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ABSTRACT: In situ measurements have suggested vehicle emissions may _- & 1007 e NH, emissions [kg s”] ]
dominate agricultural sources of NH; in many cities, which is alarming given Z S g5 o (03 E°

the potential for urban NHj; to significantly increase human exposure to o % ® 0.05 ¢
ambient particulate matter. However, confirmation of the prevalence of vehicle 3§ > €0 @

NH; throughout a city has been challenging because of mixing with £ % ,o .
agricultural sources, and the latter are thus routinely assumed to dominate. < 2

Here we report vehicle NH; emissions based on TROPOMI NO, and CrIS '_:;i '% 20 @ ) °

NH; (0.152 kg s™") that are consistent with a model-based estimate (0.178kg > & o~ B
s') and show that COVID-19 lockdowns provide a unique opportunity for NEI11  NENM7 CARB20 FIVE This study

making the first satellite-based constraints on vehicle NH; emissions for an

entire urban region (western Los Angeles), which we find make up 60—95% of total NH; emissions, substantially higher than the
values of 13—22% in state and national inventories. This provides a new means of constraining a component of transportation
emissions whose impacts may rival those of NO, yet which has been largely under-recognized and uncontrolled.

B INTRODUCTION

Atmospheric ammonia contributes to ambient air pollution
primarily through formation of inorganic components
(ammonium sulfate and ammonium nitrate) of fine particulate
matter (PM,;). While the largest sources of NH; are
agricultural at national to global scales,’ NH; is also emitted
from vehicles. In light- and medium-weight vehicles using
catalytic converters, the air-rich fuel ratios that are optimal for
reducing emissions of NO, produce NH; emissions.” " More
recently, diesel engines of heavy duty vehicles use urea for
selective catalytic reduction (SCR), leading to NH, emissions.”
Emissions of NHj; in urban areas are of concern because of the
efficient formation of ammonium nitrate in NO,-rich environ-
ments and the potential for exposing large populations to
PM,s; for example, in the United States, despite vehicle
emissions being more than an order of magnitude smaller than
agricultural emissions, they are estimated to lead to similar
numbers of premature deaths (~15,000) per year.”’

There is, however, considerable discussion around the
magnitude of vehicle NH; emissions in the United States
and internationally. Early studies identified emissions from
light and heavy duty vehicles equipped with catalytic
converters as a missing source in inventories”®’ and
potentially a dominant source of NH; in urban environments
worldwide.'*~"* Other work has found more limited evidence
of vehicle NH, emissions in urban environments.'®'®
However, many of these studies predate the adoption of
SCR systems by heavy duty vehicles that has led to increasing
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WACS Publications

NH; emissions.'® More recent research suggests U.S. vehicular
NH; emissions are actually twice as high as national
inventories."’~>' Evidence for vehicle NH, emissions has
come from field measurements near roadways or in tunnels
using isotope signatures’' ~>® or correlations of NH; with
combustion tracers such as CO, CO,, and NO,,'”**7* from
laboratory studies using chassis dynamometers,””’ and from
open-path mobile measurements*>*” of in-use vehicle
operations over a range of conditions."

A challenge with characterizing vehicle emissions over an
entire metropolitan area is reconciling emission factors that
vary on the basis of vehicle age, road grade, temperature, and
operating conditions. Inverse modeling approaches based on
ambient concentration are appealing in this regard. Top-down
estimates of vehicle emissions of NH; throughout western Los
Angeles (LA) were first made using NH; and CO measure-
ments from aircraft.”” While remote-sensing instruments have
been used to identify NH; emissions from agriculture,”"**
industry and fertilizer production,” biomass burning,’* and
other natural sources,” there has not yet been a satellite-based

9

Received: September 8, 2021 (VIRONMENTAL

Cmin RS,

Revised:  November 5, 2021
Accepted: November 8, 2021
Published: November 23, 2021

https://doi.org/10.1021/acs.estlett.1c00730
Environ. Sci. Technol. Lett. 2022, 9, 3—9


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hansen+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daven+K.+Henze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karen+Cady-Pereira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brian+C.+McDonald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Colin+Harkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kang+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+W.+Bowman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+W.+Bowman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzung-May+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+O.+Nawaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.estlett.1c00730&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00730?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00730?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00730?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00730?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00730?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/estlcu/9/1?ref=pdf
https://pubs.acs.org/toc/estlcu/9/1?ref=pdf
https://pubs.acs.org/toc/estlcu/9/1?ref=pdf
https://pubs.acs.org/toc/estlcu/9/1?ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.estlett.1c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/estlcu?ref=pdf
https://pubs.acs.org/journal/estlcu?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Environmental Science & Technology Letters pubs.acs.org/journal/esticu

Mar 1-15 Mar 16-31 Diff

3

CrIS NH

TROPOMI NO
[10"® molec cm?]

-43.1%

L T | I
1.0 3.3 5.7 80 -30 -25 -20 -1.0 -0.7 -05 -0.1 0.1

} ] T |
2.0 7.3 12.7 18.0 -8.0 -5.0 -4.0 -3.0 -2.0 -05 05 2.0 8.0
¥
S O
o o
~. 9
e}
S E
o2
G =2

| [ B I
1.0 3.3 57 80 -30 -25 -20 -1.0 -0.7 -05 -0.1 0.1

Figure 1. CrIS NH; column concentrations (a) during March 1—15 and (b) during March 16—31, as well as (c) their difference (difference = (b)
— (a)). (d—f) Same as panels (a)—(c), respectively, but for TROPOMI NO, column concentrations (qa > 0.75). (g—i) Same as panels (a)—(c),
respectively, but for GC-simulated NH; column concentrations from Run2 (see Table S1 and Text S2). (j—1) Same as panels (a)—(c), respectively,
but for GEOS-Chem-simulated NO, column concentrations from Run2 (see Table S1 and Text S2). R is the spatial correlation coefficient between
CrIS NH; and TROPOMI NO, columns within the red box in each period; p is the corresponding significance level. The red box defines the
western LA domain (33.80—34.20°N, 118.50—118.05°W) on which we focus in this study. The red numbers in panels (c), (f), (i), and (1) are
percentage decreases of NH; and NO, columns within western LA between these two periods observed by CrIS and TROPOMI and simulated by
GEOS-Chem, respectively. The upward (A) and downward (V) triangles indicate the locations of the downtown LA site and Riverside Municipal
ARPT site, respectively, in Figure S2.
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measurement of NHj specifically linked to transportation
emissions. A difficulty is that transportation and other urban
non-agricultural sources (e.g, emissions from industrial and
residential sources and domestic animals) are located near one
another; NH; from these sources also does not have distinct
seasonalities, > making them difficult to deconvolve from
ambient concentrations.

The drastic reductions in traffic associated with COVID-19
lockdowns in the spring of 2020 provide a unique opportunity
to examine the impact of transportation emissions on
atmospheric composition. Here we focus on LA, where
previous assessments have pointed toward underestimated
vehicle NH; emissions,'* and we analyze how satellite
observations of both NH; and NO, may be used to constrain
NH; from this sector. Apart from meteorological impacts,’’
changes in NO, concentrations are mainly linked to changes in
traffic during the lockdown, as the main source of NO, in this
region is on-road transportation. We examine how correlations
of these signals with NH; concentrations, along with
considerations of changes in meteorology, may be used to
quantify the changes in transportation NH; emissions
associated with the lockdown. Using changes in traffic activity,
we then estimate the total NH; vehicle emissions under
normal (nonlockdown) conditions. To evaluate this new
approach, we also conduct chemical transport model
simulations (to account for the role of changing meteorology
and NHj lifetime) and use these to estimate vehicle NH,
emissions from the satellite observations of NH;. Finally, we
compare the top-down vehicle NH; emissions between these
two approaches and to previous and current bottom-up
estimates.

B MATERIALS AND METHODS

We examine vehicle NH; emissions in LA before and during
the COVID-19 lockdown using satellite observations of NH,
from CrIS**™* and NO, observations from TROPOMI,*"**
both of which are processed using a physics-based over-
sampling method.*’ To extrapolate from changes in emissions
during the lockdown to total vehicle emissions prior to
lockdown, we use the emission reduction ratios during the
lockdown from a new bottom-up mobile transportation
inventory based on fuel sales, the Fuel-based Inventory of
Vehicle Emissions (FIVE).**™* Details of these data sets are
provided in Text S1. We also examine the role of changes in
meteorology during the lockdown using ground-based hourly
measurements of air temperature, precipitation, wind speed,
and wind direction, which are further described in Text S3 and
Figure S2.

To estimate vehicle NH; emissions, we use two different
approaches: one based on TROPOMI NO, and another based
on chemical transport modeling with GEOS-Chem. The
TROPOMI NO, approach exploits the relationship between
NO, and NH; co-emitted from vehicles, while the model-
based approach utilizes GEOS-Chem to account for impacts
from meteorological changes, temperature-driven impacts on
agricultural NH; emission reduction, and how reduced
concentrations of NO, impact NHj lifetime. Overviews of
these methods are provided below, with additional details in
Texts S2 and S4.

Changes in Concentrations Observed by Satellites.
We first consider NH; column concentrations from CrIS and
NO, column concentrations from TROPOMI over the LA
basin in March 2020 (Figure 1). To isolate the impact of the

COVID-19 lockdown, we focus on March 1—15 and March
16—31, 2020, representing conditions before and during the
onset of the lockdown in LA, respectively (see Text S1 for the
rationale behind this choice). Panel (a) shows NH; column
concentrations prior to the lockdown. While the hot spot to
the west of Riverside is known to be caused by livestock,””*
here we also identify a smaller yet distinct hot spot over
downtown LA. We further note that there are no fertilizer
production facilities within this part of LA.** In the second half
of March (panel (b)), the peak NH; concentrations over the
basin largely decrease, with the local maxima over the
downtown and Riverside regions shifting slightly eastward,
and there are smaller-scale, variable fluctuations throughout
the basin.

Isolating NH; concentrations due to transportation is often
complicated by the presence of nearby or overlapping
agricultural sources of NH;. In contrast, NO, concentrations
in urban areas are dominated by non-agricultural emissions
and thus provide a more distinct observation of the impact of
transportation changes. Panels (d)—(f) of Figure 1 show
TROPOMI NO, column concentrations over LA and its
surrounding areas during the first and second halves of March
and their differences, respectively. During the first period,
unlike NH; concentrations, NO, concentrations exhibit a
singular maximum over the downtown LA region and are
relatively high across the LA basin, suggesting that total
anthropogenic NO, emissions (vehicle and non-vehicle) are
generally high throughout the basin and local anthropogenic
NO,, emissions peak in the downtown area. This NO, hot spot
is co-located with the CrIS NHj; hot spot over the downtown
area (R = 0.843), suggesting these come from the same source.
During the second period, there are significant decreases of
TROPOMI NO, column concentrations throughout the basin
(especially the downtown area). Like CrIS NH;, TROPOMI
detects an eastward shift of the downtown hot spot. This
eastward shift suggests that NO, over the downtown area is
also impacted by stronger winds from the west direction in the
second period (Figure S2 (h)). Overall, the co-location and the
similar eastward shift of the TROPOMI NO, and CrIS NH;
hot spots over downtown LA are consistent with them sharing
a common source over downtown LA that, given the location,
is likely vehicle emissions. We thus focus our analysis on the
western LA region shown in the red box, which was selected
because CrIS NH; and TROPOMI NO, measurements have a
particularly high spatial correlation there, with R values
between 0.843 (p < 0.001) and 0.870 (p < 0.001) during
these two periods.

Estimating Vehicle NH; Emissions and Vehicular
Fractions. We first consider the difference in CrIS NH;
column concentrations (AQ = Q, — Q,), where Q, and Q,
are the area-weighted spatial averages of CrIS NH; column
concentrations within the western LA box during the first and
second periods, respectively. We estimate the contribution to
the total change in column concentration owing to changes in
vehicle emissions (AQ,) and non-vehicle-related factors

(AQ,,),
AQ = AQ, + AQ, (1)

Here the non-vehicle factors include changes in meteorology,
reduction in agricultural NH; emissions owing to decreased
temperatures, and increases in NH; lifetime owing to
decreased NO, concentrations.

https://doi.org/10.1021/acs.estlett.1c00730
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We use two different approaches to calculate AQ, in this
study. We first make use of the changes in NO, concentrations,
which have a distinct transportation signal, as a proxy for
changes in vehicle emissions and correlate the remote sensing
observations to estimate changes in co-emitted NH;. As
described more completely in Text S2, we use the regression
relationship between NO, and NH; concentrations in the
second half of March, and the fraction of total NO, emissions
owing to vehicles in bottom-up inventories, to estimate the
change in CrIS NH; concentrations owing to vehicles.
Alternatively, we use the GEOS-Chem model to quantify
how much NH; concentrations are expected to have changed
owing to factors other than changes in vehicle emissions (i.e.,
meteorology, decreased agricultural emissions, and increased
lifetime); subtracting these model-estimated values from the
observed change in total NH; provides an alternative estimate
of AQ..

Using AQ, from either of these two approaches, we can
calculate the corresponding changes in vehicle emissions
(AE,) of NHj; as

_AQ,
o7 (2)

where 7 is the average lifetime during these two periods. While
other studies that have directly estimated NH; emissions from
analysis of satellite NH; observations have assumed lifetimes of
1-3 hours,”>** here we also use a chemical transport model to
estimate the lifetime of NHj specifically in this region, which
we find to be 3.83 hours on average.

Ultimately, it is of interest to know the NH; vehicle
emissions prior to the lockdown. From the FIVE inventory, we
know the fractional change in vehicle activity between these
periods (f, 0.236). Here we assume that emissions factors were
constant across these periods (i.e., we neglect changes owing to
decreased congestion during the lockdown or changes owing
to adjustments of the fleet split between gasoline and diesel
vehicles), in which case this value can be used to calculate the
vehicle NH; emissions prior to the lockdown (E,,;) as

AE,

Evl = .
f 3)

Additionally, it is of interest to determine the fraction of
NH; in urban areas emitted from transportation. For the
western LA region, the vehicular percentage of total NH,
emissions in previous inventories ranges from 13% (CARB
2020) to 22% (NEI 2011), the higher end of which is 2 times
lower than in our updated FIVE inventory (46%). However,
studies based on in situ measurements have suggested
transportation is actually the dominant source of NH; in
many cities."” ™" To provide a new top-down perspective on
this question, we first calculate the total NH; emissions (E,) in
the first period as

Q
E,=— -8
7 (4)

where 7, is the NHj lifetime during the first period, ,/7, is
the total NH; flux entering the western LA box in the first
period, and B, is the horizontal NH; flux from outside of the
western LA box during the first period. While it is hard to
precisely estimate the boundary flux, B,, we can estimate a
range based on the difference between the change in CrIS-
based total NH; flux and the change in vehicle NH; emissions

between these two periods. This range (see Text S4) is O to
0.48E,, in the TROPOMI-based approach and 0 to 0.37E,; in
the model-based approach.

B RESULTS AND DISCUSSION

Vehicle NH; emissions in western LA in the first half of March
2020 and the corresponding vehicular fraction using both the
TROPOMI-based approach (E}) and the model-based
approach (E$) are summarized in Table 1. These vehicle

Table 1. Daily Vehicular NH; Emission Estimates
(kilograms per second) and Vehicular Fractions (%) of the
Total Emissions for Western LA

literature target period western LA

bottom-up“

FIVE March 1-15, 2020 0.127

March 2019 0.150 + 0.020 (46%)

NEI11 March 2011 0.085 (22%)

NEI17 March 2017 0.036 (18%)

CARB20 March 2020” 0.037 (13%)
top-down®

EL, March 1-15, 2020 0.152 (60—84%)

ES (o = 1.93%)
“Accounting for only on-road vehicle emissions. “Not accounting for
COVID-19 lockdown. “Ranges of vehicle fractions stem from
uncertainty in the horizontal flux of NH; in the western LA domain.
“Wind measurement-based correction factor for simulated meteorol-
ogy impacts (see Text S3 for details).

March 1-15, 2020 0.178 (70% —95%)

NH; emission estimates have also been converted to daily
average values using the FIVE-based ratio (1.39) of mid-day
vehicular emissions to daily vehicular emissions” to compare
to daily bottom-up inventories. The TROPOMI-based vehicle
NH; emissions are 0.152 kg s™', consistent with those derived
using a model (0.178 kg s™'). Correspondingly, the ranges of
vehicular percentages (60—84% for TROPOMI-based vs 70—
95% for model-based) using these two approaches also overlap
(within an uncertainty of 17%); this supports the assumption
that the high spatial correlation between TROPOMI NO, and
CrIS NHj; in this region is owing to shared vehicular emissions.

Uncertainty analysis (Text SS) shows that the TROPOMI-
based estimate generally has an uncertainty that is smaller than
the model-based estimate because the latter is subject to the
accuracy of the simulated meteorological impacts. Homoge-
neous biases in TROPOMI NO, do not impact our top-down
vehicle emission estimates (Text SS). Concentration-depend-
ent biases in CrIS NH; retrievals could possibly lead to
underestimation of vehicle NH; emissions and emissions
fractions using the model-based approach (see Text S2). Both
approaches are subject to the accuracy of the simulated NH,
lifetime; ranges based on our modeling (4.04 to 3.61 hours)
and previous studies (3 to 1 hours) translate directly to —5% to
284% differences in top-down estimates of vehicle emissions
(but do not effect vehicle fraction estimates). While
collectively these issues make the upper bound on vehicle
emissions and vehicle emissions fractions harder to constrain,
the lower bound is still significantly higher than prior inventory
estimates for both.

Comparison with Other Estimates. We compare the
top-down vehicular NH; emission estimates to previous and
current bottom-up estimates in Table 1. Our top-down
vehicular NH; emissions (E};, and ES) for western LA from

https://doi.org/10.1021/acs.estlett.1c00730
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March 1 to 15 range from 0.152 to 0.178 kg s™', significantly
larger (by 1.8 to 4.9 times, respectively) than the NEI 2011/
NEI 2017 vehicular NH; emissions of 0.085/0.036 kg s and
the CARB 2020 emissions of 0.037 kg s™* for the same region.
The FIVE 2020 emissions of 0.127 kg s™' and 2019 (0.150 kg
s7') are also much larger than these estimates and approach
our top-down estimates. The low biases in bottom-up
inventories are likely due to large uncertainties in emission
factors and possible leaks of urea from diesel-powered trucks
equipped with SCRs. Compared to a previous top-down
estimate of 0.72 + 0.28 kg s™' for a similar region in LA
(extending further east and including some of the a§ricultural
hot spot) for May and June 2010 from Nowak et al.””, our top-
down estimate is lower by a factor of 4.0—4.7. The former was
obtained by multiplying aircraft-based NH;:CO ratios by the
2008 CARB inventory CO emissions and is reasonably larger
due to the contribution of nontransportation sources (e.g.,
nearby livestock sources, urban biosphere, etc.).

The vehicular fraction of total NH; emissions over western
LA in previous inventories ranges from 13% (CARB 2020) to
22% (NEI 2011) and is double the higher range of those values
in our updated FIVE inventory (46%). However, studies based
on in situ measurements have suggested transportation is
actually the dominant source of NH; in several cities.'” ™'
Consistent with those in situ measurements, our top-down
estimates range from 60% to 95%, considerably higher than
those of both previous (NEI, CARB) bottom-up inventories.
The alternative (FIVE) bottom-up estimate approaches the
lower end of our top-down estimates, all of which serves to
highlight the dominant role of the vehicular source in total
NH; emissions in this urban area as reported in previous
studies.'” ™!

Implications. Globally, ~20% of the burden of disease
associated with PM, 5 exposure is estimated to stem from NH;
emissions from agriculture.’® The socio-economic benefits of
controlling agricultural NH; have been highlighted in studies
comparing the cost of mitigating agricultural emissions to the
air quality benefits.”">> Given the apparent under-recognized
magnitude of transportation NH; emissions coupled with the
potential of this source for contributing to PM, 5 exposure in
populated areas, re-evaluating the health impacts of trans-
portation emissions is warranted. If these emissions have been
severely underestimated by a factor of 1.8—4.9, as the findings
of this work support, then the health impacts of vehicle NH,
emissions in the United States that have been estimated at
~15,000 premature deaths annually®” may be commensurately
underestimated. Meanwhile, the U.S. EPA’s NH; monitoring
network (AMoN) is designed to measure NH; from
agricultural sources and does not include any urban sites.”
While previous studies based on in situ measurements have
pointed out that vehicle emissions are an underestimated
source of NH; in urban areas, it is laborious to use such
approaches to monitor vehicle NH; emissions with extensive
spatiotemporal coverage. Therefore, methods for tracking this
urban source using remote sensing observations are valuable
and essential. The range of top-down estimates provided here
could be considerably reduced in future studies using formal
inverse modeling techniques™® or simultaneously estimating
the trace gas lifetime from the satellite data itself.”” These
approaches would also account for the changes in meteorology
in a more automated fashion than how they were considered
here. Our approach also relied on estimates of changes in
traffic activity, NO, emissions, and the associated impacts on

observed NO, column concentrations over regions not largely
impacted by other sources; recognizing such information may
not be readily available in all cities of interest, or that the
separability of the traffic plume from additional sources may
not be as facile, one could obtain estimates from inverse
modeling studies that have estimated changes in NO,
emissions themselves.”
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