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HIGHLIGHTS

e Deep stratospheric intrusions and unregulated soil NOy emissions could be responsible for continued O3 exceedances.
e Biomass burning, agricultural soil emissions, and wind-blown dust are the main sources of high PM, s levels in Calexico.
o Extreme PM; levels are mostly associated with strong wind events that occur in the spring and autumn.

ARTICLE INFO ABSTRACT
Keywords: The Salton Sea Air Basin (SSAB) has struggled to comply with National Ambient Air Quality Standards (NAAQS)
Source apportionment for three federally regulated air pollutants: ozone, PMy 5, and PMj(. Seasonal and diurnal patterns are presented

Air quality management
Atmospheric dynamics
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along with their long-term decadal trends to better understand the relationship between the meteorological
setting and air pollution levels as well as their deviations. This analysis revealed that ozone exceedances are no
longer dominated by regulated NOy emissions but rather are primarily controlled by regional agricultural soil
emissions. These emissions are also likely influenced by stratospheric ozone transport to the deep convective
boundary layers unique to the area. Observed peak ozone levels are still ~2-5 ppb lower on weekends indicative
of a NOy-limited regime during the warm season. This implies that local ozone production is directly dependent
on NOy levels, which emphasizes the need to address unregulated sources of NOy pollution such as those from
heavily fertilized, arid agricultural soils. Additionally, strong correlations of PMy s with NOy, PM;o, and CO,
indicate that influences from combustion sources as well as agricultural soils, secondary formation, and me-
chanical processes are all important sources of PMy s production in Calexico, the main city of PMzs non-
attainment on the southern border with Mexico. These PM; 5 exceedances occur in winter months, when low
ventilation accumulates localized PMj 5 precursor emissions. Source apportionment of PMy 5 was assessed using
non-negative matrix factorization of data from the Chemical Speciation Network (CSN) site in Calexico. The CSN
data analysis for Calexico identifies biomass burning as the dominant source of high PMjy s concentrations,
followed by agricultural soil emissions and wind-blown dust. In the immediate vicinity of the Salton Sea, less
frequent PM5 5 exceedances seem to be associated with occasional windstorms. Further, analysis of PM;( ex-
ceedance days indicates that high winds, primarily westerly, are a critical factor, and the low PM, 5/PM; ratios
suggest minimal contribution from photochemical or combustion sources. Furthermore, the correlation of PM;jq
with wind speed across various sites underscores the importance of dust resuspension and soil erosion. This
comprehensive assessment highlights the complexity of air quality problems in the SSAB. Additionally, it em-
phasizes the need for targeted and localized air quality management strategies for this region which, despite its
low population, suffers some of the worst air pollution impacts in the state of California.
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1. Introduction

The Imperial Valley in Southeastern California, along with the
Coachella Valley to the north and the Mexicali Valley to the south, forms
the Salton Trough, a nearly 200-km-long tectonic rift extending from the
San Gorgonio Pass in Riverside County to the Gulf of California. Air near
the surface enters the region through the San Gorgonio Pass and flows
southeastward down the valley. However, as the valley widens south of
the Salton Sea, westerly airflow transversing the Peninsular Ranges
dominates the valley (Figs. 1 and 2). The Salton Sea Air Basin (SSAB) has
struggled to meet national ambient air quality standards (NAAQS)
(Parrish et al., 2017) despite relatively low population. It is currently
classified as nonattainment for ozone (O3) and coarse particulate matter
(i.e., particulate matter with a diameter <10 pm, PM; ). In 2023, the US
EPA deemed the SSAB in attainment for fine particulate matter (i.e.,
particulate matter with a diameter <2.5 pm, PM;5), however, this
attainment was short lived due to the recent lowering of the annual
PM; 5 NAAQS from 12.0 to 9.0 pg/m3 (EPA, 2024). For PMy 5, the pri-
mary annual NAAQS requires PMy 5 not to exceed 9.0 pg/m3 (EPA,
2024), based on an annual mean, averaged over 3 years, while the 24-h
NAAQS requires PMj 5 that the design value (98th percentile averaged
over 3 years) not exceed 35.0 ug/m>. The NAAQS for ozone requires that
the ozone design value (ODV) not exceed 70 ppb; an ODV is defined as
the 3-year average of the fourth highest maximum daily 8-h average
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(MDABS) ozone concentration. Further, there is but one federally regu-
lated NAAQS for PM; o, which states that the 24-h average should not
exceed 150 pg/m3 more than once per year on average over 3 years.

Despite its relatively low population compared to nearby urban areas
like Los Angeles and San Diego, the region experiences about a dozen
ozone exceedance days per year in the south (Calexico) and up to 50-60
in the north (Palm Springs). Additionally, the daily PMys NAAQS is
frequently exceeded, especially in the south, with daily values often
reaching 50-70 pg/m® (California Air Resources Board, 2024a). Os
formation is driven by photochemical reactions involving nitrogen ox-
ides (NOyx) and volatile organic compounds (VOCs) in sunlight. There are
various sources of O3 precursors, including mobile sources (e.g., vehicles
and trucks), stationary sources (e.g., industrial activities), and biogenic
sources (e.g., soils and wildfires). Sources of PM; 5 in the SSAB include
agricultural activities, such as tilling and burning, as well as industrial
emissions and vehicle exhaust (Dessert, 2018b).

Air pollution is the second leading risk factor for premature mortality
globally (Institute for Health Metrics and Evaluation, 2021). Both acute
and chronic exposure to these air pollutants have been associated with
negative health effects, including respiratory and cardiovascular issues
and diseases (Al-Hemoud et al., 2018; Caiazzo et al., 2013; Dominici
etal., 2006; Hao et al., 2015; Kim et al., 2020; Madl et al., 2010). In fact,
during the peak of the pandemic, Imperial County suffered from the
highest mortality and contraction rates from COVID-19 per capita in the
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Fig. 1. CARB sites used for the meteorological and air pollution climatology studies. Note that Imperial Valley sites begin at Bombay Beach and move south. The sites
north of the Salton Sea are within the Coachella Valley, except for Banning, which is a part of the South Coast Air Basin but is used as a reference point for the study.

Mexicali, MX was also included as a reference point.
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Fig. 2. (A) Seasonal diurnal scalar average wind speed. White lines indicate the seasonal average while the colored area represents the upper 95th percentile and
lower 5th percentile. (B) Seasonal diurnal wind direction. Grey lines indicate the seasonal average while the colored area represents the standard deviation of the

wind direction.

state (The New York Times, 2023), a consequence believed to be partly
due to the chronic exposure to air pollutants (Borro et al., 2020; Garcia
et al., 2022; Johnston et al., 2019; Marian et al., 2022). In addition, this
region is characterized by high rates of poverty, language barriers,
impaired water quality, and various other environmental and
socio-economic injustices (OEHHA, 2023).

The conventional, received wisdom seems to be that the region’s
ozone and PM, 5 issues are dominated by exogenous sources: in the
Imperial Valley, pollutants come from the greater San Diego/Tijuana
area and the border town of Mexicali, while in the Coachella Valley,
pollutants are carried from the Los Angeles Basin (EPA, 2022, 2023;
Mendoza et al., 2010; Shi et al., 2009; Watson and Chow, 2001). How-
ever, despite statewide efforts to reduce pollution sources in surround-
ing urban regions, especially due to the efforts of the Clean Air Act to
reduce combustion sources, ozone and PM, 5 reductions in the SSAB
have been minimal during the last decade, indicating that localized
sources may be influencing their continued nonattainment. In fact,
many of the remaining areas in California struggling to comply with
current ozone and PMy 5 air quality standards are rural, agriculturally
active regions, therefore, the sources dominant in these areas must be
considered in future management practices (Almaraz et al.,, 2018;
Freedman et al., 2020; Oikawa et al., 2015; Trousdell et al., 2019; Wang
et al., 2023).

Warm year-round temperatures make the Imperial Valley one of the
most productive agricultural regions in California, the largest year-
round irrigated area in the nation, with an estimated economic output
of over two billion dollars annually (California Department of Food and
Agriculture, 2023). In addition, the Coachella Valley is home to 135 golf
courses which require regular seeding, fertilization, and irrigation.
Consequently, the SSAB is home to some of the largest soil emissions of
nitrogen oxides (NOyx = NO + NOg) (Almaraz et al., 2018; Lieb et al.,

2024; Oikawa et al., 2015; Parrish et al., 2017), a precursor to both
ozone and particulate nitrate. Aside from ongoing cropping activities,
surplus nitrogen inputs in the region, which have increased 10-20-fold
over the past century (Byrnes et al., 2020), could also impact these
emissions. In addition, agricultural tilling is a source of particulate
matter in the region (Dessert, 2018a). Despite mounting evidence for the
significance of soil NOy emissions in the region (Lieb et al., 2024), no
effort has been made to address this issue. Further, this region is home to
the Salton Sea, a saline lake at risk of desertification due to increasing
imbalances between inflows and evaporation that have resulted in water
level declines by about 13 m since the 1950s. This drastic change has
resulted in 124 km? of newly exposed lakebed, which threatens to
exacerbate air pollution and public health concerns due to the potential
for increasing emissions of particulate matter (Abman et al., 2024;
Johnston et al., 2019; Jones and Fleck, 2020; Pacific Institute, 2024).
The production of soil NOy and its resultant secondary particulate matter
are projected to increase due to increased agricultural activity (fertilizer
use) and climate change (warmer soil conditions). This puts these
already disadvantaged communities at higher risk of respiratory and
cardiovascular damage. Therefore, addressing both meteorological
phenomena and pollution sources that contribute to poor air quality in
the region is crucial.

Moreover, PM;g is often generated from natural events like dust
storms, which are common in the arid climate of the SSAB, and are
further exacerbated by various anthropogenic activities such as dimin-
ished agricultural runoff into the Salton Sea (Abman et al., 2024).
Additionally, human activities, including agricultural operations, con-
struction, and unpaved road/ATV travel, contribute to elevated PM;q
levels. The exposed lakebed of the Salton Sea, due to receding water
levels, has become a significant source of dust, further aggravating PM; o
pollution (Frie et al., 2017; Johnston et al., 2019; Jones and Fleck,
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2020). These particles can be inhaled and deposited throughout the
upper airways of the lungs, which can adversely affect respiratory and
cardiovascular health (California Air Resources Board, 2023). Negative
health implications to PM;( exposure can include reduced lung function
(D’Evelyn et al., 2021); worsening of asthma and other respiratory
diseases; increased hospitalization and emergency department visits;
faster disease progression; and reduced life expectancy (California Air
Resources Board, 2023). The episodic nature of PM;( pollution, driven
by both natural and human factors, makes regulatory measures
challenging.

To understand the components that influence air quality exceed-
ances, it is important to first understand the region’s typical atmospheric
conditions. Diurnal, seasonal, and annual trends are developed in this
work for various air pollutants and meteorological conditions from the
years 2009-2023 using existing air monitors from the California Air
Resources Board (CARB). This exercise is used to understand the rela-
tionship between monitored air pollutants and meteorological condi-
tions using Pearson’s correlation coefficient (RZ) and the slope (m).
Additionally, normalized anomalies were calculated for days that
exceeded the National Ambient Air Quality Standards (NAAQS) for
ozone, PMj, 5, and PM;o. Moreover, data from the Chemical Speciation
Network site located in Calexico, where PM; 5 exceedances are most
concentrated, was used to apportion sources of PM, 5 using non-negative
matrix factorization (NMF). Clarifying the components that influence
poor regional air quality will allow for improvement in measurement
practices.

2. Methods
2.1. Trend assessments

To investigate regional air quality and meteorological trends, hourly
data was obtained from the California Air Resources Board’s (CARB) air
quality and meteorology data query tools for the years 2009-23 (except
for PMy 5, which only had sufficient data from 2014 to 23) (California
Air Resources Board, 2024a, 2024b). The meteorological parameters
under investigation were temperature, scalar wind speed, U and V wind
components (westerly/zonal and southernly/meridional, respectively),
vector mean wind direction, and specific and relative humidity, while
the air pollutants under analysis included O3, PM3 5, PM1(, CO, and NOy.

2.2. Normalized anomaly (o) calculations

Sites from the CARB air monitoring network (Fig. 1) were used to
calculate normalized anomalies (o) for various meteorological and
pollution parameters of ozone, PM5 5, and PM;( concentrations. Because
of the strong seasonal (monthly) dependence of most AQ and meteoro-
logical parameters, we present deseasonalized normalized anomalies,
calculated using Equation (1):

xX—X
sd

o= @
Where x represents the 24-h averages for each variable, x is the monthly
average over the 14-year period, and anomalies are normalized by the
monthly-averaged standard deviation (sd) across the 14 years. The
normalized anomalies were primarily analyzed on days that exceeded
the NAAQS (70 ppb, 35 pg/m3, and 150 pg/m3 for ozone, PM, 5, and
PM;, respectively) to identify any significant meteorological or
pollutant outliers that occurred during these extreme pollution episodes.
We consider the normalized anomalies to be somewhat significant if 6 >
0.4 (or 6 < —0.4) and very significant if 6 > 1 (or 6 < —1); these values
can be found in Tables S3, S5, S6a, and S6b. Equation (2) below shows
the calculation for standard error (SE) where sd (shown in Tables S3, S5,
S6a, and S6b), is the standard deviation and n represents the number of
available datapoints for a given variable.
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SE=sd/ \/n (2)

Because of the strong diurnal behavior of the thermally forced cir-
culations in the SSAB, we also use an analogous (non-normalized) de-
diurnalized ozone value in our pollution rose analysis of Section 4.2.

2.3. Correlation coefficient (R?) calculations

Pearson’s correlation coefficients (RZ) were calculated for ozone and
the aforementioned meteorological and pollutant components. This
parameter was calculated between ozone MDAS8 and Tp.y, daytime
scalar average wind speed, daytime U and V components, and 24-h
average relative and specific humidity, PMy 5, PM;o, NOx, and CO. The
calculations were only performed for the months of April through
September, since ozone formation peaks during the afternoon and in the
warmer months. Coefficients for PMy 5 and PM;( were not significant
and therefore were not reported. Statistically significant correlation
coefficients are indicated by a p-value of less than or equal to 0.05, and
these values can be found in Tables S4a and b.

2.4. Chemical speciation and source apportionment of PM 5

PM, 5 concentrations in the SSAB are highest in Calexico, therefore
to better identify sources that contribute to PMy 5 production in the
SSAB, data from the Chemical Speciation Network (CSN) in Calexico, CA
was utilized (US EPA, 2016) from 2009 to 2023 (one full 24-hr sample
approximately every 6 days for a total of 718 data points). A continuous
time series was constructed, using the corrections described in Malm and
Hand (2007) based on EPA recommended IMPROVE protocols (Malm
and Hand, 2007). Specifically, dry PMgs mass concentrations are
computed using the following equations:

PMy 5 = 1.37[SOF ] + 1.29[NO3] + [POM] + [EC] + [Soil] + [Sea

Salt], 3
POM = 1.4[0C], @
Soil = 2.2[Al] + 2.49[Si] + 1.94[Ti] + 1.63[Ca] + 2.42[Fe] 5)
Sea Salt = 1.8[Cl ] (6)

where sulfate (SO%’) is assumed to be fully neutralized to ammonium
sulfate ((NH4)2SO4), nitrate (NO3) is assumed to be in the form of
ammonium nitrate (NH4NO3), and organic carbon (OC) is included as
particulate organic matter (POM). The EPA describes the calculation of
organic carbon (OC) and elemental carbon (EC), since there are multiple
measurements of each, and the following equations are used:

OC = OC1 + OC2 + 0OC3 + 0C4 + OP (@]
EC = EC1 + EC2 + EC3 - OP 8

where OP represents pyrolyzed organic carbon. OP is measured using
two methods: thermal optical reflectance (TOR) and thermal optical
transmittance (TOT). TOR measures the change in reflectance of the
sample surface as it is heated, while TOT measures the change in
transmittance, or light passing through, as the sample is heated. Both
methods of measurement are necessary to fully depict the OP concen-
trations since surface reflectance might underestimate OP in the sam-
ple’s interior, while transmittance might overestimate it if the interior
changes are more pronounced than the surface. Therefore, “OC” and
“EC” are reported as OC_TOR, OC_TOT, EC_TOR, or EC_TOT depending
on the OP measurement. These measurements give strikingly different
results, so defining them separately is important. This method of
reconstructing PMs 5 has good agreement with measured PM, 5 con-
centrations, with a slope of 1.01 and R, of 0.83 (Fig. S1).

In addition to chemical speciation, non-negative matrix factorization
(NMF, a python package) was used for source apportionment of PMj 5.
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Source apportionment aims to extract the source contributions and
profiles of p factors from the speciated concentrations of PMj 5 using
mass balance analysis, which can be written to account for all m
chemical species in the n samples as contributions from p independent
sources.

)4
x5 = ; Siifiy ©)]

Here, x; is the jth chemical species concentration measured in the ith
sample, g is the airborne contribution of material from the kth source
contributing to the ith sample, and fi; is the concentration of the jth
species from the kth source (Hopke, 2016). The CSN data was used in
this NMF to determine the sources of PM,s in Calexico. Once the
factorization was completed and the sources were identified, we then
looked at the 90th percentile and 98th percentile days to see the
dominate sources of pollution. Although the data is limited to collections
every 6 days, this analysis will allow for a better understanding of which
sources may result in nonattainment days, allowing for policy makers to
focus on these sources in regulatory decisions.

3. Regional wind patterns

Establishing the typical wind patterns helps clarify the mesoscale
meteorological influences on regional air pollution transport and pro-
cessing and can aid in understanding the interregional impacts of
pollution events. Monthly wind roses have been prepared using wind
data from ten of the California Air Resources Board sites during
2009-2023, showing monthly averaged wind patterns (Figs. S2a—j). Due
to the presences of the large body of water at the center of the valley,
separating Imperial and Coachella Valleys, a sea/lake breeze is regularly
observed and represents one of the dominant influences on diurnal wind
patterns within the valley (Fig. 2), especially nearest the sea. Further
from the seashore a larger-scale valley mountain flow is evident, which
is reinforced by monsoonal flow from the Gulf of California during the
warmest months. Because of the thermally forced nature of these cir-
culations, they are especially pronounced in the warm season.

Beginning in the Southern Imperial Valley, there are three main
meteorology sites in Calexico, El Centro, and Imperial (refer to Fig. 1).
Calexico is located about 65 km south-southeast of the Salton Sea along
the Mexican border and experiences westerly and northwesterly winds
(Fig. S2a), the strongest of which are observed during the late winter and
spring (strong synoptic forcing). A wind reversal occurs in the warmest
months when southeasterly flow strengthens and dominates due to the
North American monsoon (Adams and Comrie, 1997) bringing moist air
from the Gulf of California into the valley. El Centro is located
north-northwest of Calexico and westerly winds prevail year-round. In
early spring, the westerlies strengthen (peaking in May) until early
summer, when the monsoonal flow from the southeast develops during
the warmest months of July and August. The effect of the monsoonal
flow is reduced in the evening (Fig. 2B), when the winds veer to
south-westerly with nighttime drainage flows on the west side of the
valley likely strengthened by prevailing westerlies. El Centro experi-
ences the most intense westerly wind events during the spring and early
summer, with hourly wind speeds exceeding 9 m/s around 20 % of the
time. It is likely that the high wind speeds result from downslope ac-
celeration of flow channeled through the lowest point in the north-south
transect of the Peninsular Range, referred to as the “El Centro Gap”
(Evan, 2019). Additionally, Imperial, the meteorology site located just 7
km north of El Centro, experiences less intense wind gusts, but otherwise
the general wind patterns are comparable to El Centro and Calexico.
CARB sites located along the perimeter of the Salton Sea are in Sonny
Bono, Bombay Beach, the Naval Test Base, and on the Torres-Martinez
tribal land. Winds in these regions are largely characterized by day-
time sea breezes from the Salton Sea followed by nighttime down-
slope/downvalley winds and land breezes.
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The Coachella Valley is comprised of two major CARB sites: Indio
and Palm Springs. Indio is northwest of the Salton Sea, and Palm Springs
is located near the northernmost point of the Salton basin just on the east
side of the San Gorgonio (i.e., Banning) Pass, but sheltered by the San
Jacinto Mountains to the west. Both sites observe generally weaker
winds dominated by northwesterlies channeled in through the pass but
exhibit a daytime up-valley wind except during the spring when the
channel flow is strongest due to the background synoptic forcing. Lastly,
Banning, in the San Gorgonia gap, is dominated by westerlies
throughout the year. These westerlies are driven by the large-scale
pressure gradient channeled through the terrain (Fig. S2j), except dur-
ing the wintertime high pressure events which can reverse the pressure
gradients pumping SSAB air out into the LA basin.

4. Results and discussion

It is crucial to understand the environmental factors that contribute
to O3, PM3 5, and PM; pollution, especially the long-term, seasonal, and
diurnal trends. Fig. S3 shows the monthly probability of MDAS, PM> 5
and PM; daily NAAQS exceedances (70 pbbv, 35 pg/m°, and 150 pg/
m?, respectively) at each site, illustrating the seasonal patterns of air
pollution extremes in the SSAB. This figure shows the highest likelihood
of ozone exceedances in June at most sites, but also July in Banning
(which is downwind of the LA air basin). They are more than twice as
prevalent in the Coachella Valley relative to the Imperial Valley. Note
also that many sites (Niland, El Centro, and Indio) have the second
highest O3 exceedance probability in May (late spring). Fig. S3 further
shows that winter months in Calexico and spring at the Naval Test Base
are most likely to have daily PMy 5 exceedances. Furthermore, while
there is a lot of variability between sites for PM;o exceedances, sites
around the Salton Sea are most likely to experience PM; exceedances,
especially in spring and fall.

4.1. Ozone

Ozone production is seasonal by nature, with the highest near-
surface concentrations usually observed in the summer months due to
the peak in actinic fluxes, more frequent air stagnation under high
pressure systems, increased emissions of anthropogenic and biogenic
VOCs, as well as the thermal degradation of PAN (Porter and Heald,
2019). In polluted environments, PAN is a thermally equilibrated trace
gas that serves as a significant temporary sink for NOx. Photochemical
production of ozone is also dependent on temperature-dependent
chemical reaction rates. However, in regions of the US with strong
temperature-ozone correlations, the temperature-dependent chemistry
(e.g. PAN equilibrium) and emissions have been shown to make up less
than half of the relationship, while mass transport yields the majority
(~60 %) (Kerr et al., 2019; Porter and Heald, 2019). Kerr et al. (2019)
also found regions in the southern US near bodies of water, such as the
lower Mississippi Valley, the Texas Gulf Coast, and the Salton Sea, to
exhibit very weak correlations between T and Os, very similar to our
findings tallied in Tables S3 and S4 (0.01 < Ry < 0.11). Here, other
factors are more important in determining the highest ozone concen-
trations. For example, stratospheric intrusion events are particularly
influential in the southwestern US (Zhang et al., 2020; Skerlak et al.,
2014), which may explain why the second highest month of O3 ex-
ceedance probability is May, closer to the peak in the stratospheric
influx of Og, for some of the sites in the interior of the SSAB (e.g., Indio &
El Centro, Fig. S3).

The persistence of elevated near-surface ozone concentrations has
been an issue for decades, originally dominated by anthropogenic
sources in the urban regions of California (Haagen-Smit, 1954). Air
quality regulations resulted in large reductions in the anthropogenic
emissions of ozone precursors (mostly NOx and reactive organic gases,
ROG, or non-methane volatile organic compounds, NMVOC), exponen-
tially lowering the ambient ozone concentrations over the decades
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(Parrish et al., 2017). However, several rural regions of California still
exceed the 2015 NAAQS for ozone, including the Salton Sea Air Basin
(Parrish et al., 2017, 2024). With reference to Table S1 and Fig. 3 (ODV),
it is apparent that there has been little to no improvement in ODV
concentrations over the last 5-10 years in the SSAB (with the possible
exceptions of Niland and Indio). This lack of improvement indicates that
regulated, anthropogenic combustion sources are likely no longer the
determining factor in ozone nonattainment. While Niland and Indio’s
ozone pollution seems to be improving over the past decade, the rate of
ozone decline has slowed at all other sites (especially since ~2016), and
a positive slope is observed in Calexico and Banning since about
2011-2015, which has also been observed in Southern California Air
Basin more broadly (Wu et al., 2023). Unregulated sources like agri-
cultural NOx emissions and managed landscapes like golf courses, or
natural phenomena like stratospheric intrusion and subsidence on the
lee side of the Pacific high, may be significantly responsible for
continued nonattainment challenges (Carrow, 1997; Parrish et al., 2017,
2025; Zhang et al., 2020; Skerlak et al., 2014). Referring to Table S2 and
Fig. S4, which show trends in annual NOy averages from 2009 to 2023, it
is apparent that, outside of Calexico, the regulatory decline in NOy
concentrations is mostly absent since 2016. This indicates that the
threshold of reduced mobile source emissions has likely been
approached and unregulated sources of NOy need more focus to reach
attainment goals. Further investigation is necessary to understand the
impact of mass transport and to confirm whether stratospheric intrusion
is a dominant factor. However, several studies have implied that soil
NOy emissions in the SSAB are massively consequential (Almaraz et al.,
2018; Lieb et al., 2024; Oikawa et al., 2015; Wang et al., 2021) and will
need to be addressed in order to further air quality and environmental
justice goals in the region.

4.2. Normalized anomalies and correlation coefficients (R?) for ozone

Six sites from CARB were used to calculate normalized anomalies
and correlation coefficients for ozone and various meteorological and
pollution parameters. Three sites belong to the Imperial Valley (i.e.,
Calexico, El Centro, and Niland), and three sites belong to the Coachella
Valley (i.e., Indio, Palm Springs, and Banning, although Banning is not a
part of the SSAB). The number of exceedance days, normalized anom-
alies, and SE for each site during the 2009-2023 timeframe is shown in
Table S3. Additionally, correlation coefficients (R?) were calculated for
ozone and various meteorological and air pollutant components for the
months of April through September (Tables S4a and b).

Based on the analysis of normalized anomalies in Calexico
(Table S3), ozone exceedance days are characterized by warmer than
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Fig. 3. Ozone design values (ODV) for the six CARB sites in the Salton Sea Air
Basin from 2000 to 2023. The NAAQS for ozone is denoted by the dashed black
line at 70 ppb.
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average temperatures, low (more northerly) wind speed, and low hu-
midity (68th, 23rd, and 34th percentiles of the normalized anomaly
values, respectively). Because of the reasons outlined in Section 4.1, it is
generally expected to see ozone exceedances occurring when tempera-
tures are high. However, Table S4 shows that the linear relationship
between MDAS8 is only weakly correlated with the maximum daily
temperature from April-September therefore temperature is not the
dominant factor influencing day-to-day ozone extreme values in the
region. These results were comparable to those reported in Kerr et al.
(2019). We interpret the average deviations of T, wind speed/direction,
and humidity to be evidence of atmospheric dynamics and
temperature-dependent precursor emissions influencing elevated levels
of ozone on synoptic time scales (longer than one day yet shorter than
the monthly averages used in calculating the normalized deviations).
For example, low humidity is consistent with synoptic-scale deep
stratospheric transport into the deep boundary layers common in the US
southwest as illustrated in Skerlak et al. (2014) and discussed in Section
4.1.

Southeasterly monsoonal winds are most frequent during the
warmest months in the Imperial Valley (July/August, which have lower
exceedance probabilities than May/June when the winds are westerly/
northwesterly, Fig. S3). However, conditions of stagnant and dry air
(Table S3) indicate that ozone exceedances are not predominantly
related to transport from Mexicali, Mexico, and by extrapolation moist
air masses from the Gulf of California. This is a very consequential
finding because international transport is often assumed to be the pri-
mary contributor to ozone pollution in the Imperial Valley (EPA, 2022).
Fig. 4 shows that hourly ozone deviations from the diurnal means in
Calexico are larger on days when winds are predominantly northwest-
erly (Table S3 also shows the correlation with northerly, V < 0, winds).
Further, CO concentrations on ozone exceedance days in Calexico are
average, neither elevated nor low, which may indicate that traditional
combustion processes are not the dominant source of ozone precursors.

Looking at the weekday vs weekend differences in ozone levels, or
the “weekend effect”, helps to understand the ozone production sensi-
tivity to NOy reductions and the role that vehicle emissions play in ozone
levels. Typically, sites dominated by background ozone (e.g., unregu-
lated anthropogenic sources, biogenic sources, and baseline ozone) or
long-range transport have similar weekday/weekend Os, while sites
dominated by local/regional anthropogenic Os sources do not (Heuss
et al., 2003). Heuss et al. investigated the weekend effect for Calexico
during ozone season (April-September) from 1996 to 1997, which
showed that the region observed lower O3 on weekends. This indicates a
NOy-limited regime in which the production of ozone is principally
limited by the availability of NOy rather than that of VOCs. In compar-
ison, Fig. S5A shows the weekend effect for Calexico during ozone
seasons from 2014 to 2023, some two decades later, also evincing a
consistent trend of lower O3 on weekends. Thus, it appears that Calexico
is still NOy-limited, and the average Sunday diurnal cycle has not
changed much in concentration, although weekday concentrations of
ozone have decreased by 5-10 ppb since the late 90’s. Therefore, we see
that the reduction of mobile source emissions, mostly NOy from heavy
duty diesel vehicles (Marr and Harley, 2002), does reduce the average
ozone concentration during the weekend. Fig. S6A shows the observed
decline in NOy concentrations on Sundays in comparison to weekday
concentrations. El Centro observes the most ozone exceedances in the
Imperial Valley, and like Calexico those high ozone days are charac-
terized by relatively warm, weak and more northerly wind, and dry
conditions. However, unlike Calexico, O3 exceedances in El Centro
co-occur with high NOy, PMys, CO, and PM;y5/PM;o concentrations
(82nd, 80th, 79th, and 71st percentiles, respectively). El Centro has a
similar weekend effect to Calexico (Fig. S4B), however, because El
Centro’s ozone exceedances are characterized by high NOy, PM, 5, and
CO, this may indicate that some photochemical processes are significant,
which might include local domestic mobile source emissions and agri-
cultural equipment (Li et al., 2015).
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Nonetheless, Imperial County is agriculturally active year-round,
meaning elevated NOy emissions may result from soil emissions of NO.
Agricultural NOyx emissions have not been regulated despite many
studies that have shown their significance in agricultural areas, espe-
cially the Imperial Valley (Almaraz et al., 2018; Lieb et al., 2024; Luo
etal., 2022; Oikawa et al., 2015; Sha et al., 2021). Agricultural soil NOy
emissions are principally dependent on fertilizer inputs, soil moisture,
and temperature. The temperature dependence is believed to be expo-
nential up until about 30-40 °C where emissions are observed to plateau
due to heat stress (Wang et al., 2021; Yienger and Levy, 1995). A recent
study by Lieb et al. (2024) estimated that agricultural soils contribute
34.7 % on average to the Imperial County NOyx budget. The sensitivity of
ozone production to NOy [603 MDA8/8NOy] based on the weekend ef-
fect (Figs. S4-S5) in Calexico is ~1 ppb of O3 MDAS8 per ppb of afternoon
NOy. The average NOy concentration from April-September is 6.1 ppb,
meaning about 2.1 ppb NOy originate from agricultural soils according
to the Lieb et al. (2024) study. In response to soil NOyx production then,
about 2.2 ppb MDAS Os is elevated on average during ozone season. In a
NOy-limited regime, increases in NOy concentrations from agricultural
activity, say due to increasing N fertilizer amendments and/or rising soil
temperatures, can lead to higher concentrations of ozone, pushing the
region further away from attaining the NAAQS.

Modeling studies have shown that stratospheric contribution to the
tropospheric ozone budget is similar in magnitude to net photochemical
production (Roelofs and Lelieveld, 1997; Stevenson et al., 2006). In fact,
some stratospheric mass transport happens as a result of deep
stratosphere-troposphere exchange (STE), when ozone is transported
from the stratosphere into the atmospheric boundary layer (Skerlak
etal., 2014, specifically their Fig. 5). These events have a strong seasonal
dependence and peak in the spring in the midlatitudes but occur
throughout the year and are a particularly important factor in ozone
exceedances in the Southwestern US and the SSAB (Parrish et al., 2024;
Zhang et al., 2020). Stratospheric air is characterized by very low water
vapor, and drier than normal conditions are observed at most of the sites
on ozone exceedance days, with negative correlations observed for
specific humidity in the summer months (Tables S4a and b). According
to Skerlak et al. (2014), the boundary layers that are most impacted by

17.5 A

15.0 A1

12,51

10.0 1

7.51

PM.s (ng/m3)

5.0 1

—e— Calexico

Bombay Beach
—o— Torres-Martinez

=—e— Banning

251 — = NAAQS PM2.5

Sonny Bono
—o— Naval Test Base
0.0 T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12

Month

Fig. 5. Monthly average values for PM, s were calculated using 24-h average
PM, s concentrations for 2014-23 (as available). The 1-year 2024 National
Ambient Air Quality Standard (NAAQS) is denoted by the black dashed line.

stratospheric intrusions are within the US southwest and the Tibetan
Plateau, specifically in subtropical deserts near regions of high orog-
raphy. These inputs tend to reach a maximum when the tropopause
ozone concentrations are highest and baroclinic instabilities are most
common, which happens in the late spring/early summer. The SSAB is
broadly downwind of the Peninsular and Transverse Ranges, and much
of those ranges elevations are between 1.5 and 3 km in height (Evan,
2019). The proximity of these mountain ranges to the desert creates a
mountain valley circulation that promotes deep tropospheric mixing.
High orography and low air density combined with intense solar heating
leads to deep convective boundary layers, and the deeper the boundary
layers, the farther the vertical mixing reaches into the free troposphere,
bringing down these ozone concentrations enhanced from stratospheric
inputs. In addition, subtropical deserts observe the largest summertime
boundary layer heights due to dry convection, again mixing down
higher ozone at higher elevations. These factors combined with the
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strong subsidence associated with mountain-valley circulations (and the
Pacific High anticyclone) makes the Salton Sea Air Basin a prime loca-
tion for deep STE and exceptionally high “background” ozone
concentrations.

In the Coachella Valley, ozone exceedances are much more frequent,
but without strong correlations (Table S4b) or significant normalized
anomalies (Table S3), it is difficult to identify specific conditions that
influence ozone exceedance events. It is likely that ozone exceedances in
the Coachella Valley are a mixture of anthropogenic combustion sour-
ces, both local and interregional, as well as background ozone and
biogenic sources (i.e., agriculture, golf courses, fertilized lawns). Agri-
cultural emissions may be the most influential at the Indio monitoring
site due to its proximity to the agriculturally active eastern Coachella
Valley. Weekend effects in the Coachella Valley at Indio and Palm
Springs O3 monitoring sites also show a NOy-limited regime (Figs. S5C
and D). Based on sampling '>N/*N ratios at a site near Thermal, Lieb
et al., 2024 estimated that agricultural soils contribute 21.0 % on
average to the Coachella Valley NOy budget. The sensitivity of ozone
production to NOy [603 MDA8/8NOy] based on the weekend effect
(Figs. S4-S5) in Palm Springs is ~7 ppb of MDAS8 Ogs per ppb of NOy,
much stronger than in Calexico. The average afternoon NOy concen-
tration in Palm Springs during ozone season is 2.4 ppb, meaning about
0.5 ppb originates from soils. In response, we expect to see an elevation
of 3.5 ppb MDA8 O3 on average from this unregulated source.

To summarize, ozone pollution in the Imperial Valley seems to result
primarily from localized emissions and depend strongly on temperature-
dependent precursor emissions and atmospheric dynamics. While
interregional transport from Mexicali, Mexico is a source, ozone con-
centrations that deviate higher than average during ozone season
dominate when northwesterly winds are observed, further suggesting
that basin-wide sources of ozone and its precursors strongly influence
the air quality. Furthermore, the Coachella Valley observes many more
ozone exceedance days than the Imperial Valley, in part due to prox-
imity of highly urbanized areas (the outlet of the LA basin), with agri-
culture and managed landscapes (e.g., golf courses) likely contributing
to the production of ozone and its precursors. The SSAB is a NOy-limited
regime during the warm season, meaning that increases in NOy emis-
sions will increase the production of ozone, causing the NAAQS for
ozone to be pushed further away from attainment. To mitigate the
exacerbation of these conditions, unregulated sources of ozone pre-
cursors (e.g., agriculture, golf-courses) should be studied further and
considered for future regulatory action.

4.3. PMzs

Imperial County has recently been reviewed by the EPA, deeming the
county in attainment for the 2012 p.m.; 5 standard by its December 31,
2021 “Moderate” area attainment date. However, this attainment was
short lived due to EPA lowering the annual PMy 5 NAAQS from 12.0 pg/
m® to 9.0 pg/m?; as it currently stands, the PMy 5 design value for Im-
perial County is 11.0 pug/m> (EPA, 2023), primarily influenced by the
Calexico site. To examine trends in PMj 5 seasonally and diurnally, data
was analyzed from six CARB sites for the years 2014-2023—these years
were chosen based on sufficient availability of PMjy 5 data. After exam-
ining monthly average trends, it is apparent that PM, 5 exceedances are
concentrated on either end of the basin: Banning in the north and the
Southern Imperial Valley at the Calexico site. PMy 5 monthly averages
exceed the annual NAAQS of 9.0 pg/m?> every month except for March in
Calexico (Fig. 5). Aside from late spring/early summer maximum at the
Naval Test Base site, Banning is the only other site with monthly aver-
ages that exceed the annual NAAQS, and this occurs from March to
October, indicating a predominance of photochemical production of
secondary aerosols. All other sites attain the annual NAAQS and observe
summertime maxima—Calexico is the only site within the valley that
observes maximum PMj, 5 concentrations in the winter. During winter,
cold-air pools (CAP) are common in mountain valleys during periods of
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light wind, high atmospheric pressure, and low insolation and are
associated with surface-based temperature inversions (Daly et al., 2009;
Lareau et al., 2013). When these stagnant air masses persist, the local
emissions from combustion, burning, and any agricultural sources of
PM; 5 accumulate within the stagnant air (Silcox et al., 2011). Moni-
toring sites along the Salton Sea (Sonny Bono, Naval Test Base, Bombay
Beach, and Torres-Martinez) are maintained by Imperial Irrigation
District and are not a part of the U.S. EPA Air Quality System, so
long-term trend analysis for PM; 5 design values is not reported.
Diurnal profiles of seasonal PM; 5 concentrations were also prepared
to examine the times which most influence PMj 5 exceedances, with
reference to the 24-h average NAAQS of 35 pug/m® (Fig. 6). Referring to
the seasonal diurnal averages (represented by the thick white line),
routine exceedances are observed in Mexicali, Mexico during the winter,
and to a lesser extent Calexico. In addition, PM, 5 maxima were observed
in the mornings and evenings as a response to diurnal changes in the
mixing height and possibly source timing of cooking, automobile, and
heating combustion. Referring to seasonal deviations, Naval Test Base
and Sonny Bono, two sites located on the southwestern and southern
sides of the Salton Sea, respectively, observe high PMj 5 events during
spring evenings. This may be related to wind-blown dust that results
from strong, late afternoon/evening westerly winds observed in the
spring (Fig. 2A), as well as emissions from the Salton Sea and sur-
rounding playa (Evan, 2019; Freedman et al., 2020; Frie et al., 2019). In
addition, Calexico observed similar fall/winter diurnal trends with
PM, 5 compared to the two Mexicali monitoring sites, albeit with lower
concentrations. Fig. 7 shows hourly PM5 5 deviations from the diurnal
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Fig. 6. Seasonal diurnal averages for PM, 5 concentrations at each site in the
Imperial and Coachella Valleys (PM, 5 also includes measurements from Mex-
icali). Note that the white line represents the seasonal average PM; s concen-
tration, while the colors represent the upper 95th percentile and lower 5th
percentile. The dashed red line represents the NAAQS for 24-h PM, 5 concen-
trations, which should not exceed 35 pg/rn3 (Spring = MAM, Summer = JJA,
Fall = SON, Winter = DJF). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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mean, where wintertime wind directions are primarily northwesterly,
westerly, and northerly. While the more infrequent east-
erly/southeasterly winds bring elevated PMj 5 concentrations, at least as
commonly higher than average concentrations are observed in the
prevailing northerly-to-westerly wintertime flows. Thus, while Mexicali
could be a source for PM; s production during the wintertime PMy 5
events, there is a large and consistent source from winds originating
from the US side of the border. Further investigation of regional wind
patterns was performed for a concise understanding of interregional air
pollution influences in Section 3.

4.4. Normalized anomalies for PMz 5

Monthly mean normalized anomalies and correlation coefficients
were calculated using data from CARB for 2014-2023. Normalized
anomalies on days that exceed 24-hr PMy 5 NAAQS of 35 pg/m® along
with SE can be found in Table S5. Since PM, 5 exceedances are most
concentrated in Calexico and the Naval Test Base site, our analysis will
focus on these. In Calexico, average NOx and PM; concentrations dur-
ing PM, 5 exceedances have very strongly correlated anomalies, as well
as the CO and PMy 5/PMj ratio (92nd, 85th, 97th, and 86th percentiles,
respectively). Sources of NOy are likely dominated by combustion pro-
cesses in the winter however, soil NOyx sources may be an important
factor even during the winter months (Lieb et al., 2024). Because of the
moderate fall and winter temperatures, the primarily planting season in
the Imperial Valley occurs from September to April, meaning that
fertilization dominates during this period (Byrnes et al., 2020; Lieb et al.,
2024; Watson and Chow, 2001; Yienger and Levy, 1995). Additionally,
particulate nitrate on average accounts for 22 % of the 98th percentile
PMs 5 chemical speciation on these exceedance days (Fig. S7), likely
linked to higher-than-average NOy concentrations. During the winter
months, the daytime atmospheric lifetime of NOy is significantly
extended due reduced actinic fluxes. Coupled with abundant ammonia
concentrations from agricultural activities and livestock, as well as
lower temperatures, the production of particulate nitrate is an important
source of wintertime PMj 5 (Granella et al., 2024). Source apportion-
ment and chemical speciation of PM; 5 in Calexico is discussed further in
Section 4.5.

Four of the six PM 5 sites are along the perimeter of the Salton Sea.
The first site is in the Northern Imperial Valley in Sonny Bono, and PMj 5
exceedances (n = 6) were associated with strong northwesterly winds,
higher than average temperatures, and exceptionally high PM;( con-
centrations (wind speed, temperature, and PM;( were in the 96th, 76th,
and 100th percentiles, respectively). However, with few data points and
missing data, these values have a high degree of uncertainty, see
Table S5 (SE > 0.3). Few exceedance days paired with these normalized
anomalies indicate that the PM5 s pollution in Sonny Bono may be a
result of exceptional weather events associated with high winds and
warm temperatures. Further, there is a strong positive correlation be-
tween PM,s and PM;p—these factors, in combination with the
normalized anomaly data, may be indicative of meteorological influence
on emissive compounds and playa dust from the Salton Sea (Frie et al.,
2017). The PM; 5 monitor located on the western side of the Salton Sea,
at the Naval Test Base, observed 36 exceedances during the period.
These exceedances were associated with strong westerly winds and
again very high levels of PM;y—scalar average wind speed and PM;
normalized anomalies were in the 95th and 100th percentiles, respec-
tively. Springtime exceedances (Fig. S2e) dominate because of synop-
tically forced downslope winds from the Peninsular Range located west
of the site (Evan, 2019). It is also worth noting that at sites with wind
dominated PM exceedances, the PM, 5/PM;( does not seem to change
significantly during high events, indicating that both fine and coarse PM
are comparably enhanced by aeolian dust. Bombay Beach is a site
located on the eastern side of the Salton Sea, however, only 4 exceed-
ances occurred at this site during the timeframe and analysis of
normalized anomalies did not produce significant results. Lastly, in
Banning, PM; 5 exceedances were strongly associated with high hu-
midity and NOy levels (80th percentile), consistent with secondary
aerosol formation in the summer season. Winds in Banning are over-
whelmingly westerly during the summer and springtime, situated in the
eastern end of the LA basin; therefore, these exceedance days are likely
related to interregional transport of urban PMj 5 and precursors like NOy
and VOCs.

In summary, the PMys exceedance in the SSAB is primarily
concentrated in Calexico and results from localized sources due to
stagnating conditions. These sources are discussed further in Section 4.5.
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Additionally, PM;y 5 exceedances in regions immediately surrounding
the Salton Sea seem to be heavily impacted by strong wind events and
high PM; levels. Just upwind of the Coachella Valley, Banning’s PM 5
levels are highest in the summertime under the humid conditions
affected by interregional transport of urban PM; 5 and its precursors (e.
g., NOy and its oxidation products). The causes of PM; 5 exceedances in
the SSAB seem to vary significantly across the valley, suggesting that
mitigation strategies should be tailored to the specific needs of each
region.

Several past studies have suggested that both PM3 5 (fine) and PM; ¢
(coarse) loadings in the Southwestern US may be significantly enhanced
by trans-Pacific transport (H. Yu et al., 2012; Y. Yu et al., 2019) and may
be rising due to changing climatic conditions (Achakulwisut et al., 2017;
Pu and Ginoux, 2017). While these factors likely affect the PM con-
centrations in the SSAB, they are not very well understood and sporadic
by nature thus not easily determined from simple observational analysis.
Furthermore, modeling of these impacts also suffers from large un-
certainties as climate models are seen to fail to predict the decadal de-
creases in relative humidity observed throughout the southwestern US
(Simpson et al., 2024), and detection of coarse and fine PM trends are
not very robust (Achakulwisut et al., 2017; Aryal and Evans, 2022).

4.5. Chemical Speciation Network data analysis: Calexico

The EPA’s Chemical Speciation Network (CSN) was utilized to
determine the chemical speciation of PM; 5 in Calexico, CA—the site
that has the most PM; 5 exceedance days in the SSAB. To understand
how the speciation varies seasonally, Fig. 8 shows the average seasonal
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chemical speciation for the years 2009-2023. In the winter months
(DJF), there is a stronger than average signature of nitrate, while in
warmer months, sulfates have a larger contribution. The concentrations
of each chemical species can be found in Table S6. The chemical
speciation data was also assessed during PM; 5 exceedances, shown in
Fig. S7. Here, we see that organic carbon (40 %), nitrates (22 %), and
soil materials (16 %) comprise the majority of the PM; 5 on exceedance
days, or when PM; 5 concentrations exceed the 24-h NAAQS of 35 pg/
m®. This is approximately consistent with the average wintertime
aerosol composition because most exceedance days occur in the winter
months.

The NMF analysis yielded five identifiable dominant sources based
on factor profiles: (1) biomass burning, (2) motorized vehicle combus-
tion, (3) agricultural soils, (4) industrial, and (5) dust. Factor contri-
bution and profiles were normalized to one and facilitated source
apportionment and profile interpretability. Each factor was unique in
their elemental composition (Fig. 9), and our analysis was compared to a
detailed source characterization study from Watson and Chow (2001).
The composition of factor 1 was fairly consistent with their assessment
of vegetative burning, with OC as the most abundant species. OC
accounted for ~80 % of the total mass and the OC/TC ratio was 0.82,
much higher than the ratio for motor vehicle profiles. Sources of biomass
burning in the Imperial Valley include agricultural field burning, do-
mestic trash burning, and residential wood combustion, with field
burning being the strongest emitter (Watson and Chow, 2001). Aside
from OC and EC, other markers of biomass burning mentioned by
Watson and Chow (2001) were less than 5 %.

Factor 2’s composition was consistent with Watson and Chow
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Fig. 8. Chemical speciation of PM, 5 in Calexico, CA averaged by season for the years 2009-2023.
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Fig. 9. The relative compositional makeup of the leading 5 factors from a Non-negative Matrix Factorization analysis of the chemical speciation of PM, 5 data in

Calexico, CA for the years 2009-2023.

(2001)’s analysis of motorized vehicle combustion, although the relative
normalized contributions differed. It’s important to note that Watson
and Chow (2001) analyzed several field samples of data, whereas we are
looking at long term factorizations (2009-2023). Markers for motorized
vehicle combustion include high contributions of OC, EC, and chlorine.
Watson and Chow (2001) observed a strong profile of sulfate; however,
we see a larger influence of ammonium nitrate. Factor 3 indicates a large
signal of ammonium nitrate and small signatures (<10 %) from EC, OC,

sulfur, and sulfate. This profile was not observed in the Watson and
Chow (2001) analysis, but due to the approximately 1:3 mass ratio of
ammonium to nitrate, we believe that this factor represents particulate
ammonium nitrate that originates from heavily-fertilized agricultural
soils(Lieb et al., 2024). Imperial County is responsible for over $2 billion
in agricultural sales and is ranked 9th in the state, yet it uses more N
fertilizer than the top three producing counties combined, resulting in
high soil NOy concentrations that may elevate local particulate nitrate
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Fig. 10. (A) Shows the source contribution to PM, 5 98th percentile in Calexico, CA. (B) Shows the source contribution to the 90th percentile of PM, s measurements

in Calexico, CA.
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concentrations (Lieb et al., 2024). Low concentrations of EC and OC may
indicate relatively small contributions from organonitrate and organo-
sulfate compounds.

Furthermore, factor 4 corresponds to Watson and Chow’s assessment
of industrial source emissions, specifically a manure-fueled power plant
located upwind in El Centro, CA. The largest chemical component of
factor 4 was sulfate (~39 %), like the contribution measured by Watson
and Chow. Lastly, factor 5’s strong signatures of silicon (Si), aluminum
(Al), and calcium (Ca) are all crustal components that likely indicate a
dust source. In addition, organic carbon—a natural component of crustal
material—is likely enhanced by road dust and soil sources of crop debris,
burn residue, and agricultural chemicals (e.g., pesticides, herbicides,
fungicides) (Watson and Chow, 2001).

To assess the contribution of each source to PMj 5 exceedance, we
selected from the dataset the 98th percentile of high PM, 5 days and
averaged the factors from the NMF analysis. The results are shown in
Fig. 10. Motorized vehicle combustion, biomass burning, and agricul-
tural soil emissions tend to dominate as producers of PM> 5 for Calexico.
However, because the CSN data is only collected every six days, there
are only 12 measurements used to calculate this, thereby increasing the
uncertainty of this assessment. To increase the number of data points,
we performed a similar analysis for the 90th percentile of the data (n =
80 days), which shows that biomass burning is the dominant source of
the upper end of PM; 5 concentrations, followed by agricultural soil
emissions and dust.

To address the continued nonattainment of PM; 5 in Calexico, further
work is necessary to reduce the impact of burning, agricultural soil NOy
emissions, and dust entrainment. Additionally, several mitigation stra-
tegies can be implemented, including stricter burning regulations, reg-
ulations on agricultural practices, and dust control measures. Enforcing
stricter burning regulations and the reduction of burning during critical
air quality periods may mitigate commercial burning sources, while the
conversion to renewable heating sources may reduce residential
burning. Extensive procedures on ways to manage agricultural practices
have been outlined in Lieb et al. (2025); Lieb et al. (2025). Furthermore,
soil stabilizers and vegetative cover in fallow farmlands or around the
Salton Sea may reduce dust entrainment and help mitigate wind erosion.
By implementing these strategies, Calexico can make significant prog-
ress toward achieving PMj 5 attainment and improving the health and
well-being of its residents.

4.6. PM;o

The SSAB is in “Serious” nonattainment for coarse + fine particulate
matter (PM;, d < 10 pm), which is typically associated with dust, soot,
metals, and salts. PM;q is known to have negative health implications
due to short and long-term exposure. To analyze trends for annual and
diurnal PM; patterns, sites from CARB for the years 2009-2023 were
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used. Referring to the monthly average trends (Fig. 11A), it is apparent
that high PM;( concentrations are most frequently observed in Calexico
and at the sites surrounding the Salton Sea albeit at different seasonal
maxima. Calexico observes maximum levels in the fall, while Sonny
Bono and Naval Test Base exhibit a strong peak in April/May. All other
sites have a summertime maximum. Because PMj, emissions are
strongly related to wind speed (Tables S7a and b), it is important to
understand the seasonal fluctuations of wind speed that may be influ-
encing these events and ultimately leading to the strong seasonal vari-
ability between sites. Seasonal diurnal patterns of PM; at the different
sites are shown in Fig. 12. It is apparent that during the spring and
summer, every site south of Palm Springs experiences a pronounced
peak in PMj( concentrations in the late afternoon/early evening
(15:00-22:00). Referring to Fig. 2, these events are associated with
relatively strong westerly (northwesterly in the Coachella Valley) flow
at the culmination of the diurnal thermal forcing as the winds veer to
their nocturnal, westerly direction. Wind patterns are discussed in more
detail in Section 3 and relationships to wind speed are discussed in
Section 4.7.

Further, the long-term PM;( design values for the 24-h average
NAAQS are shown for available sites in Fig. 11B since the turn of the 21st
Century. There is significant variability in the PM;( data since exceed-
ances are often associated with extreme meteorological events like
windstorms and droughts. In 2020, the EPA approved Imperial County’s
SIP for PM; attainment, claiming that anthropogenic sources of PM;q
are being mitigated as to not exceed the PM;( standard. However, the
two Imperial County sites in Fig. 11B (Niland and Calexico) are currently
exceeding the NAAQS, and there does not appear to be any significant
long-term diminution trends in PM;¢ DV. Therefore, understanding the
factors that exacerbate these exceedances is crucial.

4.7. Normalized anomalies for PM;g

Monthly mean normalized anomalies, as well as SE, for PM;q ex-
ceedance days were calculated using CARB data from 2009 to 2023 and
are shown in Tables S7a and b. Correlation coefficients (R?) were not
reported due to their insignificance. There are 4 p.m.;o monitors
(Table S7a) in Imperial County and four in the Coachella Valley
(Table S7b). The sites from the Salton Sea down across the Imperial
Valley all share a similar pattern: high wind speeds, primarily westerly
in direction, and high PM; 5 but low PM, 5/PMj ratios. Calexico, Indio,
and Palm Springs exceedances exhibit lower than average NOy, CO, and
(mostly) O3 concentrations, indicating that combustion sources are
likely not contributing to these PM;( events, but instead are related to
extreme wind events lofting PM from the surface and ventilating trace
gas pollutants. Because of this, PM;y composition is likely primarily
crustal dust material. Dust events are anticipated to become more
frequent because of climate change induced drought in the
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Fig. 12. Seasonal diurnal averages for PM;o concentrations at each site in the
Imperial and Coachella Valleys. Note that the white line represents the seasonal
average PM;, concentration, while the colors represent the upper 95th
percentile and lower 5th percentile. The dashed red line represents the NAAQS
for 24-h PM, 5 concentrations, which should not exceed 35 pg/m® (Spring =
MAM, Summer = JJA, Fall = SON, Winter = DJF). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Southwestern US (Achakulwisut et al., 2018; NOAA, 2024)

The analysis highlights the complex interplay between meteorolog-
ical factors and pollutant sources driving PM;( concentrations. Under-
standing these relationships is crucial for developing targeted air quality
management strategies. Specific actions might include local emission
controls, especially in urban areas where combustion sources likely
contribute, as well as dust mitigation strategies, especially surrounding
the Salton Sea. Addressing PM; requires a multifaceted approach that
includes mitigating dust from agricultural activities and improving land
management practices. Furthermore, community engagement and in-
vestment in green infrastructure, such as windbreaks and wetland
restoration, could help reduce the impact of wind-blown dust in the
region (Bradley and Yanega, 2018).

5. Conclusions

This study underscores the multifaceted nature of air quality chal-
lenges in the Salton Sea Air Basin (SSAB), where agricultural emissions,
wind-driven dust resuspension, and transboundary pollution converge
to create persistent exceedances of air quality standards. Additionally,
this research provides critical insights into the interplay between
meteorological conditions and pollutant sources in a unique and
understudied region. Long-term trend analysis and various statistical
methods were used to identify key contributors to ozone, PMs 5, and
PM; pollution, such as unregulated agricultural soil emissions, biomass
burning, and wind-driven dust. These findings highlight the urgent need
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for targeted, evidence-based air quality management strategies that
address the specific sources and conditions affecting the SSAB.

Beyond regulatory compliance, mitigating these pollution sources
holds broader implications for improving public health, particularly in
disadvantaged communities like those in Calexico and those surround-
ing the Salton Sea, which bear the brunt of these exceedances. Moreover,
understanding the dynamics of NOy-limited ozone production and the
role of dust resuspension offers valuable guidance for similar arid and
agricultural regions worldwide. By bridging local environmental chal-
lenges with broader scientific and policy considerations, this work
contributes to advancing equity in air quality management and sus-
tainable agricultural and industrial practices.
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