NOx and CO2 emissions. NEI and CEMS
NOx are converted to moles assuming all the NOx is NO2 according to
the EPA definition (molar mass: 46 g mol�1) because NO2 is an EPA cri-
teria pollutant. NEI CO emissions are converted to moles using CO
molar mass (28 g mol�1).

3. Results and Discussion
3.1. Emission Rate Comparison: Top-Down Versus Bottom-Up
3.1.1. NOx

Figure 4a is a time series of NOx emission rates calculated from the
mass balance flight measurements (corresponding values are listed in

Table S3). NOx emission rates are calculated from NOy enhancements (section 2.7) but are reported as
“NOx” for consistency with the NEI. The average top-down afternoon NOx emission rate was 130 mol s�1, with

a 95% confidence interval (CI) for the mean (x±ts=
ffiffiffiffi
N

p
; s = ±110 mol s�1; t = 1.895; N = 8) ranging from 60 to

200 mol s�1. The NEI-11 (NEI-14) February and March 2015 afternoon NOx emission rates are 115 (120) and
110 (115) mol s�1, respectively. While the observations are consistent with the NEI, our city-scale measure-
ments do not allow us to evaluate how accurately the NEI estimate emissions from the component source
sectors. Past studies have found that total NEI NOx emissions agree with observations, but observed sector
contributions were inconsistent with the NEI’s distribution of emissions (Dallmann & Harley, 2010).

As can be noted from Figure 4, the 24 February emission rates were higher relative to the other flight days.
Excluding the 24 February NOx emission rate from the analysis results in an average D.C.-Balt NOx emission
rate of 95 mol s�1, and the 95% CI ranges from 65 to 125 mol s�1. We opt to include the 24 February data
point in our analysis because the NOx emission rate on this day is not a statistical outlier, and the 95% CI
in both scenarios are consistent with NEI NOx emissions. According to the CEMS data, NOx (and CO2) emis-
sions from energy production were highest on the 20 February 2015 flight day, followed by 24 February
2014. Daily CEMS NOx (and CO2) emissions on 24 February were within 1σ of the average of all the flight days.
Relative to the other flight days, 24 February was the second-coldest flight day (20 February was the coldest),
but again the average daily temperature was not significantly lower than the flight days. Other emission
sources might be responsible for the anomalously high 24 February NOx emissions, such as mobile (on road
and/or nonroad) emissions (Table 1). However, 24 February 2015 was a Tuesday, not a holiday, and it had not
snowed or rained on this day. We do not expect significant changes in mobile on road or nonroad
vehicles emissions.

The 24 February flight day (Figure 4) was unique in that a low-pressure system was moving into the study
area. Barometric pressure decreased steadily throughout the day, whereas barometric pressure was rela-
tively constant or increased throughout the afternoons of the other study days. Clocking (counterclock-
wise direction) winds, which are associated with low-pressure systems, were present in the morning
(https://www.wunderground.com/history/airport/KDCA/2015/2/24/DailyHistory.html). The low, circling
winds in the morning, aided by the Appalachian Mountains which lie to the west, and the Atlantic
Ocean which is east of D.C.-Balt, possibly acted to trap emissions within the study area. Wind speeds
began to increase around 12:00 local time and possibly helped flush the trapped emissions out of the
study area. Airborne measurements downwind of D.C.-Balt on 24 February 2015 were conducted between
approximately 12:30–13:45 and possibly sampled accumulated emissions resulting in an anomalously high
NOx emission rate this day.

Figure 4. Time series of D.C.-Balt top-down emission rate estimates for (a) NOx
and (b) CO calculated (equations (4) and (5)) using measurements made during
mass balance flights. NEI-11* and NEI-14* NOx and CO emissions estimates
indicate NEI emissions forward-projected to 2015.
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The NOx mass balance error propagation (Text S3 and Table S2)
resulted in an average uncertainty of ±45% for the individual top-down
NOx emission rates. This is similar to the uncertainty estimate for the
mass balance approach for single determinations, reported by
Cambaliza et al. (2014). A detailed description of the uncertainty analy-
sis is provided in Text S3 and Table S2. In addition to the uncertainty in
the measurements of pressure, temperature, winds, and NOxmole frac-
tion, the analysis accounts for the uncertainty associated with calculat-
ing NOy* from the NOx enhancements, which is defined by (1) the
uncertainty in calculated NOx/NOy ratios (~6%) and (2) NOy removal
via dry deposition (~11%). For the flight days in which NOx was calcu-
lated as the sum of measured NO2 and calculated NOss, the uncertainty
associated with the JNO2-Irradiance relationship in equation (S2) (~6%)
and the photochemical stationary state assumption (~15%) are
also propagated.

NOx emissions from the Chalk Point Generating Station, a 2,600-MW
energy generating facility fueled primarily by coal, as well as oil and
natural gas, in Eagle Harbor, Maryland (38.5444,�76.6861), were quan-

tified from measurements collected during a mass balance flight on 19 February 2015 between approxi-
mately 15:00 and 17:00 EST by the UMD aircraft (Figure 5). Total urban area NOx emission rates from
D.C.-Balt were not quantified for this flight because background mole fractions sampled at the edges of
the downwind transects were variable. Relatively constant background NOx mole fractions were, however,
definable on either side of the power plant plume, likely due to the close proximity of the downwind trans-
ects to the facility (average transport time between emission and sampling was 30 min).

The emission rate of NOx from the energy generating facility was calculated to be 6.2 (±2.1) mol s�1. The NOx

emission rate reported by the CEMS for the facility was 9.3 (±1.3) mol s�1 over the 3-hr period when the
downwind transects were conducted. According to CEMS data, the energy output of the power plant
increased by 200 MW h�1 during the experiment. The magnitude of the CEMS hourly reported NOx and
CO2 emissions reflect this increase in energy output. The CEMS-reported emission rate and the NOx emission
rate calculated from the mass balance flight are not statistically significantly different at the 95% confidence
level. The facility’s CO2 emission rate of 3430 (±740) mol s�1, quantified from the mass balance measure-
ments, was slightly lower than the CEMS-reported average CO2 emission rate of 5,100 mol s�1 (±710).
Some quantitative studies of power plant emissions have found ambient observations to be consistent with
CEMS data within the CEMS’s specified accuracy of 14% (Peischl et al., 2010), while inconsistencies between
CEMS and observations have also been reported (Placet et al., 2000). NOx/CO2 emission ratios from the
energy generating facility are discussed in section 3.2.3. An enhancement in COmole fraction was not detect-
able downwind of the facility (Figure 5b). Power plant CO emissions have been reported to be temporally
variable and dependent on type of fossil fuel used and plant operating conditions (Nicks Jr et al., 2003;
Peischl et al., 2010).

3.1.2. CO
Figure 4b shows the CO emission rates calculated from measurements made during the UMD mass balance
flights (corresponding values are listed in Table S3). The average afternoon CO emission rate calculated from

UMD’s airborne measurements is 540 mol s�1, and the 95% CI (x±ts=
ffiffiffiffi
N

p
; s = ±490 mol s�1; t = 2.132; N = 5)

ranges from 70 to 1010 mol s�1. The large 95% CI for CO is strongly influenced by the high emission rate of
CO from D.C.-Balt on 24 February 2015 (discussed below). High emissions of NOxwere also observed that day.
The variability in CO emission rates in Figure 4b could indicate that day-to-day D.C.-Balt CO emissions can be
highly variable or reflect the mass balance emission rate uncertainty. The individual flight day CO emission
rate uncertainty (Text S3), indicated by the error bars in Figure 4b, was calculated to be ±50% on average.
The NEI-11 and NEI-14 February 2015 afternoon CO emission rate estimates are 1,060 and 1,100 mol s�1,
respectively, a factor of ~2.0 greater than the average top-down CO emission rate estimate. Our determina-
tion of the CO emission rate is statistically significantly different from the stated NEI values (however, the NEI
does not report uncertainties). Miller et al. (2008) found the NEI-99 overestimated nationwide CO emissions

Figure 5. Plume profiles of (a) ΔNOy*, (b) CO, and (c) ΔCO2 sampled downwind
of the chalk point generating station in Maryland on 19 February 2015. The tri-
angle indicates that the plumes shown are background-subtracted
enhancements.
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by a factor of 2 and 3 in spring and summer, respectively. Similarly, Brioude et al. (2013) report that posterior
CO emissions from the Los Angeles Basin constrained by observations during CalNex (May–June 2010) were a
factor of 2 lower than the 2005 version of the NEI, which was used as the prior.

The calculated CO emission rate on 24 February 2015, 1,400 (±460) mol s�1, was the highest observed in D.C.-
Balt during WINTER. It is the only CO emission rate estimate that is consistent with the NEI
(~1,100 mol CO s�1). The 24 February CO emission rate is also an outlier (even when accounting for the
CO mass balance measurement uncertainty). The outlier definition assumed here is a number more than
1.5 times the interquartile range above the third quartile (or below the first quartile). Excluding the 24
February CO emission rate from the analysis results in an average D.C.-Balt CO emission rate of 320 mol s�1,
and the 95% CI ranges from 230 to 415 mol s�1. We opt to include the 24 February observations in this ana-
lysis because the NOx emission rate for this day is not an outlier when the 24 February 41% NOxmass balance
measurement uncertainty (Table S2) is considered. Furthermore, not including the 24 February observations
results in an average D.C.-Balt CO emission rate that is a factor of 3 lower than the NEI, whereas including it
leads to a factor of two difference between the inventory and observations. In either scenario the observed
CO emissions are significantly lower than the NEI. As discussed in section 3.1.1, airborne measurements
downwind of D.C.-Balt on 24 February 2015 possibly reflect a component of accumulated morning emissions,
which were flushed out of the study area by strong southerly winds in the afternoon, resulting in anomalously
high NOx and CO emission rates.

According to the EPA Emissions Modeling Platform, on-road mobile sources are the dominant contributors to
D.C.-Balt CO emissions (Table 1). This points us to consider mobile on-road emissions as an obvious potential
source of the discrepancy between the NEI and observations. Additionally, the nonroad sector, the second
largest contributor to the area’s CO emissions, accounts for 21.5% and 34.6% of D.C.-Balt’s CO emissions
for February and March, respectively (Table 1). It is the largest (February–March) change in NOx or CO sector
contributions during the study months (Table 1). This change in sector contributions could be indicative of a
transition in the vehicles/equipment contributing to the study area’s emissions. For example, the increase in
nonroad contributions could reflect an increase in lawn/garden or construction emissions as weather
becomes milder. While some studies have found the NEI nonroad emissions to be consistent with observed
estimates (Kim et al., 2016), several studies have noted the uncertainty in NEI nonroad emission estimates
since many types of vehicles/equipment fall into the category (e.g., construction, agriculture, lawn/garden,
and recreation vehicles and equipment) and have unique emission profiles (Dallmann & Harley, 2010;
Heidari & Marr, 2015). For example, Heidari and Marr (2015) showed some construction vehicles emitted
up to a factor of 100 lower than predicted by the NEI, while observed emissions from other types of construc-
tion vehicles were consistent with the NEI. The temporally abrupt period over which this increase in nonroad
sector contributions occurs possibly points to an additional component of uncertainty in the NEI’s estimation
of nonroad CO emissions. While on-road emissions account for approximately half of the D.C.-Balt CO emis-
sions in February and March (Table 1), the nonroad sector represents a possibly significant component of the
factor of 2 discrepancy between the NEI and WINTER observations.

3.2. Enhancement Ratios

Here we report enhancement ratios of CO/NOx, NOx/CO2, and CO/CO2 (“enhancement” indicates that ratios
are determined for background-subtracted urban emissions). Enhancement ratios can serve as indicators of
temporal emission trends (Bishop & Stedman, 2015; Dallmann & Harley, 2010; Hassler et al., 2016; Parrish
et al., 2002) and can be compared across cities, energy sectors, and fuel types (Anderson et al., 2014;
Peischl et al., 2010; Williams et al., 2009). Robust NOx/CO2 and CO/CO2 emission factors for contributing sec-
tors would allow the Hestia, Vulcan, or other CO2 inventories to eventually be utilized to enable production of
nationwide NOx and CO inventories that are independent of the NEI. This approach could then result in more
reliable NOx and CO emission inventories, as long as these sector-specific emission factors were
regularly updated.

Enhancement ratios are defined as the correlation slope between background-subtracted urban enhance-
ments of CO, NOy, and CO2 (Anderson et al., 2014; Brioude et al., 2013; Hassler et al., 2016; Parrish, 2006;
Pollack et al., 2012; Williams et al., 2009). Because CO and CO2 are relatively long-lived, the mole fractions
measured downwind of D.C.-Balt could contain components related to long range transport. It is thus
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necessary to determine the correlation of background-subtracted data
(section 2.5). The enhancement ratios CO/NOx and NOx/CO2 are
reported with the nomenclature “NOx” for consistency with the NEI
but are calculated using background-subtracted NOy to account for
NOx transformations between emission and sampling. Correlations
were determined using orthogonal distance regression, the straight-
line fit type commonly used in this field when both x and y variables
have associated measurements errors (Anderson et al., 2014; Pollack
et al., 2012). The regressions were weighted by each variable’s
uncertainties, and the y-intercepts forced through zero. A detailed
discussion of the straight-line fitting is provided in Text S5 (Wehr &
Saleska, 2017; York et al., 2004).

3.2.1. CO/NOx

Figure 6 shows the CO/NOx enhancement ratios calculated from UMD
flight measurements (corresponding values are listed in Table S4).
CO/NOx enhancement ratios observed during WINTER are compared
with estimates from the NEI and other urban studies (Figure 6). The
average CO/NOx emission ratio observed during D.C.-Balt mass balance

flights is 4.6 (95% CI: ±0.7) ppbv ppbv�1 (individual flight day values are provided in Table S4). The average
urban CO/NOx enhancement ratio determined from C-130 measurements within the D.C.-Balt, Philadelphia,
PA, and Cincinnati, OH urban plumes was 5.1 (95% CI: ±1.5) ppbv ppbv�1. The NEI CO/NOx is a factor of ~2.0
greater than the emission ratios calculated from both the UMD aircraft and C-130 observations.

The average CO/NOx for the UMD aircraft flights is the average of ratios calculated for five flight days
(between 13 and 25 February 2015) and ranges from 3.4 to 5.2 ppbv ppbv�1. The C-130 CO/NOx enhance-
ment ratios range from 2.8 to 6.4 ppbv ppbv�1 and were determined from measurements conducted on 3
February 2015 (D.C.-Balt and Philadelphia, PA) and 6 February 2015 (Cincinnati, OH). Similar to the large range
in day-to-day CO/NOx enhancement ratios observed during the WINTER campaign, Simon et al. (2018) also
report large daily variability in CO/NOy enhancement ratios (4.9–13.6) in D.C.-Balt from airborne observations
conducted in July 2011 (DISCOVER-AQ). Emitted ratios of CO/NOx from different combustion sources can be
highly variable; for example, CO/NOx emission ratios from gasoline on-road vehicles are 3 orders of magni-
tude greater than power plant emission ratios (Simon et al., 2018). With the exception of fires (agricultural,
wood), the NEI predicts gasoline vehicles and nonroad mobile equipment (construction, lawn, and recreation
equipment/vehicles) emit the highest CO/NOx ratios relative to other combustion sources (Simon et al., 2018;
Wallace et al., 2012). These relatively high NEI-predicted CO/NOx ratios are supported by in-use vehicle fleet
CO/NOx ratio measurements in Chicago (9.8; Fall 2014; Bishop et al., 2016), Tulsa (11.5; Fall 2015; Bishop &
Stedman, 2016), and Los Angeles (7.7–10.7; Summer 2010; Bishop et al., 2012; Fujita et al., 2012). It is possible
that the variability in daily WINTER CO/NOx enhancement ratios is a result of varying contributions from
mainly point and nonpoint sources (Table 1; e.g., energy generating facilities and industrial processes) that
emit at characteristically lower CO/NOx ratios, mixing with dominant mobile emissions in the D.C.-Balt plume.

An average enhancement ratio of 11.1 mol CO/mol NOy was estimated from measurements during
DISCOVER-AQ flights in July 2011 around Baltimore, MD (Anderson et al., 2014; Anderson, 2016). Studies in
Los Angeles during CalNex 2010 (Brioude et al., 2013; Pollack et al., 2012) and Houston during TexAQS
2006 (ratio of average observed CO and NOy mixing ratios; Yu et al., 2012) have reported CO/NOy emission
ratios ranging from 7.4 to 9.1 mol CO/mol NOy. A possible explanation for the lower CO/NOx observed during
WINTER is that the DISCOVER-AQ, CalNex, and TexAQS campaigns were conducted between late spring and
early fall. Ambient surface temperatures during the WINTER campaign were much lower and were frequently
below 0 °C. Roadside morning rush hour (6–9 A.M.) measurements of CO and NOx in Baltimore, MD in 2015
and 2016 show a similar trend, where wintertime CO/NOx ratios are much lower when ambient temperatures
are low (Figure S8). Details of these observations will be discussed in a forthcoming paper. It is possible that
seasonal differences in CO/NOx ratios (Figure S8) could result from seasonal differences in vehicle fleet
composition, that is, more reliable, better maintained vehicles being used more frequently in winter rela-
tive to summer. However, Anderson (2016) shows that airborne measurements of CO/NOy ratios in

Figure 6. CO/NOx enhancement ratios calculated from the University of
Maryland aircraft and C-130 observations are compared with the National
Emissions Inventory (NEI) and other urban studies. The markers indicate average
enhancement ratios (solid bars identify the range of ratios observed on indivi-
dual flight days). The unfilled and filled NEI markers indicate original NEI emis-
sions and NEI emissions forward-projected to 2015, respectively.
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Baltimore in July 2011 (DISCOVER-AQ) increased by more than a fac-
tor of 2 as the potential temperature increased from 296 to 309 K.
More study is required to characterize this apparent CO/NOx

temperature dependence.

Brioude et al. (2013) report a 9% decrease in CO/NOy emission ratio
from 2002 to 2010 in the Los Angeles Basin. Miyazaki et al. (2017) report
a ~30% decrease in U.S. NOx emissions from 2005 to 2014, and Hassler
et al. (2016) show that U.S. CO emissions have been decreasing at a fas-
ter rate than NOx emissions since the 1970s. The lower CO/NOx

observed during WINTER could result from a combination of the
temperature-dependence of CO/NOx emission ratios (Figure S8) and
faster mobile source CO reduction relative to NOx (Hassler et al., 2016).

The temperature dependence of CO/NOx enhancement ratios and rela-
tive rates of CO and NOx emission reductions may partially explain why
CO/NOx during WINTER is lower than reported in other urban studies.
However, it cannot explain the difference between WINTER observa-
tions downwind of D.C.-Balt and NEI CO/NOx estimates in winter
months. The NEI used in this study accounts for all sources of CO
(Table 1) at monthly resolution. Anderson et al. (2014) note an increase
in CO/NOx ratios at midday due to the influence of BVOC oxidation; we
do not expect significant impacts of BVOC oxidation on WINTER D.C.-

Balt CO/NOx ratios because most vegetation in wintertime is dormant, and OH concentrations are lower than
in summer. Calculated production of CO via BVOC oxidation accounts for less than 1% of NEI D.C.-Balt CO
emissions for the WINTER study months (Table 1). Another possible explanation of the lower WINTER
CO/NOx ratios is that NOx and NOy are relatively long-lived in winter relative to summer, but CO production
via BVOC oxidation is slower in winter than summer. Combined, these effects would result in lower winter-
time CO/NOx ratios relative to summer. However, the consistency of WINTER NOx/CO2 enhancement ratios
with those reported from other urban summertime studies (section 3.2.3) suggests that this artifact is not
important, at least for NOx.

Because inventory and observed NOx emissions are consistent for D.C.-Balt during WINTER, and mobile emis-
sions are the dominant source of CO (Table 1), and there is an apparent temperature dependence in mobile
CO/NOx (Figure S8), it is possible the EPA MOVES model, which provides the mobile source emissions for the
NEI (EPA, 2015c), is not accurately representing wintertime mobile CO emissions. Wallace et al. (2012) show
that MOVES “off-network”mobile emissions (engine starts, extended idling) account for 65% and 23% of CO
and NOx emissions, respectively, for the Boise, ID area, and are a factor of 2 larger thanMOVESmobile running
emissions (i.e., not off-network). Wallace et al. (2012)’s wintertime observations of CO/NOx ratios (4.6) near a
busy roadway are in agreement with our WINTER observations in D.C.-Balt (4.6 ± 0.8) and are roughly a factor
of 2 lower than predicted by MOVES. The MOVES model’s possible overestimation of off-network CO/NOx

enhancement ratios or off-network contributions during wintertime could be another possible source of
the WINTER observations-NEI CO discrepancy (Wallace et al., 2012).
3.2.2. CO/CO2

Figure 7 shows the averaged CO/CO2 enhancement ratios observed during the UMD transects downwind of
D.C.-Balt (values for individual flight days are provided in Table S5). The NEI CO/CO2 ratio (10.1 ppbv ppmv�1)
is approximately 1.5 times greater than the observation-derived CO/CO2 ratios from the UMD mass balance
flights (6.3 [95% CI: ±1.8] ppbv ppmv�1).

Figure 7 shows that the CO/CO2 enhancement ratio, 7.3 (95% CI: ±2.6) ppbv ppmv�1 from the C-130 flight
downwind of D.C.-Balt, Philadelphia, and Cincinnati, is consistent with the five UMD flights around D.C.-
Balt at the 95% CI. Again, the large range in UMD and C-130 CO/CO2 (and CO/NOx) enhancement ratios might
indicate large variability in enhancement ratios in wintertime, likely due to variability in CO. Large variability
in NOx/CO2 emissions was not observed during the WINTER campaign (section 3.2.3 below). In addition to
interday CO/CO2 enhancement ratio variability, C-130 measurements within the Philadelphia, PA urban
plume on 3 February 2015 (Figure 3a) reveal intraday variability. The C-130 sampled the Philadelphia

Figure 7. CO/CO2 enhancement ratios calculated from the University of
Maryland and C-130 observations during Wintertime INvestigation of
Transport, Emissions, and Reactivity (WINTER). The bars indicate ranges of
observed CO/CO2 enhancement ratios. WINTER CO/CO2 enhancement ratios are
compared with CO/CO2 estimates from the National Emissions Inventory (NEI)
CO/Vulcan CO2 and other urban studies. The unfilled and filled NEI markers
indicate original NEI emissions and NEI emissions forward-projected to 2015,
respectively.
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plume at two altitudes, 250 and 75 m above sea level, separated in time by 1 hr. The CO/CO2 enhancement
ratio observed along the second downwind transect was ~25% lower relative to the first. Explanations for the
intraday and interday CO/CO2 enhancement ratio variability are explored below.

Figure 7 also shows CO/CO2 enhancement ratios observed by the UMD aircraft in D.C.-Balt for the year after
WINTER (February 2016), as well as CO/CO2 enhancement ratios observed by the Purdue aircraft during a
3-week observations period in Indianapolis in November–December 2014 (Heimburger et al., 2017). This is
a useful comparison, since mobile sources (on-road + nonroad) account for 77% (Table 1) and 93% of D.C.-
Balt and Indianapolis CO emissions during the measurement months (EPA, 2016a), respectively, and we
expect the D.C.-Balt and Indianapolis mobile fleets to be comparable. As indicated by Figure 7, a large range
in individual CO/CO2 enhancement ratios was observed in D.C.-Balt during WINTER and in Indianapolis in
2014. However, the average CO/CO2 enhancements ratios in D.C.-Balt in 2015 and 2016 and in Indianapolis
in 2014 are similar (6.3, 5.9, and 5.0 ppbv ppmv�1, respectively). Air parcel transport times between emission
and sampling are shorter in Indianapolis due to the city’s smaller size and a less-restricted flight area. Because
of this, unique emission ratios from specific sources can be distinguishable if transport times are short, which
could minimize mixing of emissions from different sectors. Thus, observations in Indianapolis may provide
information about sector-specific CO/CO2 emission ratios and explanations for CO/CO2 enhancement
ratio variability.

Figure 8 provides a possible explanation for the observed variability in CO/CO2 emission ratios. Figure 8a
shows the background-subtracted CO2 enhancement observed downwind of Indianapolis on 14
November 2014. CO2 mixing ratios are greatest downwind of the city’s main power plant, which was coal-
fired at the time, while a smaller CO2 enhancement is observed downwind of the rest of the city. Figure 8b
shows three CO/CO2 correlation slopes for the power plant (3.5 ppbv ppmv�1), urban area minus the power
plant (11.7 ppbv ppmv�1), and for the entire urban area (5.9 ppbv ppmv�1). Distinct sector correlation slopes,
such as the ones shown in Figure 8b, were observed on some of the February 2014 flight days in Indianapolis.
The presence of observationally distinct sector-specific CO/CO2 correlations is likely dependent on wind
speed and the distance of the downwind flight tracks from the emission source (s). Although there are major
power plants in the D.C.-Balt area, distinct sector correlations were not observed in D.C.-Balt, probably
because D.C.-Balt is larger and more complex than Indianapolis in terms of number and type of point sources
and transport times are longer, allowing for mixing of sector-specific emission ratios. The “urbanminus power
plant” CO/CO2 emission ratio of 11.7 ppbv ppmv�1, mainly a result of mobile source emissions, is closer to the
emission ratios reported during CalNex 2010 and estimated from inventories (NEI CO/Vulcan CO2) for D.C.-
Balt during WINTER. The mixing of mobile emissions from other sources in the urban environment as evi-
denced by the CO/NOx enhancement ratios is further supported by the variability observed in CO/CO2

Figure 8. (a) CO2 enhancements calculated downwind of Indianapolis on 14 November 2014. Emissions from the power
plant (red) and remaining urban plume (blue) are distinguished from the background (black). (b) CO/CO2 enhancement
ratios corresponding to power plant (red) and remaining urban (blue) emissions. The CO/CO2 enhancement ratios for the
entire urban area are indicated by the purple line.
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enhancement ratios. It is thus likely that observed wintertime CO/CO2

enhancement ratio variability within a city depends on the presence,
operational state, and fueling of power plants, which can have tempo-
rally variable CO emissions and much lower CO/CO2 emission ratios
(Nicks Jr et al., 2003; Peischl et al., 2010). Nicks Jr et al. (2003) reported
observing an eightfold change in power plant CO emissions over the
course of 1 hr. Few power plants emit substantial amounts of CO; the
Chalk Point power plant in Maryland (Figure 5b) is an example of low
CO/CO2. Because the Indianapolis power plant is located within the
city, it is possible the CO/CO2 correlation in Figure 8b is due to spatial
collocation of the Indianapolis power plant CO2 emissions and mobile
CO emissions. Diesel combustion (nonroad equipment, generators,
and vehicles) produces emissions with characteristically low CO/CO2

ratios as well and could be partially responsible for the relatively low
and variable CO/CO2 ratios observed in D.C.-Balt and Indianapolis
(Figure 7; Heidari & Marr, 2015).

3.2.3. NOx/CO2

Figure 9 shows NOx/CO2 enhancement ratios for the Purdue and UMD
flights (corresponding values are listed in Table S6). NOx/CO2 measured

by the C-130 within urban plumes along the northeast United States, 1.5 (95% CI: ±0.2) ppbv ppmv�1, are
consistent with the average university aircraft observations, 1.4 (95% CI: ±0.4) ppbv ppmv�1. NOx/CO2

observed during WINTER are similar to emission ratios reported during CalNex 2010 (1.16–1.4 ppbv ppmv�1;
Brioude et al., 2013; Pollack et al., 2012) and to the ratio of NEI-11 and NEI-14 NOx to scaled Vulcan CO2

(section 2.8), 1.1 for both NEI versions. NOx/CO2 enhancement ratios measured on 19 February 2015 from
the Chalk Point Generating Facility were estimated to be 1.8 (±0.7) ppbv ppmv�1, while the emission ratio
reported by CEMS was 1.83 (1σ: ±0.07) ppbv ppmv�1. Unlike enhancement ratios with CO, observed
WINTER NOx/CO2 enhancement ratios are consistent with the NEI/Vulcan NOx/CO2 emission ratios.

Mobile sources in D.C.-Balt also dominate the area’s NOx emissions (Table 1). Considering the consistency
between the NEI and observed NOx emission rates and NOx/CO2 enhancement ratios, our observations
could indicate that MOVES captures the area’s mobile NOx emissions reasonably well. However, studies
have shown that MOVES NOx emissions are very sensitive to input data, such as the distribution of vehi-
cle types, vehicle speeds, and vehicle miles traveled (de Foy, 2018; Fujita et al., 2012). Diesel/heavy duty
vehicles have comparatively higher NOx emissions relative to gasoline/light-duty vehicles (Fujita et al.,
2012; Hassler et al., 2016). NOx emissions predicted by the MOVES model should still be assessed for
other cities or regions.
3.2.4. Criteria Pollutant Emission Rate Method Comparison
Here we conduct a proof of concept exercise to demonstrate that criterion pollutant/CO2 enhancement
ratios (X/CO2, e.g., NOx/CO2 and CO/CO2) can be multiplied by high-resolution CO2 inventories to provide
criteria pollutant emission rates for cities. We show that NOx and CO emission rates from X/CO2 × Vulcan
CO2 are consistent with the D.C.-Balt NOx and CO emission rates calculated using the mass balance
approach (section 2.7). We conduct a similar exercise with the Indianapolis Winter 2014 CO/CO2 enhance-
ment ratio reported in this study and the Hestia Indianapolis CO2 emission rate and see agreement with
the mass balance CO emission rate reported from the area by Heimburger et al. (2017). The results of the
exercise are provided in Table 2.

It is not surprising that the enhancement ratio-derived emission rates are in better agreement with the mass
balance-derived emission rates than the NEI. Both approaches use the same background-subtracted urban
NOx and CO enhancements. However, the agreement between the two methods also hinges on the accuracy
of the CO2 inventory. Development of high-resolution and national-scale CO2 inventories can be done rela-
tively reliably. If robust NOx/CO2 and CO/CO2 emission factors are determined for each contributing sector,
the fuel- and activity-based Hestia CO2 inventory can eventually be used to produce nationwide NOx and
CO inventories independent of the NEI. We emphasize that sector-specific (not city-wide) emission factors
would need to be used to convert the high-resolution CO2 inventories for other cities.

Figure 9. NOx/CO2 enhancement ratios calculated from University of Maryland,
Purdue, and C-130 observations. The bars indicate ranges of observed CO/CO2
enhancement ratios. Observed enhancement ratios during Wintertime
INvestigation of Transport, Emissions, and Reactivity are compared with esti-
mates from the National Emissions Inventory (NEI) and other urban studies. The
unfilled and filled NEI markers indicate original NEI emissions and NEI emissions
forward-projected to 2015, respectively.
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This analysis also highlights a need for an updated nationwide CO2 inventory. As more high-resolution fuel-
use-based CO2 emissions inventories are available for major U.S. cities (Gurney et al., 2012; Newman et al.,
2016; Patarasuk et al., 2016), reporting observed city-scale emission ratios of criteria pollutants, like NOx

and CO, relative to CO2 could be useful for evaluating observation-based criteria pollutant inventories (Hsu
et al., 2010; Warneke et al., 2007). Validation of such an inventory can only be done reliably in the winter,
when an inactive biosphere makes CO2 a more conserved tracer.

4. Conclusions

Measurements conducted during mass balance flights around D.C.-Balt during the WINTER campaign were
used to quantify city-wide emission rates of NOx and CO. D.C.-Balt top-down NOx emission rate estimates
were 130 mol s�1 on average in February and March 2015, consistent with the NEI within the mass balance
measurement uncertainty. The average CO emission rate determined from five mass balance estimates was
540 mol s�1, approximately a factor of 2 lower than the emission rate reported by the NEI. The WINTER D.C.-
Balt NOx/CO2 enhancement ratios are similar compared to those reported from other cities around the United
States. The WINTER CO/NOx and CO/CO2 enhancement ratios were smaller than reported by other urban stu-
dies and have large ranges estimated from the research flights.

These relatively small WINTER CO/NOx and CO/CO2 enhancement ratios could result from continuing reduc-
tions in mobile CO emissions, as reported by Hassler et al. (2016). There is also evidence of a temperature
dependence of CO/NOx enhancement ratios from airborne observations in D.C.-Balt (Anderson, 2016).
Observations of wintertime roadway emissions indicate that the MOVES model overestimates off-network
CO/NOx enhancement ratios or relative contributions and could be a significant source of uncertainty consid-
ering that on-road mobile emissions are the dominant source of CO and NOx emissions in urban areas
(Wallace et al., 2012). Several studies have also noted the uncertainty in NEI nonroad emissions, the second
largest source of CO and NOx emissions, since many types of vehicles/equipment fall into the category
(e.g., construction, agriculture, lawn/garden, and recreation vehicles and equipment) and have unique emis-
sion profiles (Dallmann & Harley, 2010; Heidari & Marr, 2015). Together, the observations-NEI agreement in
winter NOx emissions, but discrepancy in CO emissions, and the apparent temperature dependence of
CO/NOx enhancement ratios may indicate that on-road and nonroad emissions need to be assessed as a
function of temperature and operating conditions and mobile models updated.

The variability in WINTER CO/NOx and CO/CO2 enhancement ratios may be a result of the dominant mobile
emissions in D.C.-Balt being diluted to varying degrees by emissions from other source sectors. We show an
example of this using the relatively simple urban environment of Indianapolis on a day when unique CO/CO2

enhancement ratios were clearly distinguishable in the urban plume. Power plant emissions could be respon-
sible for the low wintertime CO/CO2 enhancement ratios observed during WINTER in D.C.-Balt, and in
Indianapolis relative to the enhancement ratios expected from purely mobile emissions. Future studies
should consider the location of power plants (within or outside of the urban area) and their potential impact
when reporting urban CO/CO2 enhancement ratios. We do note as well that diesel combustion can also pro-
duce emissions with characteristically low CO/CO2.

Table 2
Criteria Pollutant Emission Rate Method Comparison

City/campaign or date
X/CO2 enhancement
ratio [ppbv ppmv�1]

CO2 inventory:
Emission rate [mol s�1]

X/CO2 × CO2
inventory [mol s�1]

Mass balance
emission rate [mol s�1]

NEI-11a emission
rate [mol s�1]

Species CO/CO2 CO2 CO CO CO
D.C.-Balt WINTER 2015 6.3 (±0.4) Vulcanb 1.03 × 105 650 (±185) 540 (±470) 1,100
Indianapolis November–December 2014 5.0 (±1.0) Hestia: 1.51 × 104 75 (±15) 108 (±17)c 150
Species NOx/CO2 CO2 NOx NOx NOx
D.C.-Balt WINTER 2015 1.4 (±0.4) Vulcan†: 1.03 × 105 145 (±40) 130 (±70) 115

Note. All numbers in parentheses correspond to the 95% CI.
aThe NEI-11 forward-projected to 2015 (Text S4). bThe Vulcan 2002 CO2 inventory estimate has been scaled by D.C.-Balt population growth (18%) from 2002 to
2015 (Text S4). cHeimburger et al. (2017).
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The NEI has been evaluated for decades with top-down NOx and CO estimates from entire cities or specific
sectors. While the NEI represents winter D.C.-Balt NOx emissions relatively well, our observations suggest
the NEI significantly overestimates wintertime D.C.-Balt and Indianapolis CO emissions. Given that mobile
(on-road + nonroad) emissions are responsible for most U.S. anthropogenic CO emissions, it is likely that
improvements to the MOVES model are necessary to accurately represent CO emissions in D.C.-Balt and
Indianapolis and, presumably, nationally. Many studies suggesting mobile emissions as being overestimated
by the NEI speak to the complexity of accurately modeling emissions from a continuously changing vehicle
fleet operating at different conditions under continuously updated vehicle emissions standards (Canty et al.,
2015; Parrish, 2006; Travis et al., 2016). However, even if MOVES perfectly describes emissions for every type
of vehicle, it could generate incorrect emissions if input data, such as fleet age, composition, and driving
patterns, are changing (de Foy, 2018).

Efforts are being directed toward applying Hestia, an urban-scale CO2 inventory, to more cities, as well as a
1-km2 version of the national-scale Vulcan CO2 inventory. Hestia CO2 emissions are available for Baltimore
and Indianapolis (Gurney et al., 2012), used in our analysis, as well as Salt Lake City (Patarasuk et al., 2006),
and Los Angeles (Newman et al., 2016). If robust NOx/CO2 and CO/CO2 emission factors are determined for
contributing sectors, the fuel-use-based Hestia CO2 inventory can eventually be used to produce NOx and
CO inventories independent of the NEI. This would then result in muchmore reliable NOx and CO inventories,
if the inventory was validated during winter when CO2 is a conserved tracer, and as long as emission factors
were regularly updated. Through a proof of concept exercise, we show agreement between our mass balance
city-wide emission rate determinations and emission rates derived from emission ratios and inventory CO2

emission rates for Indianapolis and D.C.-Balt. City-wide enhancement ratios such as the ones reported in this
study could be used to complement the development of such criteria pollutant emission inventories.

Wintertime INvestigation of Transport, Emissions, and Reactivity is the first major airborne study designed
specifically to investigate urban cold season emissions. An advantage of conducting measurements in win-
tertime is that reduced BVOC emissions, biosphere CO2 exchange, and slower photochemical oxidation rates
make quantifying absolute urban emissions less complicated. However, our WINTER measurements in D.C.-
Balt reveal lower and variable CO/CO2 and CO/NOx enhancement ratios relative to summertime urban studies
around the United States. Campaigns that prioritize less-frequently studied seasons would address this
measurement gap.
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