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a b s t r a c t

High concentrations of ground-level ozone affect human health, plants, and animals. Reducing ozone
pollution in rural regions, where local emissions are already low, poses challenge. We use meteorological
back-trajectories, air quality model sensitivity analysis, and satellite remote sensing data to investigate
the ozone sources in Yuma, Arizona and find strong international influences from Northern Mexico on 12
out of 16 ozone exceedance days. We find that such exceedances could not be mitigated by reducing
emissions in Arizona; complete removal of state emissions would reduce the maximum daily 8-h average
(MDA8) ozone in Yuma by only 0.7% on exceeding days. In contrast, emissions in Mexico are estimated to
contribute to 11% of the ozone during these exceedances, and their reduction would reduce MDA8 ozone
in Yuma to below the standard. Using satellite-based remote sensing measurements, we find that
emissions of nitrogen oxides (NOx, a key photochemical precursor of ozone) increase slightly in Mexico
from 2005 to 2016, opposite to decreases shown in the bottom-up inventory. In comparison, a decrease
of NOx emissions in the US and meteorological factors lead to an overall of summer mean and annual
MDA8 ozone in Yuma (by ~1e4% and ~3%, respectively). Analysis of meteorological back-trajectories also
shows similar transboundary transport of ozone at the US-Mexico border in California and New Mexico,
where strong influences from Northern Mexico coincide with 11 out of 17 and 6 out of 8 ozone
exceedances. 2020 is the final year of the U.S.-Mexico Border 2020 Program, which aimed to reduce
pollution at border regions of the US and Mexico. Our results indicate the importance of sustaining a
substantial cooperative program to improve air quality at the border area.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Air pollution poses tremendous challenges to human health,
ecosystems, and food security. Each year, about 4.2 million pre-
mature deaths are linked to ambient air pollution globally (Cohen
et al., 2017). Among these, long-term ozone (O3) exposure is esti-
mated to cause 1.04e1.23 million respiratory deaths in adults
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(Malley et al., 2017) owing to respiratory mortality (Jerrett et al.,
2009) e.g., chronic obstructive pulmonary disease (COPD)
(Zanobetti and Schwartz, 2011). Short-term exposure to ozone has
demonstrated associations with asthma, acute respiratory in-
fections, pneumonia, COPD, upper respiratory tract inflammation,
and increased mortality for those with prior admission for acute
myocardial infarction (Medina-Ramon et al., 2006; Zanobetti and
Schwartz 2006; Malig et al., 2016; Bero Bedada et al., 2016).

To combat ozone pollution, the Clean Air Act (CAA) requires the
United States Environmental Protection Agency (US EPA) to set
National Ambient Air Quality Standards (NAAQS) for pollutants
considered harmful to public health and the environment. The
primary standard for ozone (evaluated using design value, which is
the 3-year average of the annual 4th highest daily maximum 8-h
average ozone concentration) was recently revised from the 2008
standard of 75 parts per billion by volume (ppbv) to 70 ppbv in
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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October 2015, leading to 25 new nonattainment areas (Table S1). In
general, nonattainment areas are located in or near metropolitan
counties, have intensive local industrial activities (Schnell et al.,
2016), or are affected by wintertime shallow boundary inversions
(Schnell et al., 2009) and sea breeze (G rossi et al., 2004; Stauffer
et al., 2015). However, there are a few exceptional non-
attainment rural regions at the international borders.

The new ozone standard can be extremely challenging to attain
for rural border regions such as Yuma County in Arizona, Imperial
County in California, and Do~na Ana County in New Mexico.
Compared to urban ozone non-attainment regions (e.g., Maricopa
County in the Phoenix metropolitan area), these three counties
have much lower population, emissions, and emissions-related
activities but comparable elevated ozone concentrations (see
Table S2). These counties are all located near the international US-
Mexico border and thus impacted by both domestic and interna-
tional emissions. For example, Yuma has 95% less population, 87%
(NOx) and 91% (volatile organic compounds (VOCs)) less emissions
of ozone precursors, and 95% less vehicle miles travelled (VMT)
than Maricopa. Nonetheless, Yuma has an ozone design value of
74 ppbv, close to the 77 ppbv value for Phoenix. Although ozone
design values in Yuma have decreased from 2014 to 2018
(Figure S1), Yuma faces additional challenges of international and
interstate transport of ozone and its precursors due to its
geographical location, since Yuma is bordered by California on the
west and Mexico on the south and the southwest.

Previous studies have demonstrated that the trans-boundary
transport of Asian pollution contributes to enhancement of back-
ground ozone in thewestern US (Goldstein et al., 2004; Zhang et al.,
2008; Zhang et al., 2014; Fiore et al., 2014; Verstraeten et al., 2015;
Jaffe et al., 2018) and the transport of aerosols from Canada and
Mexico to the US (Park et al., 2006). Here, we show that the air
pollutants in Mexico also have significant contributions to the
elevated ozone concentration in the US border counties like Yuma.
We explicitly trace sources of ozone in Yuma using back trajec-
tories. Locations where emission reductions can lead to the largest
decrease of MDA8 ozone on exceedance days are evaluated using
receptor-oriented chemical transport modelling (Cacuci, 1981a,
1981b; Marchuk, 1995; Marchuk et al., 1996; Fisher and Lary 1995;
Sandu et al., 2005; Hakami et al., 2006; Zhang et al., 2009). We also
separately evaluate the impact of NOx and VOC concentrations and
meteorological factors on long-term ozone trends in Yuma.
2. Methods

2.1. Surface measurement and meteorology data

We used surface measurements of ozone concentration at the
Yuma Supersite from the EPA Air Quality System (AQS) (AQS ID: 04-
027-8011). The Yuma Supersite is located in the southwestern
portion of Yuma County. The first valid ozone design value from the
Yuma Supersite monitor starts in 2010 (for the years 2010 2012).
Wind speed and wind directions at the Yuma International Airport
(4 km south of Yuma Supersite) are used to study the correlation
between ozone exceedances and transport from outside Yuma.
Timeseries of temperature are from the GEOS-FP assimilated
meteorological reanalysis fields at the 0.25 � � 0.3125 � resolution.
2.2. STILT back trajectories

The Stochastic Time-Inverted Lagrangian Transport (STILT)
model (Lin et al., 2003; Fasoli et al., 2018) was used to perform
back-trajectory and footprint analyses for Yuma County (Yuma
Supersite, 32.69�N, 114.61�W), Imperial County (Calexico-Ethel
2

Street, 32.68�N, 115.48�W), and Dona Ana County (Desert View,
31.80�N,106.58�W). STILT is a Lagrangian particle dispersionmodel.
It employs a mean advection scheme from the Hybrid
SingleeParticle Lagrangian Integrated Trajectory (HYSPLIT) system
(Draxler and Hess, 1998), but implements a different turbulent
module. STILT is typically applied to track upwind air parcels to
represent airflows and reveal surface influences on downwind
location. Previous studies have used STILT to evaluate the impact of
interactions among different layers of the atmosphere on surface
ozone concentrations (de Fatima et al., 2012) and sources of ozone
at low altitudes from different vertical layers (Ryoo et al., 2017).

Air parcels in STILT were driven by the High-Resolution Rapid
Refresh (HRRR) meteorological field (Rolph et al., 2017). At each
site, 500 air parcels are released per hour during the 8 h that have
the highest ozone concentrations and dispersed back in time for
24 h. The model tracks the trajectories backward in time for each
receptor. Each daily back trajectory is the average of all 800 parti-
cles released in that day. The receptor height was set as 5 m above
the surface to match the general height of the ground-based
monitoring equipment. The daily mean back trajectory is calcu-
lated based on the average locations of all 4000 trajectories of that
day.

The STILT footprint was calculated at the 0.01� resolution on
exceeding days to infer all possible source regions. This footprint
describes the sensitivity of changes in concentration at the moni-
toring site to upstream surface fluxes. It is calculated by summing
up all the sensitivities of air parcels within a grid volume from the
surface to the mixed layer height. Therefore, the stronger the air
parcels interact with the surface (e.g., more particles concentrated
below the PBL), the higher the footprint values are.

2.3. GEOS-chem and its adjoint

GEOS-Chem is a 3D chemical transport model (CTM) driven by
assimilated meteorology data from the National Aeronautics and
Space Administration (NASA) Global Modelling and Assimilation
Office (GMAO). We employed the Modern-Era Retrospective anal-
ysis for Research and Applications, Version 2 (MERRA-2) meteo-
rological field for global 2 � � 2.5 � simulation from 2005 to 2017,
and used the Goddard Earth Observing System (GEOS-5) meteo-
rological field at the native 0.5 � � 0.667 � resolution for the nested
North America simulations. Both simulations use 47 vertical layers.
GEOS-Chem includes a detailed ozone-NOx-hydrocarbon chemical
mechanism (Bey et al., 2001), partitioning of NOx/HNO3 (Park et al.,
2004), and uptake of NO2, NO3, and N2O5 on aerosol (Martin et al.,
2003; Evans and Jacob, 2005). The hydrocarbon mechanism in-
cludes ethane, propane, isoprene, acetone, acetaldehyde, methyl
ethyl ketone, � C3 alkenes, and � C4 alkanes. We use anthropo-
genic emissions of NOx, sulfur dioxide (SO2), ammonia (NH3), car-
bon monoxide (CO), non-methane VOCs (NMVOCs) and primary
aerosol from the HTAP 2010 inventory version 2 (Janssens-
Maenhout et al., 2015). Three hourly biomass burning emissions
are from the Global Fire Emissions Database version 4 (GFEDv4)
(Giglio et al., 2013). We replaced bottom-up NOx emissions with
global top-down estimates (Qu et al., 2017, 2020) for NO2 and ozone
trend simulations.

The GEOS-Chem adjoint model v35f (Henze et al., 2007) is used
for source apportionment calculations. It is based on version 8-2-03
of GEOS-Chem, with bug fixes and updates up to version 10. It in-
cludes the adjoint for model processes of aerosol thermodynamics,
chemistry, convection, turbulent mixing, advection, and wet
removal. This model provides an efficient way to calculate the
sensitivity of model variables (e.g., simulated surface MDA8 ozone
concentrations in the grid cell that includes Yuma during the ex-
ceedance days) to model parameters (e.g., NOx and isoprene
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emissions) (Zhang et al., 2015; Walker et al., 2012; Lapina et al.,
2014, 2015).

2.4. OMI NO2 and HCHO observations

We used NO2 and formaldehyde (HCHO) column densities from
the Ozone Monitoring Instrument (OMI) to study the trend of NO2
and VOC concentrations in the US and Mexico. Oxidation of highly
reactive VOCs produce HCHO near the emission sources. HCHO can
be observed by satellite and used to track the trend of VOC con-
centrations (Stavrakou et al., 2009; Zhu et al., 2017; Shen et al.,
2019). Global top-down NOx emissions from 2005 to 2016 are
derived at the 2 � � 2.5 � resolution using the OMI NO2 observations
following the method of Qu et al., (2017), as reported in Qu et al.,
(2020). OMI is a UV/Visible nadir solar backscatter spectrometer
aboard the National Aeronautics and Space Administration (NASA)
Aura satellite with a local overpass time of about 13:45. It was
launched in 2004 and has a nadir resolution of 13 km � 24 km.
Three OMI NO2 Level 2 retrieval products, the OMNO2 version 3 of
NASA standard product (NASA SP) (Krotkov et al., 2017), the Dutch
OMI NO2 (DOMINO) version 2 from KNMI (Boersma et al., 2011)
and the BErkeley High-Resolution (BEHR) version 2.1c from UC
Berkeley (Russell et al., 2011) are used to analyze trends of NO2
vertical column densities. The NASA and the DOMINO products are
also applied to derive global top-down NOx emissions.
We employed the OMI HCHO Level 2 product version 3 OMHCHO
from NASA (https://disc.gsfc.nasa.gov/datasets/OMHCHO_V003/
summary?keywords¼OMHCHO) to study the trend of biogenic
non-methane VOC column concentrations. We only included re-
trievals that have cloud fractions between 0 and 0.5, excluded data
affected by row anomalies (http://projects.knmi.nl/omi/research/
product/rowanomaly-background.php), and filtered the data us-
ing data quality flags.

3. Results and discussion

3.1. Impact of transport on ozone exceedance in yuma

The peak of MDA8 ozone and most exceedances in Yuma
happen in May and June (Fig. 1). Temperature is typically a domi-
nant factor that affects the ozone peak due to local ozone formation
(Atkinson, 1990; Vukovich and Sherwell, 2003; Wise, 2009;
Stathopoulou et al., 2008). In Yuma, however, the peak of surface
temperature and ozone concentrations are not aligned; the surface
temperature peaks during the monsoon season in July and August
(Figure S1), following the peak of ozone concentrations in May and
Fig. 1. Timeseries of MDA8 ozone at the Yuma Supersite in 2016 (black), 2017 (red) and 2018
referred to the Web version of this article.)
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June. Yuma has a desert climate with less than three days per
month of rainfall, so we do not expect variations in precipitation
affect ozone formation in Yuma. We also rule out the impact of
temperature inversions on ozone exceedances in Figure S2. In fact,
changes in horizontal and vertical transport (e.g., stratospheric
intrusion) are more important to ozone exceedances in locations
like Yuma, where ozone originates mostly from non-local sources.
The winds in Yuma are mostly from the southwest during the high
ozone months (Figure S3) and switch towards emanating from the
south and the southeast when the temperature peaks (Adams and
Comrie, 1997). More specifically, during the hours that ozone con-
centrations in Yuma were higher than 70 ppbv from 2010 to 2016
(Fig. 2(a)), wind directionswere from the southwest 71% of the time
and from the west 11% of the time. These correlations between
wind direction and high ozone events suggest transport from the
international border on the southwest.

Longer distance ozone transport to Yuma are investigated using
daily mean back-trajectory calculations through STILT. In Fig. 2(b), a
majority of ozone exceedances in Yuma coincide with back-
trajectories over California and Mexico. In the summer (see
Figure S4), most back-trajectories are from the south and the west,
suggesting the impact of precursor gases in northern Mexico and
southern California on ozone concentrations in Yuma. In the spring
and fall, about half of the trajectories come from the north, but
trajectories during the ozone exceedance days are from southern
California and northern Mexico. Footprint analysis further show
that Northern Mexico takes up ~75% of the regions that have strong
surface influences on pollution in Yuma
(footprint > 10�4 ppm mmol�1m2 s, see Figure S4(a)). The limitation
of these analyses is that the impact of chemical formation and
decay on ozone are not included. They only show how ozone
already formed in other regions transports to Yuma from upwind
regions.

3.2. Sensitivities of peak afternoon ozone in Yuma to emissions

We use GEOS-Chem adjoint model to further identify locations
where ozone precursor gas emissions have the largest contribution
to ozone concentrations in Yuma. The timeseries of simulated
MDA8 ozone using this model and bottom-up emissions capture
the higher magnitude in May and June but have smaller seasonal
variations than the measurements (R2 ¼ 0.5, see Figure S6). The
simulation captures some of the ozone exceedance and most day-
to-day variations in Yuma (NMSE ¼ 0.04). However, the simula-
tions have a slightly bias high (NMB ¼ 5%) compared to the mea-
surements from March to October of 2014 and have limitations in
(blue). (For interpretation of the references to colour in this figure legend, the reader is
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Fig. 2. (a) Wind directions and ozone concentrations in Yuma from April to July of the year 2010e2016. The length of each “spoke” represents the frequency of wind blew from that
direction. (b) STILT 24 h back trajectories for Yuma in 2016e2018. Each line represents a daily mean trajectory of 4000 particles released 5 m above the surface during the 8 h that
have the maximum ozone concentrations of the day. Back trajectories in red represent days when MDA8 exceed the EPA standard of 70 ppbv; trajectories in yellow represent days
when air quality is acceptable; trajectories in green represent days when air quality is good. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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capturing the inter-annual variations of measured MDA8 ozone
(see Table S3).

To perform source attribution, we define a model receptor
metric to be the simulated MDA8 surface ozone concentration in
Yuma on the exceedance days (see Table S5) between June 11th and
July 1st in 2010. The adjoint model calculates the sensitivity of this
metric with respect to emission scaling factors of each species,
sector, and model grid cell over these 50 days. The simulation starts
on May 11th and ends on July 2nd. Since the wind and ozone
patterns are similar in all years from 2010 to 2016 (except for 2011,
see Fig. S7), sensitivity analysis in 2010, consistent with the year of
the HTAP emission inventory, is taken to be representative of the
impact of emissions on ozone concentrations in Yuma.

Fig. 3 shows the largest sensitivities of MDA8 ozone in Yuma to
precursor emissions mainly lie in California and Mexico. Each pixel
represents the first order response of surface ozone concentrations
in Yuma to a change in (a) anthropogenic NOx (including emissions
from aircraft, ships, energy, industry, transportation, residential,
and agriculture) and (b) biogenic isoprene emissions in the corre-
sponding grid cell. Assuming a linear ozone response, removing all
anthropogenic NOx (isoprene) emissions in Mexico, California and
Arizona would lead to a decrease of 2.5 ppbv (0.2 ppbv), 1.7 ppbv
(1.3 ppbv) and 0.2 ppbv (0.006 ppbv) decrease of MDA8 ozone in
Yuma. Removing anthropogenic and natural sources of all species
in Mexico and California would reduce MDA8 ozone during the
exceedance days by 5.5 ppbv (11% of total MDA8 ozone in Yuma)
and 3.8 ppbv (8%), respectively, which are sufficient to attain the
ozone standard in Yuma. In comparison, removing all emissions in
Arizona would only reduce this value by 0.4 ppbv (0.7%), which
would insufficient for Yuma to attain the ozone NAAQS. Biogenic
VOC emissions from the ocean are not included in the model.
However, given the footprint analysis in Figure S5, we do not expect
much contribution from ocean sources.
4

3.3. Long-term trends of ozone and its precursors

As shown in Fig. 4(a), the annual mean MDA8 ozone and sum-
mertime 24-h mean surface ozone from measurements have been
decreasing in Yuma from 2010 to 2018; the number of ozone ex-
ceedance days has fluctuated despite a downward trend. However,
ozone precursor gases have mixed trends. For instance, the trend of
non-methane VOCs, approximated by the trend of formaldehyde
concentration from the OMI observations (Palmer et al., 2003,
2006; Millet et al., 2008), show increases of 41% in northern
Mexico, 33% in Arizona, and 43% in southern California from 2005
to 2017, mainly due to changes in temperature as explained by Zhu
et al., (2017). OMI NO2 column concentrations show no significant
trend in Arizona, decrease by 21% (DOMINO retrieval) e 32% (NASA
retrieval) in southern California, and increase by 2% (NASA
retrieval) e 25% (DOMINO retrieval) in northern Mexico from 2005
to 2017 (see Figure S8 and S9). These trends suggest increasing
contributions to the Yuma ozone from NO2 in northern Mexico and
biogenic non-methane VOCs in all studied regions. However, de-
creases in NO2 concentrations in California are likely counteracting
the increases.

To quantify contributions of NOx to ozone concentration in
Yuma, we estimate top-down NOx emissions using the NASA
retrieval and the DOMINO retrieval following Qu et al., (2017, 2020).
As shown in Qu et al., (2020), top-down NOx emissions decrease by
20% (constrained by the NASA product) e 26% (constrained by the
DOMINO product) in the US from 2006 to 2015. In comparison, top-
down NOx emissions in Mexico have increased by 12% (NASA) e

13% (DOMINO) from 2006 to 2015. This is in contrast to the
decreasing trend in NOx emissions in Mexico in the EPA National
Emission Inventory (NEI). According to NEI, the total anthropogenic
NOx emissions inMexico have reduced by 11% from 2008 (0.82 TgN)
to 2017 (0.73 TgN), with an annual budget of 0.76 TgN in 2011 and
0.79 TgN in 2014, but this trend is likely subject to large un-
certainties. The base year emissions in 2008 are from Inventario



Fig. 3. Sensitivity of simulated MDA8 ozone in Yuma on the exceedance days (between June 11th and July 1st in 2010, based on Air Quality System (AQS) measurements) to
fractional changes in (a) anthropogenic NOx and (b) biogenic isoprene emissions from May 11th to July 1st. The stars mark the grid cell that includes Yuma.

Fig. 4. (A) Annual MDA8 (solid line) and summer 24 h mean (dashed line) ozone (blue) and number of ozone exceedance days (red) at the Yuma Supersite from 2010 to 2018; (b)
Changes of summertime ozone (24-h average) in Yuma due to changes in NOx emissions (DOMINO posterior shown in red, NASA posterior shown in blue) and meteorology (black),
the latter based on a simulation using the same anthropogenic emissions in all years. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Nacional de Emissions de Mexico. EPA projected anthropogenic
NOx emissions in 2014 based on 2008 data, and linearly interpo-
lated 2011 emissions between 2008 and projected 2014 emissions.
Projected emissions in 2018 from the Eastern Research Group are
directly used for 2017. These projections have large uncertainties
and may not reflect the growing contribution of NOx emissions
from industrial, areal, and off-road mobile sources, as well as the
slower than expected decreases in on-road diesel NOx emissions as
previously reported for the United States (Jiang et al., 2018). The
discrepancy between the top-down and bottom-up estimates may
also reflect the increasing contribution from background NO2 if
GEOS-Chem simulation cannot accurately represent it as shown in
Silvern et al., (2019).
5

The GEOS-Chem simulation has a similar decreasing trend of
summertime ozone in Yuma as the surface measurements. We
therefore use GEOS-Chem to separate the contribution of NOx
emissions from the US and Mexico to the summertime ozone trend
in Yuma. Fig. 4(b) shows the simulated changes of surface ozone in
Yuma due to emission changes in different regions. This trend is
mainly impacted by meteorology (black line, leading to a 3%
decrease) and the decrease of NOx emissions in the US (dotted lines
in Fig. 4(b), contributing to 1e4% decrease from 2006 to 2015). The
changes of NOx emissions in Mexico (red and blue solid lines in
Fig. 4(b)) barely impact the ozone trend in Yuma (by less than 1%).
Simulated MDA8 ozone in Yuma has smaller variations than the
summertime means ozone (Figure S10) e meteorology and NOx
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emissions in Mexico and the US each lead to less than 2% changes
from 2006 to 2015.

4. Policy implications

We investigated the sources of ozone in Yuma, a new non-
attainment area due to stricter ozone NAAQS, using ground-based
measurement data, back trajectories and footprints, adjoint sensi-
tivity analysis, satellite observations, and chemical transport
modelling. Transported pollution from Mexico has the largest
contribution to surface ozone in Yuma from adjacent regions
(Arizona, California, and Mexico). However, unlike the decreasing
trend of NOx emissions in Mexico as shown in EPA NEI, top-down
estimates show increases of NOx emission in Mexico, which have
increasing contributions relative to those from the US to the sum-
mertime ozone in Yuma. These differences in top-down and
bottom-up NOx emissions call for more accurate pollutant source
estimates in Mexico and better understanding of background NO2
concentrations, especially considering their relatively increasing
importance as anthropogenic emissions in the US decline. In
addition to anthropogenic sources, biogenic isoprene from Cali-
fornia (e.g., Geron et al., 2006; Fares et al., 2011; Misztal et al., 2014)
also contribute to 1.3 ppbv of ozone in Yuma on exceedance days in
2010.

The Clean Air Act requires that moderate and above non-
attainment areas must have plans for meeting a 15% reduction of
VOC (or NOx, when specific conditions apply) emissions within 6
years of designation. These could impede development of new in-
dustries, limit employment, and hurt local economies with little
improvement to air quality for rural areas like Yuma, where local
emissions are already low. According to the sensitivity tests, elim-
inating all local sources of emissions in Arizona only leads to 0.7%
(0.4 ppbv) reduction of MDA8 ozone on exceedance days, which is
not sufficient to bring ozone concentrations in Yuma into attain-
ment with federal standards. Although the state can seek to exclude
ozone exceedances from the data record by showing they were
caused by an exceptional event (e.g., stratospheric intrusion,
wildfire, transport of ozone from upwind areas, trapped precursors
by strong inversions), or avoid more stringent federal requirements
by showing the exceedances are due to international transport and
not to domestic emissions, the fact remains that the environmental
and health issues of residents in these non-attainment regions
cannot be improved without reducing emissions from upwind
states and countries.

Several other ozone non-attainment regions located along the
US-Mexico border are also affected by international pollution
transport. For instance, dailymean back-trajectories fromDona Ana
County of New Mexico and Imperial County of California (Fig. S11)
show that 16% and 50% of the ozone exceedances are transported
from Northern Mexico. Footprint analysis also shows that Northern
Mexico contribute to strong surface influence
(footprint > 10�4 ppm mmol�1 m2 s) on ~11 out of 17 and ~6 out of 8
exceedances in Dona Ana and Imperial in 2018 (Fig. S4). There are
several Electric Generating Units (EGU) in Mexico located along the
border with the US according toMexico’s Ministry of Energy, which
are large sources of ozone precursor gases to border counties.
However, unlike Yuma, ozone exceedances at these two locations
can also benefit from emission reductions inside the state.

Canada and the US reached a Canada-U.S. Air Quality Agreement
in 1991 to address transboundary air pollution and added an ozone
annex with specific emission control measures of NOx and VOCs in
the border region in 2000. Consequently, NOx, VOCs, and ozone
concentrations within 500 km of the US-Canada Border have
decreased from 1995 to 2014 (EPA, 2016). U. S. and Mexico are
collaborating through the Border 2020 Program to reduce air
6

pollution in the border region. However, our results show that the
current air pollution control in Mexico barely helps reduce ozone
concentrations in Yuma. More effective interstate partnership and
international agreement between the US and Mexico to reduce
sources of NOx and VOCs as well as ozone and particulate matter
exceedances would yield a variety of positive benefits on human
health and ecosystems for the downwind regions.
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