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Abstract 

Air quality management has prioritized reducing anthropogenic nitrogen oxide (NOx = NO + NO2) 

sources to mitigate ozone and particulate matter pollution. This imperative, however, faces 

challenges in rural agricultural regions like the Salton Sea Air Basin (SSAB) in Southern California, 

which remains noncompliant with ozone (O3), particulate matter ≤ 2.5 μg/m3 (PM2.5), and 

particulate matter ≤ 10 (PM10) National Ambient Air Quality Standards (NAAQS). In-depth 

investigations, including seasonal, annual, and diurnal climatologies, were conducted to 

scrutinize meteorological and air pollutant trends in the SSAB. While interregional transport has 

influence on air quality in cities nearby the Mexican border and the LA basin, both ozone and 

PM2.5 exceedances in the Imperial Valley predominantly arise from local emissions during periods 

with low advection in the more urban regions of the basin, while the drying of the Salton Sea is 

more influential at sites closer in proximity to the sea. PM10 exceedances were shown to depend 

largely on elevated wind speeds. 

Notably, the research hypothesizes that soil NOx emissions, exacerbated by year-round 

agricultural production with over $2 billion in annual sales, contribute significantly to local air 

quality problems. The nitrogen stable isotope composition (δ15N) is proposed as a valuable tool 

for NOx source apportionment due to differences in mean δ15N-NOx values between 

anthropogenic and biogenic emission sources. For this reason, nitrogen stable isotopes (δ15N) 

from actively collected NO2 were quantified, and contributions to total NOx were estimated using 

a mixing model, incorporating the mean δ15N-NOx from each emission source and from the a 

priori source apportionment reported in the California Air Resources Board’s NOx inventory. 
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These results revealed that soil emissions are a substantial source, representing 35% and 21% of 

the total NOx inventory for the Imperial and Coachella Valleys, respectively, or 30% on average 

for the entire air basin. These estimates indicate a tenfold underestimation of soil NOx emissions 

on average by the current California Emissions Projection Analysis Model (CEPAM), with the 

largest discrepancies observed during spring and summer, periods of substantial biogenic 

activity. 

Crucially, this study adopts a community-engaged approach in collaboration with Comité Cívico 

del Valle and Western Service Workers Association, two influential community organizations that 

were instrumental in developing my community-based participatory research skills. Two 

dedicated sections within the dissertation delve into the comprehensive community engagement 

strategies employed, emphasizing inclusivity, local knowledge integration, discussion of 

successes and struggles, and participatory decision-making processes. Furthermore, the research 

documents a transformative mural art project co-created with community members at 

Sacramento’s Southside Community Garden, illustrating the intersection of environmental 

science and public art in conveying complex environmental issues to diverse audiences. Through 

a collaborative paint-by-numbers event, residents actively contributed to the artistic process, 

fostering a sense of ownership, and understanding of how our food system impacts their daily 

lives. These projects strengthened my community engagement skills and allowed me to practice 

alternative methods for scientific dissemination. This inclusive methodology enhances the 

broader impact of the research, creating an empowering relationship between academia and the 

local community.
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Chapter 1: Deducing Atmospheric Conditions that Contribute to 

Elevated Pollution Events in the Salton Sea Air Basin 

Abstract 

Public agency regulators of the Salton Sea Air Basin (SSAB) have struggled to comply with the 

National Ambient Air Quality Standards (NAAQS) for three federally regulated air pollutants: 

ozone, PM2.5, and PM10. To better understand the meteorological factors influencing regional air 

pollution, seasonal, annual, and diurnal trends in both meteorological conditions and air 

pollutant climatologies were examined. Through this analysis it was revealed that ozone 

exceedance days tend to originate from localized sources and are strongly dependent on 

atmospheric dynamics and temperature-dependent precursor emissions. The observed ozone 

weekend effect supports a NOx-limited regime, meaning that ozone production is heavily 

dependent on NOx availability, which emphasizes the need for addressing unregulated sources 

of NOx pollution like those from agricultural soils. Additionally, strong correlations of PM2.5 with 

NOx, PM10, and CO, indicate that influences from combustion sources, secondary formation, and 

mechanical processes are all sources of PM2.5 production in Calexico, the main city of PM2.5 

nonattainment on the southern border. In winter months, low ventilation accumulates localized 

PM2.5 emissions. Source apportionment of PM2.5 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 PM2.5 

concentrations, followed by agricultural soils and dust entrainment. Further, analysis of PM10 

exceedance days indicates that high wind speeds, primarily westerly, are a critical factor, and the 
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low PM2.5/PM10 ratios suggest minimal contribution from combustion sources. Furthermore, the 

correlation of PM10 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 and emphasizes 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. 

1.1 Introduction 

The SSAB is a subsea level basin within the Sonoran Desert in southeastern California and 

is comprised of the Imperial Valley in the south and Coachella Valley in the north. The Salton Sea 

connects the two valleys and occupies the deepest point of the basin, which is bounded by the 

Peninsular Ranges to the west, and to the north and east by the Transverse Ranges. Additionally, 

this region is downwind of two large metropolitan cities—Los Angeles and Mexicali, Mexico. 

Characteristically, this basin receives on average less than 4 inches of precipitation per year, 

typically occurring in the winter months due to the passage of extratropical cyclones, or in the 

summer months because of monsoonal intrusions in the southern region of the basin (Ives, 

1949). Daily average temperatures range from 12°C in the winter months and greater than 32°C 

in summer months, with summertime highs exceeding 40°C regularly.  Near surface air enters 

the region from the San Gorgonio pass and flows towards the southeast down the valley, but as 

the valley widens south of the Salton Sea, westerly airflow begins to dominate. 

Air pollution often results from the interaction between two primary components: 

chemical production and transport. These processes are contingent on a given region’s 

climatology, synoptic scale meteorology, atmospheric dynamics, topography, human activity, 
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and natural ecological processes. In 1970, the Clean Air Act was authorized and requires the EPA 

to establish NAAQS to protect public health and to regulate hazardous air pollutant emissions; 

today, there are six federally regulated air pollutants. The Salton Sea Air Basin (SSAB) has 

struggled to meet NAAQS. It is currently in nonattainment for ozone (O3) and particulate matter 

with a diameter ≤ 10 μm (PM10). In 2023, the EPA deemed the SSAB in attainment for fine 

particulate matter (i.e., particulate matter with a diameter ≤ 2.5 μm, PM2.5), however, this 

attainment was short-lived due to EPA lowering the annual PM2.5 NAAQS from 12.0 μg/m3 to 9.0 

μg/m3 (US EPA, 2024). For PM2.5, the primary annual NAAQS requires for PM2.5 not to exceed 9.0 

μg/m3 (EPA, 2024), based on an annual mean, averaged over 3 years, while the 24-h NAAQS 

requires PM2.5 not to exceed 35.0 μg/m3 based on the 98th percentile, averaged over 3 years. 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-hour average (MDA8) ozone 

concentration. Further, there is but one federally regulated NAAQS for PM10, which states that 

the 24-h average should not exceed 150 μg/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 PM2.5 National 

Ambient Air Quality Standard (NAAQS) is frequently exceeded, especially in the south, with daily 

values often reaching 50-70 μg/m³ (California Air Resources Board, 2024a). O3 formation is driven 

by photochemical reactions involving nitrogen oxides (NOx) and volatile organic compounds 

(VOCs) under 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. Sources 
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of PM2.5 in the SSAB include agricultural activities, such as tilling and burning, as well as industrial 

emissions, vehicle exhaust, and secondary organic aerosols. 

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 et al., 2006; Hao et al., 

2015; Kim et al., 2020; Madl et al., 2010). During the peak of the pandemic, Imperial County 

suffered from the highest mortality and contraction rates from COVID-19 per capita in the 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). 

Conventional wisdom seems to be that the region's ozone and PM2.5 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 & Chow, 

2001). However, despite statewide efforts to reduce pollution sources in surrounding urban 

pockets, especially due to the efforts of the Clean Air Act to reduce combustion sources, O3 and 

PM2.5 reductions in the SSAB have been minimal, indicating that localized sources may be 

influencing their continued nonattainment. Many of the remaining areas in California struggling 

to comply with current ozone and PM2.5 air quality standards are rural, agriculturally active 
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regions; therefore, these sources must be considered in future management practices (Almaraz 

et al., 2018; Oikawa et al., 2015). 

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 NOx emissions (Almaraz et al., 2018; Lieb et al., 2024; Parrish et al., 2017), a precursor 

to both ozone and particulate nitrate, with surplus nitrogen inputs in the region which have 

increased 10-20-fold over the past century (Byrnes et al., 2020). In addition, agricultural tilling is 

a source of particulate matter in the region (Imperial County Air Pollution Control District, 2018). 

Despite evidence of the significance of soil NOx in the region, inadequate 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 km2 

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 & Fleck, 2020; Pacific Institute, 2024). The production of soil NOx and 

particulate matter are likely to increase due to increased agricultural activity and climate change, 

putting 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. 
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Moreover, PM10 is often generated from natural sources like dust storms, which are 

common in the arid climate of the SSAB, and are further exacerbated by various anthropogenic 

activities such as diminished agricultural runoff into the Salton Sea (Abman et al., 2024). 

Additionally, human activities, including agricultural operations, construction, and unpaved 

road/ATV travel, contribute to elevated PM10 levels (Imperial County Air Pollution Control 

District, 2018; H. Li et al., 2015). The exposed lakebed of the Salton Sea, due to receding water 

levels, has become a significant source of dust, further aggravating PM10 pollution (Frie et al., 

2017; Johnston et al., 2019; Jones & Fleck, 2020). The episodic nature of PM10 pollution, driven 

by both natural and human factors, makes regulatory measures challenging. Addressing PM10 

requires a multifaceted approach that includes mitigating dust from agricultural activities and 

improving land management practices. Furthermore, community engagement and investment in 

green infrastructure, such as windbreaks and wetland restoration, could help reduce the impact 

of wind-blown dust in the region (Bradley & Yanega, 2018). 

To understand the components that influence air quality exceedances, it is important to 

first understand the region’s typical atmospheric conditions. Diurnal, seasonal, and annual 

climatologies 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 climatology is used to understand the relationship between monitored air pollutants 

and meteorological conditions. Additionally, normalized anomalies were calculated for days that 

exceeded the NAAQS for O3, PM2.5, and PM10. Moreover, data from the Chemical Speciation 

Network site located in Calexico was used to apportion sources of PM2.5 using non-negative 
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matrix factorization (NMF). Clarifying the components that influence poor regional air quality will 

allow for improvement in measurement practices.  

1.2 Methods 

1.2.1 Climatology Trends 

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 PM2.5, which only had sufficient data from 2014-23) (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, PM2.5, PM10, CO, and NOx. 

1.2.2 Normalized anomaly (σ) calculations 

Sites from the CARB air monitoring network (Figure 1.1) were used to calculate 

normalized anomalies (σ) for various meteorological and pollution parameters of ozone, PM2.5, 

and PM10 concentrations. Because of the strong seasonal (monthly) dependence of most AQ and 

meteorological parameters, we present deseasonalized normalized anomalies, calculated using 

Equation 1.1: 

𝜎 = !"!̅
$%

            (1.1) 

where x represents the 24-h averages for each variable, �̅� 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 
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the NAAQS (70 ppb, 35 μg/m3, and 150 μg/m3 for ozone, PM2.5, and PM10, 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 σ ≥ 0.4 (or σ ≤ -

0.4) and very significant if σ ≥ 1 (or σ ≤ -1); these values can be found in Tables S1.2, S1.5, S1.6a, 

and S1.6b. Equation 1.2 below shows the calculation for SE where sd is the standard deviation 

and n represents the number of available datapoints for a given variable.  

𝑆𝐸 = 𝑠𝑑/√𝑛            (1.2) 

Because of the strong diurnal behavior of the thermally forced circulations in the SSAB, we also 

use an analogous (non-normalized) de-diurnalized ozone value in our pollution rose analysis of 

Section 1.4.1. 
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Figure 1.1. 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. 

1.2.3 Correlation coefficient (R2) calculations 

Correlation coefficients (R2) were calculated for ozone and the aforementioned meteorological 

and pollutant components. This parameter was calculated between ozone MDA8 and Tmax, 

daytime scalar average wind speed, daytime U and V components, and 24-h average relative 

and specific humidity, PM2.5, PM10, NOx, and CO for the months of April through September, 

since ozone formation peaks during the afternoon and in the warmer months. Coefficients for 

PM2.5 and PM10 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 S3 and S4. 

1.2.4 Chemical Speciation and Source Apportionment of PM2.5 

 To better identify sources that contribute to PM2.5 production, data from the Chemical 

Speciation Network (CSN) in Calexico, CA (the only site in the SSAB) was utilized (US EPA, 2016b) 

from 2009-2023 (one full 24-hr sample approximately every 6 days for a total of 718 data points). 

Daily measurements of PM2.5 mass concentrations were obtained from the CSN. A continuous 

time series was constructed, using the corrections described in Malm and Hand (2007) based on 

IMPROVE protocols for reconstruction of dry mass concentrations (Malm & Hand, 2007). 

Specifically, dry PM2.5 mass concentrations are computed using the following equations: 

PM2.5 = 1.37[SO4
2-] + 1.29[NO3

-] + [POM] + [EC] + [Soil] + [Sea Salt],    (1.3) 

POM = 1.4[OC],          (1.4) 
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Soil = 2.2[Al] + 2.49[Si] + 1.94[Ti] + 1.63[Ca] + 2.42[Fe]     (1.5) 

Sea Salt = 1.8[Cl-]          (1.6) 

where sulfate (SO4
2-) 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 + OC3 + OC4 + OP        (1.7) 

EC = EC1 + EC2 + EC3 – OP         (1.8) 

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 concentrations since surface reflectance might 

underestimate OP in the sample’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 PM2.5 has good agreement with measured PM2.5 concentrations, with 

a slope of 1.01 and R2 of 0.83 (Figure S1.1). 

 In addition to chemical speciation, non-negative matrix factorization (NMF) was used for 

source apportionment of PM2.5. Source apportionment aims to extract the source contributions 
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and profiles of p factors from the speciated concentrations of PM2.5 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: 

𝑥&' =	∑ 𝑔&'𝑓('
)
(*+            (1.9) 

where xij is the jth chemical species 

concentration measured in the ith sample, gik is 

the airborne contribution of material from the 

kth source contributing to the ith sample, and fkj 

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 

PM2.5 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 dominant sources of 

pollution. This 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.  

Figure 1.2. The probability of NAAQS exceedance for 
ozone (top), PM2.5, and PM10 based on monitoring site. 
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1.3. Regional Climatology 

It is crucial to understand the environmental factors that contribute to O3, PM2.5, and 

PM10 pollution, especially the climatological, seasonal, and diurnal trends. Figure 1.2 shows the 

probability of MDA8, PM2.5 and PM10 daily NAAQS exceedances (70 pbbv, 35 μg m-3, and 150 μg 

m-3, 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. Figure 1.2 also shows that winter 

months in Calexico and spring at the Naval Test Base are most likely to have exceedances. 

Furthermore, while there is a lot of variability between sites for PM10 exceedances, sites around 

the Salton Sea are most likely to experience PM10 exceedances, especially in spring and fall. 

1.3.1 Wind 

Establishing the typical wind patterns helps clarify the mesoscale meteorological 

influences on regional air pollution transport and processing 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 (Section S1.1). Due to the presences of the large body of water at the 

center of the valley, separating the Imperial and Coachella Valleys, a sea/lake breeze is regularly 

observed and represents the dominant influence on diurnal wind patterns within the valley. 

Because of the thermal nature of this circulation, it is especially pronounced in the summer 

months. 
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Beginning in the Southern Imperial Valley, there are three main meteorology sites in 

Calexico, El Centro, and Imperial (refer to Fig. 1.1). Calexico is located about 40 miles south-

southeast of the Salton Sea along the Mexican border and experiences westerly and 

northwesterly winds, the strongest of which are observed during the late winter and spring. A 

wind reversal occurs in the warmest months when southeasterly flow strengthens and dominates 

due to the North American monsoon (Adams & Comrie, 1997) bringing moist air from the Gulf of 

California into the valley. El Centro is located northwest of Calexico and northerly and westerly 

winds are observed in the fall and winter, with larger wind gusts coming from the west. In early 

spring, we observe a strengthening of the westerly until early summer, when the monsoonal flow 

from the southeast dominates in the warmest months of July and August. The effect of the 

monsoonal flow is reduced in the evening, when the winds veer to south-westerly with nighttime 

drainage flows likely strengthened by prevailing westerlies. El Centro experiences extreme 

westerly wind events in the spring and early summer, with wind speeds exceeding 9 m/s. Further, 

wind speeds measured in El Centro are higher than other monitoring sites within the air basin 

(Figure 1.3). It is likely that the high wind speeds result from downslope acceleration of flow 

channeled through the lowest point in the north-south transect of the Peninsular Range, a point 

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 winds 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 daytime sea breezes 

from the Salton Sea followed by nighttime downslope/downvalley winds/land breezes. 
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The Coachella Valley is comprised of two major CARB sites: Indio, which is northwest of 

the Salton Sea, and Palm Springs, which is located at the northernmost point of the Salton basin 

just on the east side of the San Gorgonia (i.e., Banning) pass. Both sites observe generally weaker 

winds dominated by northwesterlies channeled in through the pass but exhibit a daytime up-

valley wind outside of the spring when the channel flow is strongest due to the sea/lake breeze. 

Lastly, Banning, in the San Gorgonia gap, is dominated by westerlies throughout the year which 

are driven by the large-scale pressure gradient channeled through the terrain (Fig. S1.10), except 

during the wintertime high pressure events which reverse the pressure gradients. 

   

Figure 1.3. (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. 

(A) (B) 
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Grey lines indicate the seasonal average while the colored area represents the standard deviation of the wind 

direction. 

1.3.2 Ozone 

 Ozone production is seasonal by nature, with the highest 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, a significant temporary sink for NOx in polluted environments 

(Porter & Heald, 2019). Photochemical production of near-surface 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 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). Kerr et al. (2019) 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 O3, very similar to our findings tallied in Tables S3 & S4 (0.01 < 

R2 < 0.11). Here other factors are more important in determining the highest ozone 

concentrations. For example, stratospheric intrusion events are particularly influential in the 

southwestern US (Škerlak et al., 2014; Zhang et al., 2020) which may explain why the second 

highest month of O3 exceedance probability is May, closer to the peak in the stratospheric influx 

of O3, for some of the sites in the interior of the SSAB (e.g., Indio & El Centro, Fig. 2). 

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 
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emissions of ozone precursors (mostly NOx and reactive organic gases or non-methane volatile 

organic compounds), considerably lowering the ambient ozone concentrations over the decades 

(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 1.1 

and Figure 1.4 (ODV), it is apparent that there has been little improvement in ODV concentrations 

over the last decade in the SSAB (apart from Niland), indicating that anthropogenic combustion 

sources are likely no longer the determining factor in ozone nonattainment. While Niland’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 2012. Unregulated sources like agricultural 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, 2024; Škerlak et al., 2014; Zhang et al., 2020). Referring to 

Table S1.1 and Figure S1.2, which show trends in annual NOx averages from 2009-2023, it is 

apparent that, outside of Calexico, the regulatory decline in NOx concentrations is mostly absent 

over the past 7 years, indicating that the threshold of reduced mobile source emissions has likely 

been obtained and unregulated sources of NOx 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, but several studies have implied that soil 

NOx emissions in the SSAB are massively consequential (Almaraz et al., 2018; Lieb et al., 2024; 

Oikawa et al., 2015; Wang, Ge, et al., 2021) and will need to be addressed in order to further air 

quality and environmental justice goals in the region. 
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Table 1.1. Slopes and correlation coefficients (R2) for Figure 1.4, split into two decades to show the changes in trends. 

The slopes represent the change in ODV per year. 

  Calexico El Centro Niland Indio Palm 
Springs Banning 

2000-
2011 

Slope 
(ppb/yr) -0.99 -1.08 -0.43 -0.79 -0.84 -1.46 

R2 0.24 0.74 0.25 0.42 0.45 0.56 

2012-
2023 

Slope 
(ppb/yr) 0.24 -0.98 -1.91 -0.53 -0.44 0.46 

R2 0.41 0.57 0.76 0.27 0.56 0.39 
 

 

Figure 1.4. Ozone design values (ODV) for the six CARB sites in the Salton Sea Air Basin from 2000-2023. The NAAQS 

for ozone is denoted by the dashed black line at 70 ppb. 

1.3.3 PM2.5 

 Imperial County has recently been reviewed by the EPA, deeming the county in 

attainment for the 2012 PM2.5 standard by its December 31, 2021 “Moderate” area attainment 

date (EPA, 2023). However, this attainment was short lived due to EPA lowering the annual PM2.5 

NAAQS from 12.0 μg/m3 to 9.0 μg/m3; as it currently stands, the PM2.5 design value for Imperial 

County is 11.0 μg/m3 (EPA, 2023). To examine climatological trends in PM2.5 seasonally and 
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diurnally, data was analyzed from six CARB sites for the years 2014-2023—these years were 

chosen based on sufficient availability of PM2.5 data. After examining climatological monthly 

average trends, it is apparent that PM2.5 exceedances are concentrated on either end of the 

basin: Banning in the north and the Southern Imperial Valley at the Calexico site. PM2.5 monthly 

averages exceed the annual NAAQS of 9.0 μg/m3 every month except for March in Calexico 

(Figure 1.5). Aside from late spring/early summer exceedance at the Naval Test Base site, Banning 

is the only other site with monthly climatological averages that exceed the annual NAAQS, and 

this occurs from April to October, indicating a predominance of photochemical production of 

secondary aerosols. All other sites attain the annual NAAQS and observe summertime 

maximums—Calexico is the only site within the valley that observes maximum PM2.5 

concentrations in the winter. During winter, cold-air pools (CAP) are common in mountain valleys 

during periods of 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 PM2.5 accumulate within the stagnant air (Silcox et al., 2011). Monitoring sites along 

the Salton Sea (Sonny Bono, Naval Test Base, Bombay Beach, and Torres-Martinez) are not a part 

of the U.S. EPA Air Quality System, so long-term trend analysis for PM2.5 design values is not 

reported. 

 



 19 

 

Figure 1.5. Climatological monthly averages for PM2.5 were calculated using 24-h average PM2.5 concentrations for 

2014-23 (as available). The 1-year 2024 National Ambient Air Quality Standard (NAAQS) is denoted by the black 

dashed line. 

Diurnal profiles of seasonal PM2.5 concentrations were also prepared to examine the 

times which most influence PM2.5 exceedances, with reference to the 24-h average NAAQS of 35 

μg m-3 (Figure 1.6A). Referring to the seasonal diurnal averages (represented by the thick white 

line), routine exceedances are observed in Mexicali, Mexico during the winter. In addition, PM2.5 

maxima were observed in the mornings and evenings as a response to diurnal changes in the 

mixing height and possibly source timing of cooking 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 PM2.5 events during spring evenings. 

This may be related to strong evening westerly winds observed in the spring and emissions from 

the Salton Sea and surrounding playa (Evan, 2019; Freedman et al., 2020; Frie et al., 2019). In 

addition, Calexico observed similar fall/winter diurnal trends with PM2.5 compared to the two 

Mexicali monitoring sites, although with much lower concentrations. Figure 1.7 shows hourly 
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PM2.5 deviations from the diurnal mean, where wintertime wind directions are primarily westerly 

and northwesterly, exceptionally larger than average PM2.5 concentrations occur on days when 

winds are southeasterly, indicating that Mexicali could be a principal source for PM2.5 production 

during the wintertime PM2.5 events. Further investigation of regional wind patterns was 

performed for a concise understanding of interregional air pollution influences. 

 

Figure 1.6. Seasonal diurnal averages for (A) PM2.5 and (B) PM10 concentrations at each site in the Imperial and 

Coachella Valleys (PM2.5 also includes measurements from Mexicali). Note that the white line represents the seasonal 

average PM2.5 concentration, while the colors represent the upper 95th percentile and lower 5th percentile. The 

dashed red line represents the NAAQS for 24-h PM2.5 concentrations, which should not exceed 35 μg/m3. (Spring = 

MAM, Summer = JJA, Fall = SON, Winter = DJF). 

 

(A) (B) 
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Figure 1.7. PM2.5 pollution roses for Calexico. The colors represent hourly PM2.5 deviations from the mean. 

1.3.4 PM10 

The SSAB is in “Serious” nonattainment for PM10, which is typically associated with dust, 

soot, metals, and salts. PM10 is known to have negative health implications due to short and long-

term exposure. These particles can be inhaled and deposited throughout the upper airways of 

the lungs, potentially causing tissue damage and lung inflammation, which can adversely affect 

respiratory and cardiovascular health (California Air Resources Board, 2023). Negative health 

implications to PM10 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).  

To analyze climatological trends for annual and diurnal PM10 patterns, sites from CARB 

for the years 2009-2023 were used. Referring to the climatological monthly average trends 

(Figure 1.8A), it is apparent that high PM10 concentrations are most frequently observed in 

Calexico and at the sites surrounding the Salton Sea. Calexico and Torres-Martinez observe 
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maximums 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 PM10 emissions are strongly correlated to 

wind speed, it is important to understand the seasonal fluctuations of wind speed that may be 

influencing these events and ultimately leading to the strong seasonal variability between sites. 

Seasonal diurnal patterns of PM10 at the different sites are shown in Figure 1.6B. It is apparent 

that in the springtime, every site south of Palm Springs shows a pronounced peak in PM10 

concentrations in the late afternoon/early evening, and referring to Figure 1.3, these events are 

associated with relatively strong westerly (northwesterly in the Coachella Valley) flow. Wind 

patterns are discussed in more detail in Section 1.3.1 and relationships to wind speed are 

discussed in Section 1.4.3. 

 

Figure 1.8. (A) Monthly climatological mean concentrations of PM10 for each of the CARB sites. (B) PM10 design values 

for the 24-h average NAAQS for available sites. 

Further, annual PM10 design values for the 24-h average NAAQS are shown for available 

sites in Figure 1.8B. There is significant variability in the PM10 data since exceedances are often 

associated with extreme events like windstorms. In 2020, the EPA approved Imperial County’s 

State Implementation Plan (SIP) for PM10 attainment, claiming that anthropogenic sources of 

PM10 are being mitigated as to not exceed the PM10 standard. However, the two Imperial County 

(A) (B) 
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sites in Figure 1.8B are exceeding the NAAQS, and there does not appear to be any significant 

long-term trend in PM10 DV. Therefore, understanding the factors that exacerbate these 

exceedances is crucial. 

1.4. Results and Discussion 

1.4.1 Normalized anomalies and correlation coefficients (R2) 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 anomalies, and SE for each site during the 

2009-2023 timeframe is shown in Table S1.2. Additionally, correlation coefficients (R2) were 

calculated for ozone and various meteorological and air pollutant components for the months of 

April through September (Table S1.3 and S1.4).  

Based on the analysis of normalized anomalies in Calexico (Table S1.2), ozone exceedance 

days are characterized by warmer than average temperatures, low (more northerly) wind speed, 

and low humidity (68th, 23rd, and 34th percentiles, respectively). Because of the reasons outlined 

in Section 1.3.2, it is generally expected to see ozone exceedances occurring when temperatures 

are high, however, Table S1.3 shows that the linear relationship between MDA8 is weakly 

correlated with the maximum daily temperature from April-September therefore temperature is 

not the dominant factor influencing ozone exceedances day-to-day. We interpret the average 

deviations of T, wind speed/direction, and humidity to be evidence of atmospheric dynamics and 

temperature-dependent precursor emissions influencing extreme values of ozone. For example, 
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low humidity is consistent with the deep stratospheric transport into the deep boundary layers 

common in the US southwest as illustrated in Škerlak et al. (2014) and discussed in Section 1.3.2. 

Additionally, although 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. 1.2), conditions of stagnant and 

dry air indicate that ozone exceedances are not predominantly related to transport from 

Mexicali, Mexico. This is a very consequential finding because international transport is often 

assumed to be the primary contributor to ozone pollution in the Imperial Valley (EPA, 2022). 

Figure 1.9 shows that hourly ozone deviations from the diurnal means in Calexico are larger on 

days where winds are predominantly northwesterly (Table S1.2 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.  
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Figure 1.9. Ozone pollution roses for Calexico during June-September. The colors represent hourly ozone 

deviations from the mean. 

Looking at the weekday vs weekend differences in ozone levels, or the “weekend effect”, 

helps to understand the ozone production sensitivity to NOx reductions and the role that vehicle 

emissions play in ozone levels. Typically, sites dominated by background ozone (e.g., unregulated 

anthropogenic sources, biogenic sources, and baseline ozone) or long-range transport have 

similar weekday/weekend O3, while sites dominated by local/regional anthropogenic O3 sources 

do not (Heuss et al., 2003). Heuss et al. investigated the weekend effect for Calexico during ozone 

season (April-September) from 1996-1997, which showed that the region observed lower O3 on 

weekends. This indicates a NOx-limited regime in which the production of ozone is principally 

limited by the availability of NOx rather than that of VOCs. In comparison, Figure S1.3A shows the 

weekend effect for Calexico during ozone seasons from 2014-2023, evincing a consistent trend 

of lower O3 on weekends. Thus, it appears that Calexico is still NOx-limited, and the average 
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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 NOx from heavy duty diesel vehicles (Marr & Harley, 2002), does 

reduce the average ozone concentration during the weekend. Figure S1.4A shows the expected 

decline in observed NOx 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 characterized by relatively warm, weak and more northerly wind, and dry 

conditions. However, unlike Calexico, O3 exceedances in El Centro co-occur with high NOx, PM2.5, 

CO, and PM2.5/PM10 concentrations (82nd, 80th, 79th, and 71st percentiles, respectively). El Centro 

has a similar weekend effect to Calexico (Figure S1.3B), however, because El Centro’s ozone 

exceedances are characterized by high CO, NOx, and PM2.5 this may indicate that combustion 

processes are significant, which could include local domestic mobile source emissions and 

agricultural equipment (H. Li et al., 2015). 

Nonetheless, Imperial County is agriculturally active year-round, meaning elevated NOx 

emissions may result from soil emissions of NO. Agricultural NOx emissions have not been 

regulated despite many studies that have shown their significance in agricultural areas, especially 

the Imperial Valley (Almaraz et al., 2018; Lieb et al., 2024; Luo et al., 2022; Oikawa et al., 2015; 

Sha et al., 2021). Agricultural soil NOx emissions are dependent on fertilizer inputs, soil moisture, 

and temperature. The dependence of temperature is exponential up until about 35-40°C where 

emissions tend to plateau due to heat stress (Wang, Ge, et al., 2021; Yienger & Levy, 1995). A 

recent study by Lieb et al., 2024 estimated that agricultural soils contribute 34.7% on average to 

the Imperial County NOx budget. The sensitivity of ozone production to NOx [dO3 MDA8/dNOx] 
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based on the weekend effect (Figs. S1.3-S1.4) in Calexico is 1.05 ppb of O3 per ppb of NOx. The 

average NOx concentration from April-September is 6.1 ppb, meaning about 2.1 ppb NOx 

originate from agricultural soils according to the Lieb et al. (2024) study. In response to soil NOx 

production then, about 2.2 ppb O3 is formed on average during ozone season. In a NOx-limited 

regime, increases in NOx concentrations from agricultural activity can lead to higher 

concentrations of ozone, pushing the region further away from attaining the NAAQS. 

Modeling studies have shown globally that stratospheric contribution to the tropospheric 

ozone budget is similar in magnitude to net photochemical production (Roelofs & 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 planetary boundary layer (Škerlak et al., 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 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 

S1.3 and S1.4). According to Škerlak et al., (2014), the boundary layers that are most impacted 

by stratospheric intrusion are within the US southwest and the Tibetan Plateau, specifically in 

subtropical deserts near regions of high orography, and tropopause ozone concentrations are 

highest in the spring and summer months. The SSAB is east of the Peninsular Range, and much 

of the range’s ridge line is between 1.5-3 km in height (Evan, 2019); the proximity of this 

mountain range to the desert creates a mountain valley circulation that promotes deep 
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tropospheric mixing. High orography and low air density combined with intense 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 elevated ozone concentrations. 

In addition, subtropical deserts observe the largest summertime boundary layer heights due to 

dry convection, again mixing down these higher ozone levels. These factors combined with the 

strong subsidence associated with mountain-valley circulation makes the Salton Sea Air Basin a 

prime location for deep STE and elevated background ozone concentrations. 

In the Coachella Valley, ozone exceedances are much more frequent, but without strong 

correlations (Table S1.4) or significant normalized anomalies (Table S1.2), 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 sources, both local and 

interregional, as well as background ozone and biogenic sources (i.e., agriculture, golf courses, 

fertilized lawns). Agricultural 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 NOx-limited regime 

(Fig. S1.4C & D). Lieb et al., 2024 estimated that agricultural soils contribute 21.0% on average to 

the Imperial County NOx budget. The sensitivity of ozone production to NOx [dO3 MDA8/dNOx] 

based on the weekend effect (Figs. S1.3-S1.4) in Palm Springs is 6.95 ppb of O3 per ppb of NOx. 

The average NOx concentration in Palm Springs during ozone season is 2.4 ppb, meaning about 

0.5 ppb originates from soils. In response, we expect to see 3.5 ppb O3 formed on average. 

To summarize, ozone pollution in the Imperial Valley seems to result primarily from 

localized emissions and depend strongly on temperature-dependent precursor emissions and 
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atmospheric dynamics. While interregional transport from Mexicali, Mexico is a source, ozone 

concentrations that deviate higher than average during ozone season dominant when 

northwesterly winds are observed, further suggesting that basin-wide sources of ozone 

dominate. Furthermore, the Coachella Valley observes many more ozone exceedance days than 

the Imperial Valley, in part due to the proximity of highly urbanized areas, with agriculture and 

managed landscapes (e.g., golf courses) likely contributing to the production of ozone precursors. 

The SSAB is a NOx-limited regime, meaning that increases in NOx emissions 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 and reduce issues of exposure to over-burdened 

populations, unregulated sources of ozone precursors (e.g., agriculture, golf-courses) should be 

addressed.  

1.4.2 Normalized anomalies for PM2.5 

Monthly mean normalized anomalies and correlation coefficients were calculated using 

data from CARB for 2014-2023. Normalized anomalies on days that exceed 24-hr PM2.5 NAAQS of 

35 μg/m3, along with the standard deviation of the mean (SE) can be found in Table S1.5. 

Correlation coefficients were not included due to their low values, since the frequency of PM2.5 

exceedance days is low. In Calexico, NOx and PM10 concentrations on PM2.5 exceedance days have 

very strongly related anomalies, as well as CO and the PM2.5/PM10 ratio (92nd, 85th, 97th, and 86th 

percentiles, respectively). Sources of NOx are likely dominated by combustion processes in the 

winter however, soil NOx 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 
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dominates during this period (Byrnes et al., 2020; Lieb et al., 2024; Watson & Chow, 2001; Yienger 

& Levy, 1995). Additionally, particulate nitrate accounts for 22% of the PM2.5 mass chemical 

speciation on these exceedance days (Figure S1.5), likely linked to higher-than-average NOx 

concentrations. During the winter months, the daytime atmospheric lifetime of NOx is 

significantly extended due reduced actinic flux. Coupled with high ammonia concentrations from 

agricultural activities and livestock, the production of particulate nitrate is an important source 

of PM2.5 (Granella et al., 2024). Source apportionment and chemical speciation of PM2.5 in 

Calexico is discussed further in Section 1.4.4. 

Four of the six PM2.5 sites are along the perimeter of the Salton Sea. The first site is in the 

Northern Imperial Valley in Sonny Bono, and PM2.5 exceedances (n = 6) were associated with 

strong northwesterly winds, higher than average temperatures, and exceptionally high PM10 

concentrations (wind speed, temperature, and PM10 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 S4 (SE ≥ 0.3). Few exceedance days paired with these normalized 

anomalies indicate that the PM2.5 pollution in Sonny Bono may be a result of exceptional weather 

events. Further, there is a strong positive correlation between PM2.5 and PM10—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). On the western 

side of the Salton Sea the Naval Test Base PM2.5 monitor is located, which observed 36 

exceedances during the period. These exceedances were associated with strong westerly winds 

and again very high levels of PM10—scalar average wind speed and PM10 were in the 95th and 

100th percentiles, respectively. Springtime exceedances (Figure 1.5) dominate because of 
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synoptically 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 PM2.5/PM10 

does not seem to change significantly during high events, indicating that these sizes are 

comparably enhanced by aeolian dust. Bombay Beach is a site located on the eastern side of the 

Salton Sea, however, only 4 exceedances occurred at this site during the timeframe and analysis 

of normalized anomalies did not produce significant results. Lastly, in Banning, PM2.5 

exceedances were strongly associated with high humidity and NOx levels (80th percentile), 

consistent with secondary aerosol formation in the summer season. Winds in Banning are 

overwhelmingly 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 

PM2.5 and precursors like NOx and VOCs. 

In summary, the PM2.5 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 1.4.4. Additionally, PM2.5 exceedances in regions immediately surrounding the Salton 

Sea seem to be heavily impacted by strong wind events and high PM10 levels. And just upwind of 

the Coachella Valley, Banning’s PM2.5 levels are highest in the summertime under the humid 

conditions affected by interregional transport of urban PM2.5 and its precursors (e.g., NOx and its 

oxidation products). The causes of PM2.5 exceedances in the SSAB vary significantly across the 

valley, suggesting that mitigation strategies should be tailored to the specific needs of each 

region. 
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1.4.3 Normalized anomalies for PM10 

Monthly mean normalized anomalies for PM10 exceedance days were calculated using 

CARB data from 2009 to 2023 and are shown in Table S1.6a&b. Correlation coefficients (R²) were 

not reported due to their insignificance. There are four PM10 monitors (Table S1.6a) in Imperial 

County and four in the Coachella Valley (Table S1.6b). 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 PM2.5 but low PM2.5/PM10 ratios. Calexico, Indio, and Palm Springs exceedances exhibit 

lower than average NOx, CO, and (mostly) O3 concentrations, indicating that combustion sources 

are likely not contributing to these PM10 events, but instead are related to extreme wind events 

and thus ventilation of the trace gas pollutants. Because of this, PM10 composition is likely 

primarily crustal material.  

The analysis highlights the complex interplay between meteorological factors and 

pollutant sources driving PM10 concentrations. Understanding 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, and dust 

mitigation strategies, especially surrounding the Salton Sea. 

1.4.4 Chemical Speciation Network Data Analysis: Calexico 

The EPA’s Chemical Speciation Network (CSN) was utilized to determine the chemical 

speciation of PM2.5 in Calexico, CA—the site with the most PM2.5 exceedance days in the SSAB. 

To understand how the speciation varies seasonally, Figure 1.10 shows the average seasonal 

chemical speciation for 2009-2023. In the winter months (DJF), there is a stronger than average 

concentration of nitrate, while in warmer months, sulfates have a larger contribution. The 
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concentrations of each chemical species can be found in Table S1.7. The chemical speciation data 

was also assessed during PM2.5 exceedances, shown in Figure S1.5. Here, we see that organic 

carbon, nitrates, and soil comprise the majority of the PM2.5 on exceedance days, or when PM2.5 

concentrations exceed the 24-h NAAQS of 35 μg/m3. This makes sense because most exceedance 

days occur in the winter months.  

 

Figure 1.10. Chemical speciation of PM2.5 in Calexico, CA averaged by season for the years 2009-2023.  

 The NMF analysis yielded five identifiable factors based on factor profiles: biomass 

burning, motor vehicle exhaust, agricultural soils, industrial, and dust. Factor contribution and 

profiles were normalized to one to facilitate source apportionment and profile interpretability. 

Each factor was unique in its particle distributions as well as its elemental composition (Figure 
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1.11), 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, domestic trash 

burning, and residential wood combustion, with field burning being the strongest emitter 

(Watson & Chow, 2001). Aside from OC and EC, other markers of biomass burning mentioned by 

Watson and Chow (2001) were less than 5%.  

 

Figure 1.11. Positive Matrix Factorization was performed on the chemical speciation PM2.5 data in Calexico, CA for 

the years 2009-2023.  
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 Factor 2’s composition was consistent with Watson and Chow (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 seems to indicate a large signal of ammonium nitrate 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 about 1:3 ratio of ammonium to nitrate, we believe that this factor represents 

particulate nitrate that originates from agricultural soils. Low concentrations of EC and OC may 

be indicative of organonitrate and organosulfate 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 was sulfate (~39%), similar to 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 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 & 

Chow, 2001). 

To assess the contribution of each source to PM2.5 exceedance, we selected from the 

dataset the days in which 24-h average PM2.5 concentrations were greater than or equal to the 

24-h NAAQS of 35 μg/m3 (i.e., 98th percentile). The results are shown in Figure 1.12. Mobile source 
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combustion, biomass burning, and agricultural soils tend to dominate as producers of PM2.5 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 PM2.5 concentrations, followed by agricultural soils and dust.  

 

Figure 1.12. (A) Shows the source contribution to PM2.5 exceedance days (i.e., 98th percentile, concentration ≥ 35 

μg/m3) in Calexico, CA. (B) Shows the source contribution to the upper 10th percentile of PM2.5 measurements in 

Calexico, CA. 

To address the continued nonattainment of PM2.5 in Calexico, further work is necessary 

to reduce the impact of burning, agricultural soil NOx emissions, and dust entrainment. 

Additionally, several mitigation strategies can be implemented, including stricter burning 

regulations, regulations on agricultural practices, and dust control measures. Enforcing stricter 

burning regulations and the reduction of burning during critical air quality periods may mitigate 
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commercial burning sources, while the conversion to alternative heating sources may reduce 

residential burning. Extensive procedures on ways to manage agricultural practices are outlined 

in section 2.5. 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 progress toward achieving PM2.5 attainment and 

improving the health and well-being of its residents. 

1.5 Supplementary Tables 

 

Figure S1.1. Reconstructed PM2.5 concentrations compared to CSN measured PM2.5 

concentrations measured in Calexico, CA.  
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Figure S1.2. NOx annual averages for the CARB sites in the Salton Sea Air Basin from 2009-2023. 

Table 1.1.  Comparing the trends of changes in NOx concentrations. 

Site 2009-2016 2017-2023 
 Slope R2 %-NOx/yr Slope R2 %-NOx/yr 

Calexico -1.47 0.67 -5.57 -0.88 0.40 -4.65 
El Centro 0.01 0.00 0.11 0.02 0.00 0.24 

Palm 
Springs -0.52 0.92 -5.86 -0.12 0.10 -1.54 

Banning -0.71 0.91 -6.21 0.02 0.00 0.22 
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Section S1.1. Hourly wind roses for each meteorological site in the Salton Sea Air Basin. The 

legend to the right of each represents scalar wind speed. 

Figure S1.1.1 Monthly wind rose for Calexico 

 

Figure S1.1.2 Monthly wind rose for El Centro 
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Figure S1.1.3 Monthly wind rose for Imperial 

 

Figure S1.1.4 Monthly wind rose for Sonny Bono 
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Figure S1.1.5 Monthly wind rose for Naval Test Base 

 

Figure S1.1.6 Monthly wind rose for Bombay Beach 

 

Figure S1.1.7 Monthly wind rose for Torres-Martinez 
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Figure S1.1.8 Monthly wind rose for Indio 

 

Figure S1.1.9 Monthly wind rose for Palm Springs 

 

Figure S1.1.10 Monthly wind rose for Banning 
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Table S1.2. Normalized anomalies for the Salton Sea Air Basin for CARB monitoring sites on 

days that exceed the O3 NAAQS of 70 ppb during 2009-21. Monitors for analysis were selected 

by their proximity to the ozone monitoring sites (within a subregion). An asterisk (*) beside the 

number indicates that the monitor used for this measurement was based on the nearest 

neighboring air monitor in the subregion. Cells containing an N/A denote that there was not 

sufficient data available to perform the analysis, while NM denotes that there is no monitor for 

the region. Standard error (SE)for the normalized anomalies is also reported. 

 Calexico El Centro Niland Indio Palm Springs Banning 
n exceedance 
days 241 264 55 546 761 1073 

Temp (°C) 0.51* 
SE = 0.1 

0.47 
SE = 0.1 

0.21 
SE = 0.1 

0.30 
SE = 0.0 

0.42 
SE = 0.1 

0.46 
SE = 0.0 

Scalar Avg 
Wind Speed 
(m/s) 

-0.68 
SE = 0.0 

-0.49 
SE = 0.0 

0.22* 
SE = 0.1 

0.00 
SE = 0.1 

-0.11 
SE = 0.1 

-0.20 
SE = 0.0 

U Vector Wind 
Direction 

0.08 
SE = 0.0 

-0.20 
SE = 0.0 

-0.16* 
SE = 0.5 

0.16 
SE = 0.1 

-0.02 
SE = 0.1 

-0.07 
SE = 0.0 

V Vector Wind 
Direction 

-0.21 
SE = 0.0 

-0.20 
SE = 0.0 

-0.03 
SE = 0.2 

-0.04 
SE = 0.1 

0.04 
SE = 0.1 

-0.24 
SE = 0.0 

Specific 
Humidity (g 
H2O/kg air) 

-0.37* 
SE = 0.1 

-0.23 
SE = 0.1 N/A -0.24 

SE = 0.1 
-0.02 

SE = 0.1 
0.07 

SE = 0.0 

Relative 
Humidity (%) 

-0.51* 
SE = 0.1 

-0.41 
SE = 0.1 N/A -0.35 

SE = 0.0 
-0.02 

SE = 0.0 
-0.24 

SE = 0.0 

PM10 (μg/m3) 0.09 
SE = 0.1 

0.26* 
SE = 0.1 

0.23 
SE = 0.1 

0.05 
SE = 0.0 

0.05 
SE = 0.0 NM 

PM2.5 (μg/m3) 0.38 
SE = 0.1 

0.66* 
SE = 0.1 N/A 0.25* 

SE = 0.0 
0.14* 

SE = 0.0 
0.35 

SE = 0.0 

NOx (ppb) 0.27 
SE = 0.1 

0.82 
SE = 0.1 NM 0.15* 

SE = 0.0 
0.27 

SE = 0.0 
0.37 

SE = 0.0 

NO2 (ppb) 0.45 
SE = 0.1 

0.93 
SE = 0.1 NM 0.20* 

SE = 0.0 
0.33 

SE = 0.0 
0.42 

SE = 0.0 

CO (ppm) -0.01 
SE = 0.1 

0.58* 
SE = 0.1 NM 0.11* 

SE = 0.0 
0.19 

SE = 0.0 NM 

PM2.5/PM10 0.38 
SE = 0.1 

0.44* 
SE = 0.1 N/A N/A N/A N/A 

 

Table S1.3. Correlation coefficients (R2) and slopes (m) for the Imperial Valley ozone sites 

calculated for the months of April through September during 2009-19. Cells containing an NM 
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denote that there was no monitor for that specific variable. Additionally, correlation 

coefficients were considered statistically significant if their p-values were less than or equal to 

0.05. Correlation coefficients with a p-value greater than 0.05 are marked with a strikethrough. 

 Calexico El Centro Niland 
 R2 m R2 m R2 m 
Tmax (°C) 0.01 0.15 0.03 0.38 0.06 -0.57 
Daytime Scalar 
Average Wind 
Speed (m/s) 

0.06 -1.85 0.01 -0.47 0.04 0.68 

Daytime U Wind 
Component 0.05 1.03 0.00 0.07 0.01 0.33 

Daytime V Wind 
Component 0.12 -2.81 0.00 -0.25 0.02 0.56 

24-h Avg 
Specific 
Humidity (g 
H2O/kg air) 

0.23 -1300 0.12 -911 0.15 -1300 

24-h Avg RH (%) 0.26 -0.46 0.14 -0.36 0.04 -0.34 
24-h Avg NOx 

(ppb) 0.00 -0.03 0.00 -0.05 NM NM 

24-h Avg NO2 

(ppb) 0.00 0.13 0.00 -0.07 NM NM 

24-h Avg PM2.5 

(μg/m3) 0.01 0.23 0.08 0.61 0.01 0.38 

24-h Avg PM10 

(μg/m3) 0.02 -0.03 0.04 0.01 0.00 -0.01 

24-h Avg CO 
(ppm) 0.01 4.87 NM NM NM NM 

 

Table S1.4. Correlation coefficients (R2) and slopes (m) for the Coachella Valley ozone sites 

calculated for the months of June through September during 2009-19. Cells containing an NM 

denote that there was no monitor for that specific variable. Additionally, correlation 

coefficients were considered statistically significant if their p-values were less than or equal to 

0.05. Correlation coefficients with a p-value greater than 0.05 are marked with a strikethrough. 

 Indio Palm Springs Banning 
 R2 m R2 m R2 m 
Tmax (°C) 0.04 0.38 0.11 0.62 0.33 1.21 
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Daytime Scalar 
Average Wind 
Speed (m/s) 

0.04 -1.87 0.01 -1.11 0.02 -2.26 

Daytime U Wind 
Component 0.00 -0.17 0.00 -0.35 0.02 0.65 

Daytime V Wind 
Component 0.01 0.38 0.01 0.60 0.04 -2.77 

24-h Avg 
Specific 
Humidity (g 
H2O/kg air) 

0.15 -1300 0.01 -300 0.03 925 

24-h Avg RH (%) 0.18 -0.41 0.10 -0.29 0.14 -0.25 
24-h Avg NOx 

(ppb) NM NM 0.01 0.54 0.06 0.82 

24-h Avg NO2 

(ppb) NM NM 0.02 0.77 0.11 1.20 

24-h Avg PM2.5 
(μg/m3) 0.02 0.28 NM NM 0.16 0.87 

24-h Avg PM10 

(μg/m3) 0.00 -0.01 0.00 0.02 NM NM 

24-h Avg CO 
(ppm) NM NM 0.06 37.6 NM NM 
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Figure S1.3. The weekend effect for the average hourly ozone concentrations in (A) Calexico, (B) El Centro, (C) Indio, 

and (D) Palm Springs from 2014-2023. Data at 4 am is not available due to routine calibration. Both Monday and 

Saturday were not included to account for transitions between the weekend and weekday.  

 

 

 

 

 

 

(A) (B) 

(C) (D) 
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Figure S1.4. The weekend effect for average hourly NOx concentrations in (A) Calexico, (B) El 

Centro, and (C) Palm Springs from 2014-2023. Data at 4 am is not available due to routine 

calibration. Both Monday and Saturday were not included to account for transitions between 

the weekend and weekday. 

 

 

 

 

 

(A) (B) 

(C) 
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Table S1.5. Normalized anomalies for the Salton Sea Air Basin for CARB monitoring sites on 

days that exceed the PM2.5 NAAQS of 35 μg/m3 during 2009-21. Monitors for analysis were 

selected by their proximity to the PM2.5 monitoring sites. An asterisk (*) beside the number 

indicates that the monitor used for this measurement was based on the nearest neighboring air 

monitor in the subregion. Cells containing an N/A denote that there was not sufficient data 

available to perform the analysis, while NM denotes that there is no monitor for the region. 

Standard error (SE) for the normalized anomalies is also reported. 

 Calexico Sonny Bono Naval Test Base Bombay Beach Torres-Martinez Banning 
n exceedance 
days 67 6 36 4 9 31 

Temp (°C) -0.23*  
SE  = 0.2 

0.73 
SE = 0.5 

0.09 
SE = 0.28 N/A -0.37* 

SE = 0.37 
-0.22  

SE = 0.2 
Scalar Avg 
Wind Speed 
(m/s) 

-0.61  
SE = 0.1 

1.99  
SE = 0.6 

1.91  
SE = 0.2 

0.70  
SE = 2.6 N/A 0.01 

SE = 0.3 

U Vector 
Wind 
Direction 

-0.64  
SE = 0.1 

1.24 
SE = 1.2 

1.92 
SE = 0.2 

-0.85 
SE = 0.1 N/A -0.17  

SE = 0.4 

V Vector 
Wind 
Direction 

-0.59 
SE = 0.1  

1.43 
SE = 0.29 

0.41 
SE = 0.2 

0.93 
SE = 0.5 N/A -0.37 

SE = 0.2  

Specific 
Humidity (g 
H2O/kg air) 

-0.12*  
SE = 0.1 

0.06  
SE = 0.3 

-0.26  
SE = 0.2 N/A 0.99* 

SE = 0.4 
0.80 

SE = 0.3 

Relative 
Humidity (%) 

-0.08* 
SE = 0.1 

-0.18 
SE = 0.4 

-0.3  
SE = 0.2 N/A 1.03* 

SE = 0.2 
0.70 SE = 

0.3 

PM10 (μg/m3) 2.10  
SE = 0.2 

5.61  
SE = 3.5 

4.48 
SE = 0.9 

-0.28  
SE = 0.5 N/A  NM 

NOx (ppb) 1.55 
SE = 0.1 NM NM NM 0.15* 

SE = 0.4 
0.76 

SE = 0.2 

NO2 (ppb) 1.36 
SE = 0.2 NM NM NM -0.08* 

SE = 0.4 
0.84 

SE = 0.2 

CO (ppm) 1.06 
SE = 0.1 NM NM NM -0.01* 

SE = 0.2 NM 

PM2.5/PM10 1.00  
SE = 0.1 

0.13 
SE = 0.6 

-0.63 
SE = 0.1 

10.93 
SE = 2.6 N/A N/A 

 

Table S1.6a. Normalized anomalies for the Salton Sea Air Basin for CARB monitoring sites on 

days that exceed the 24-hour PM10 NAAQS of 150 μg/m3 during 2009-21. Monitors for analysis 



 49 

were selected by their proximity to the PM2.5 monitoring sites. An asterisk (*) beside the 

number indicates that the monitor used for this measurement was based on the nearest 

neighboring air monitor in the subregion. Cells containing an N/A denote that there was not 

sufficient data available to perform the analysis, while NM denotes that there is no monitor for 

the region. Standard error (SE) for the normalized anomalies is also reported. 

 Calexico Sonny Bono Niland Naval Test Base 

n exceedance days 34 64 79 126 

Temp (°C) -0.34 
SE = 0.2 

0.31 
SE = 0.3 

-0.06 
SE = 0.1 

-0.06 
SE = 0.1 

Scalar Avg Wind 
Speed (m/s) 

1.55 
SE = 0.2 

1.72 
SE = 0.3 

2.24* 
SE = 0.2 

1.46 
SE = 0.1 

U Vector Wind 
Direction 

0.94 
SE = 0.4 

1.54 
SE = 0.3 

1.80* 
SE = 0.3 

1.33 
SE = 0.1 

V Vector Wind 
Direction 

0.83 
SE = 0.2 

0.76 
SE = 0.2 

0.89* 
SE = 0.3 

0.19 
SE = 0.2 

Specific Humidity (g 
H2O/kg air) 

0.01 
SE = 0.2 

0.01 
SE = 0.2 

0.44 
SE = 0.1 

-0.03 
SE = 0.1 

Relative Humidity (%) -0.04 
SE = 0.2 

-0.25 
SE = 0.2 

0.36 
SE = 0.1 

0.02 
SE = 0.01 

PM2.5 (μg/m3) 2.56 
SE = 0.4 

4.29 
SE = 1 

4.69* 
SE = 0.6 

2.09 
SE = 0.2 

NOx (ppb) -0.64 
SE = 0.2 NM NM NM 

NO2 (ppb) -0.63 
SE = 0.2 NM NM NM 

O3 MDA8 (ppb) -0.09 
SE = 0.02 NM -0.00 

SE = 11 NM 

CO (ppm) -0.48 
SE = 0.1 NM NM NM 

PM2.5/PM10 -1.19 
SE = 0.2 

-0.56 
SE = 0.3 NM -1.16 

SE = 0.1 
 

Table S1.6b. PM10 normalized anomalies and SE continued. 

 Bombay Beach Torres-Martinez Indio Palm Springs 

n exceedance days 16 50 28 13 

Temp (°C) 0.39 
SE = 0.3 

-0.38* 
SE = 0.1 

-0.19 
SE = 0.4 

-1.20* 
SE = 0.2 

Scalar Avg Wind 
Speed (m/s) 

1.78 
SE = 0.4 

1.54 
SE = 0.3 

2.00 
SE = 0.8 

-0.59 
SE = 0.5 
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U Vector Wind 
Direction 

0.29 
SE = 0.6 

1.08 
SE = 0.3 

-0.71 
SE = 0.8 

-0.92 
SE = 0.1 

V Vector Wind 
Direction 

0.41 
SE = 0.8 

-1.71 
SE = 0.3 

-1.14 
SE = 0.9 

1.00 
SE = 0.0 

Specific Humidity (g 
H2O/kg air) 

0.34 
SE = 0.8 

0.00* 
SE = 0.2 

0.41 
SE = 0.5 

1.25* 
SE = 0.1 

Relative Humidity 
(%) 

0.27 
SE = 0.8 

0.11 
SE = 0.3 

0.60 
SE = 0.2 

1.25* 
SE = 0.2 

PM2.5 (μg/m3) 2.33 
SE = 0.5 

2.71 
SE = 0.4 

2.48* 
SE = 0.7 

3.60* 
SE = 2.7 

NOx (ppb) NM NM -0.68* 
SE = 0.1 

-0.76 
SE = 0.2 

NO2 (ppb) NM NM -0.72* 
SE = 0.1 

-0.91 
SE = 0.2 

O3 MDA8 (ppb) NM NM -0.73 
SE = 0.2 

-0.94 
SE = 0.3 

CO (ppm) NM NM NM -0.76 
SE = 0.3 

PM2.5/PM10 -1.07 
SE = 0.1 

-1.43 
SE = 0.1 

-0.97* 
SE = 0.2 

-1.05* 
SE = 0.5 

 

 

Figure S5. Chemical speciation of PM2.5 98th percentile averaged for the years 2009-2023. 
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Table S1.7. Restructured chemical speciation seasonal compositions. 

Season OC 
(μg/m3) 

Soil 
(μg/m3) 

EC 
(μg/m3) 

Sea Salt 
(μg/m3) 

NO3 

(μg/m3) 
SO4 

(μg/m3) 

Average 
PM2.5 

(μg/m3) 

Average 
PM2.5/PM10 

Winter 4.71 
(37.4%) 

2.16 
(17.2%) 

1.29 
(10.3%) 

0.77 
(6.1%) 

2.85 
(22.6%) 

0.81 
(6.4%) 12.60 0.27 

Spring 2.35 
(29.8%) 

2.37 
(30.0%) 

0.56 
(7.1%) 

0.23 
(3.0%) 

1.02 
(12.9%) 

1.37 
(17.3%) 7.91 0.23 

Summer 2.70 
(29.3%) 

2.40 
(26.0%) 

0.60 
(6.5%) 

0.47 
(5.1%) 

0.90 
(9.7%) 

2.16 
(23.4%) 9.23 0.26 

Fall 3.04 
(31.1%) 

3.25 
(26.0%) 

0.77 
(6.5%) 

0.28 
(5.1%) 

1.02 
(9.7%) 

1.41 
(23.4%) 9.78 0.21 

Mean 3.20 2.55 0.81 0.44 1.45 1.44 9.88 0.24 
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Chapter 2: Nitrogen Isotopes Reveal High NOx Emissions from Arid 

Agricultural Soils in the Salton Sea Air Basin 

Abstract 

Air quality management commonly aims to mitigate nitrogen oxide (NOx) emissions from 

combustion, reducing ozone (O3) and particulate matter (PM) pollution. Despite such efforts, 

regulations have recently proven ineffective in rural areas like the Salton Sea Air Basin of 

Southern California, which routinely violates O3 and PM air quality standards. With over $2 billion 

in annual agricultural sales and low population density, air quality in the region is likely influenced 

by the year-round farming activity. We conducted a source apportionment of NOx (an important 

precursor to both O3 and PM) using nitrogen stable isotopes of ambient nitrogen dioxide (NO2
), 

which revealed a significant contribution from soil-emitted NOx to the regional budget. The soil 

source strength was estimated using a mixing model based on the mean δ15N-NOx from each 

emission category in the California Air Resources Board's NOx inventory. Our annual average soil 

emission estimate for the air basin was 11.4 ± 4 tons/d, representing ~30% of the extant NOx 

inventory, 10 times larger than the state’s inventory for soil emissions. Unconstrained 

environmental factors such as nutrient availability, soil moisture, and temperature have a first-

order impact on soil NOx production in this agriculturally intensive region, with fertilization and 

irrigation practices likely driving emission variability. Without spatially and temporally accurate 

data on fertilizer application rates and irrigation schedules, it is difficult to determine the direct 

impacts that these variations have on our observations. Nevertheless, comparative analysis with 

previous studies indicates that soil NOx emissions in the Imperial Valley are significantly 
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underrepresented in current inventories, highlighting the need for more detailed and localized 

observational data to constrain the sizeable and variable emissions from these arid, agricultural 

soils. 

2.1 Background 

 The modern nitrogen cycle was formed around 2.7 billion years ago when microbial 

processes evolved with robust natural feedbacks and controls (Canfield et al., 2010). The 

biosphere contains a mixture of nitrogen compounds with various physical and chemical 

properties and lifetimes. These compounds include molecular nitrogen (N2), 

ammonia/ammonium (NH3/NH4
+), nitrous oxide (N2O), nitric oxide and nitrogen dioxide (NO + 

NO2 = NOx), nitrous acid/nitrite (HNO2/NO2
-), nitric acid/nitrate (HNO3/NO3

-), and organic 

nitrogen. The presence of these compounds, aside from inert N2, is highly variable and is largely 

dependent on the microbiome in a given region (Rooker, 1977).  

 Anthropogenic activity has significantly influenced the nitrogen cycle (Rooker, 1977). In 

the late 19th century, the first gasoline-fueled combustion engines were produced for commercial 

use. Additionally, in the last century there has been development of new agricultural practices to 

satisfy global demand for food due to the creation of synthetic fertilizers using the Haber-Bosch 

process. These activities have resulted in negative environmental implications, including 

destruction of natural lands as well as air and water pollution. 

Nitrogen oxides (NOx = NO + NO2) are a central precursor to ozone (O3) and particulate 

matter (PM), both of which are federally regulated criteria pollutants, known to negatively impact 

human health and the environment (Caplin et al., 2019; Di et al., 2017). NOx is produced through 

natural, biogenic, and anthropogenic processes, although a critical distinction is necessary. 
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Natural sources of NOx occur without influence from human activity, such as lightning or 

weather-induced wildfires. Biogenic NOx is naturally occurring and is produced by living 

organisms through microbial nitrification/denitrification cycles in soils. Further, anthropogenic 

NOx results from human activities such as fossil fuel combustion in vehicles and power plants. 

However, these natural processes can be affected by anthropogenic activity, such as biomass 

burning in agricultural systems, human-ignited wildfires in poorly managed landscapes, and 

microbial denitrification in soils from fertilized croplands.  

Anthropogenic combustion sources have traditionally been the primary focus of air 

quality management practices, as they have historically been the dominant source of NOx 

emissions, with biogenic processes accounting for only about 20% of the global NOx budget, on 

average (Fowler et al., 2013; Hu et al., 2017; Jaeglé et al., 2005; Miyazaki & Eskes, 2013; Song et 

al., 2022; Stevenson et al., 2006; van Vuuren et al., 2011). These practices have largely reduced 

precursor emissions, yet several of the United States’ worst-air quality districts remain in rural 

regions (Almaraz et al., 2018; Parrish et al., 2017), including the Imperial and Coachella Valleys of 

Southern California. These valleys together constitute the Salton Sea Air Basin (SSAB), which is 

currently nonattainment for the O3, PM2.5, and PM10 National Ambient Air Quality Standards 

(NAAQS). Interregional transport from larger metropolitan areas is often blamed (California Air 

Resources Board (CARB), 2022; Chow et al., 2000; Environmental Protection Agency (EPA), 2020a, 

2020b, 2022, 2023; Mendoza et al., 2010) hewing to the traditional paradigm of combustion 

dominant sources. This issue is a serious matter of environmental injustice because residents of 

Imperial County are 86% Latino and 21% of residents live below the poverty line (U.S. Census 

Bureau, 2023). Additional burdens these communities face include insufficient housing 
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availability and poor infrastructure, language barriers, poverty conditions, asthma, and impaired 

water quality (Anderson et al., 2012; Atkinson et al., 2016; Farzan et al., 2019; Miao et al., 2022; 

OEHHA, 2023). These factors put residents and farmworkers at risk of respiratory damage and 

diseases like asthma and COVID-19 (Borro et al., 2020; Comunian et al., 2020; Farzan et al., 2019). 

In fact, Imperial County held both the highest infection and mortality rates per capita in California 

from COVID-19 throughout the height of the pandemic (Los Angeles Times, 2023; The New York 

Times, 2023). Members of the rural Eastern Coachella Valley also suffer from similar 

socioeconomic and environmental injustices (OEHHA, 2023).   

 The SSAB is an agriculturally active desert responsible for more than $2 billion in annual 

agricultural sales due to mild temperatures and abundant sunshine in the winter, allowing for 

year-round production; top commodities include but are not limited to hay, alfalfa, dates, lettuce, 

broccoli, and livestock production (California Department of Food and Agriculture (CDFA), 2022). 

However, growing crops in sandy soil is challenging and can require anthropogenic land 

modifications such as carbon-based soil amendments, heavy application of inorganic fertilizers, 

and intensive irrigation. This is primarily due to the soil’s texture, with larger particle diameters 

and lower organic carbon composition, resulting in poor retainment of water and nutrients 

necessary for plant growth (J. Huang & Hartemink, 2020). Tillage is often required for agricultural 

production in sandy soils, which can result in structural damage to the soil that leads to 

compaction and hard-setting soils that are difficult to cultivate when dry, as well as entrainment 

of particulate matter (J. Huang & Hartemink, 2020; H. Li et al., 2015; Moore et al., 2015). Hard-

setting soils have high soil strength that is not suitable for root growth or shoot development. 

Consequently, this requires frequent soil-wetting through irrigation practices, especially in 
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summer months when temperatures regularly exceed 35°C, and these dry, hot conditions and 

frequent changes in volumetric soil moisture (VSM) may lead to large, transient soil NOx 

emissions (Figures 2.1 and 2.2) (Almaraz et al., 2018; J. Huang & Hartemink, 2020; Wang et al., 

2023).   

 

Figure 2.1. NO2 column density was averaged from June 1, 2022, to May 31, 2023, from TROPOMI satellite data for 

the Salton Sea Air Basin to show the average spatial variation of NO2. Calipatria (SE) and Thermal (NW), our two 

sampling sites, are indicated by a yellow marker. Wind roses for Calipatria and Thermal are also shown. 

In addition, inorganic fertilizer amendments are not regulated, leading to over-application 

and nutrient leaching into the surrounding environment, such as the groundwater, local water 

sources, and soils (de Vlaming et al., 2004; J. Huang & Hartemink, 2020; Ribaudo et al., 2011; 

Schroeder et al., 2002). The objective of this work is to understand the implications of agricultural 

practices on the SSAB’s regional air quality. Observations and modeling studies show a massive 
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expansion of arid lands globally due to climate change, ranging from 2.5 – 6.5 million km2 by the 

end of the century, especially in large croplands in the northern hemisphere (Spinoni et al., 2021). 

Consequently, agricultural production in arid ecosystems will become more prominent 

(Intergovernmental Panel on Climate Change, 2022), therefore the implications of these practices 

need to be better understood. Microbes in soils naturally produce nitric oxide (NO), nitrous oxide 

(N2O), and nitrous acid (HONO) gases during nitrification and denitrification processes, but their 

relative amounts are highly uncertain. These processes are dependent on many variables, but 

most importantly on the availability of reactive nitrogen and oxygen, nitrifying and denitrifying 

bacteria, soil moisture and pH, and temperature (Firestone & Davidson, 1989; Hall et al., 1996; 

Oswald et al., 2013; Pilegaard, 2013; E. J. Williams & Fehsenfeld, 1991). Nitrification is a two-step 

microbial process (shown below) that converts available ammonia (NH3) into nitrate (NO3) and 

involves ammonia-oxidizing and nitrite-oxidizing bacteria (Ward, 2008). NO can be a byproduct 

in Step 1 under high ammonia concentrations or low oxygen conditions. Irrigation and 

precipitation events temporarily suppress bacterial activity until water is redistributed or 

evaporated, restoring oxygen and nutrient availability and resulting in NO pulsing events. 

2𝑁𝐻, + 	3𝑂- 	→ 	2𝑁𝑂-" +	2𝐻-𝑂 +	2𝐻.        (Step 1) 

𝑁𝑂-" +	𝐻-𝑂 →	𝑁𝑂," + 2𝐻.        (Step 2) 

Denitrification (step 3) is a redox reaction that reduces nitrate to N2 gas, typically occurring under 

anaerobic conditions when bacteria use nitrate as an oxidizing agent in the absence of oxygen 

(Prosser, 2007). In this process, NO is an intermediate and can be emitted when there is an 

imbalance in electron donors and acceptors (e.g., not enough organic carbon) or under acidic soil 
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conditions where denitrifying bacterial activity is inhibited. However, in this step N2O emissions 

typically dominate over NO. 

𝑁𝑂," 	→ 𝑁𝑂-" 	→ 𝑁𝑂	 → 	𝑁-𝑂 →	𝑁-       (Step 3) 

Nitrogen availability in agricultural soils is directly dependent on N fertilizer inputs, 

meaning overapplication of N fertilizers results in emissive nitrogen gases. Applying excessive 

ammonia-based fertilizer with insufficient oxygen availability (e.g., when fields are flooded) can 

result in NO production from nitrification because nitrite is not able to fully oxidize to nitrate. In 

addition, soil texture influences the relative proportions of N gases released from nitrification 

and denitrification; denitrification is favored in clay soils while nitrification is favored in freely 

draining sandy soils, like the ones in the SSAB (Barton et al., 1999; Parton et al., 2001). Soil NO 

emissions are believed to increase exponentially with temperature, then plateau between 30-

40°C, as long as these other soil components are not limiting factors (Pilegaard, 2013; Wang, Ge, 

et al., 2021; Yienger & Levy, 1995). The exact temperature that these emissions plateau is still 

debated, however, we believe that the plateau point may be higher in hot agroecosystems like 

the SSAB, where microbes have likely adapted to the extreme heat (Oikawa et al., 2015). 

Further, high pH generally favors microbial ecosystems that promote nitrification and NO 

production, while acidic fertilized soils produce HONO through chemical equilibrium with nitrite 

in water (Pilegaard, 2013). However, comparable quantities of HONO and NO emitted from 

nonacidic soils were found in Oswald et al. (2013) and suggested that HONO may be an 

unaccounted, yet significant amount of reactive nitrogen released from soil worldwide, 

particularly dominant in arid and arable environments like the SSAB. This is an important point 

because the daytime lifetime of HONO with respect to photolysis to NO + OH is around 15 
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minutes, so any soil emissions will quickly cycle into the photostationary state of O3-NO-NO2 and 

provide an additional source of NOx to the atmosphere (Wang, Fu, et al., 2021; Xue et al., 2021). 

As mobile sources of NOx decrease due to continued air quality regulatory management, 

the impact of anthropogenically driven biogenic production of NOx, specifically from agricultural 

soils, needs to be understood. The nitrogen stable isotope composition (reported as δ15N) has 

been a valuable tool for NOx source apportionment due to differences in δ15N-NO2 values 

between anthropogenic and biogenic emission sources (Chang et al., 2018; Felix & Elliott, 2014; 

Fibiger et al., 2014; Fibiger & Hastings, 2016; Hastings et al., 2013; D. Li & Wang, 2008; Miller et 

al., 2017; Walters et al., 2015). Ambient δ15N-NO2 has been shown to be a useful tool of NOx 

source apportionment due to its well quantified isotope fractionation factors and because of 

offsetting isotope effects from the balance between isotope equilibrium and photochemical 

isotope fractionation (J. Li et al., 2020). Previous ambient δ15N-NO2 studies have successfully 

been able to track the influence of highly variable biogenic soil NO emissions impacting the NOx 

budget in a small Midwestern city during the summer (Walters et al., 2018), suggesting it could 

be a powerful tool for constraining biogenic soil emissions in the SSAB.  
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Figure 2.2. Seasonal average NO2 columns for the Salton Sea Air Basin during our sampling campaign (June 2022 – 

May 2023), obtained from the TROPOMI Sentinel-5P satellite (NRTI Level 3). Data was processed using Google 

Earth Engine. Yellow points indicate the two sampling sites Calipatria (SE) and Thermal (NW). 

In this study, δ15N was quantified from NO2 (and total nitrate, tNO3 = HNO3 + particulate 

NO3) actively collected on a Thermo ScientificTM ChemComb® Speciation Cartridge (CCSC). 

Ambient NO2 samples were collected in two locations in the SSAB for 10 months and analyzed 

for δ15N to quantify the soil source contributions to the region’s NOx inventories. Using our field 

measured δ15N-NO2 values and accounting for nitrogen isotopic fractionation to adjust these 

values to δ15N-NOx, we used a mixing model approach to estimate the soil source strength of the 
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field observations based on the mean δ15N-NOx from each emission source and from the a priori 

source apportionment reported in CARB’s California Emissions Projection Analysis Model CEPAM 

inventory. Because nitrate is influenced by long-range transport, we do not use tNO3 as a marker 

for source apportionment. This study aims to improve our understanding of the sources of 

persistent air pollution in the SSAB by assessing the current NOx inventory’s estimation of soil 

NOx emissions. 

2.2 Methods 

2.2.1 Sample Collection, Extraction, and Isotopic Analysis  

Ambient NO2 and total particulate nitrate (tNO3) were collected and quantitatively 

speciated using a denuder-filter pack active sampling device known as a Chemcomb Speciation 

Cartridge (CCSC), as previously described (Blum et al., 2020). Briefly, the body of the CCSV 

contains an inlet with an impactor plate for the removal of coarse particles, a glass transition 

piece to induce laminar flow, two honeycomb denuders to collect ambient NO2 gas, and a 

downstream filter pack (Koutrakis et al., 1993). Denuders were soaked in 10% (v/v) hydrochloric 

acid (HCl) for 24 hours, then rinsed in triplicate with 18.2 MΩ Millipore water and dried with N2 

gas prior to field preparation. For the collection of NO2, denuders were coated with 10-mL of 2.5 

M potassium hydroxide (KOH) and 25% by weight of guaiacol (C7H8O2) using methanol as a 

solvent, which was allowed to air dry, then capped until assembly for field collection. This mixture 

selectively binds NO2 as nitrite (NO2
-) (Ammann & Saurer, 1999; D. Li & Wang, 2008; Walters et 

al., 2016; E. L. Williams & Grosjean, 1990). Caps were placed on either end of the denuders for 

storage until use. This solution was made fresh each time and 10 mL of this solution was applied 

to each denuder, first removing a single cap, and evenly distributing the solution among the 
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pores, then re-capping and shaking to distribute the solution evenly. Excess solution was poured 

into the hazardous waste container and caps were removed so the denuders could dry, then were 

recapped with clean caps. Following the denuders is a single Nylon filter (Measurement 

Technologies Laboratory NY47P, 47 mm and 1 μm pore size) for collecting tNO3. Filters came pre-

washed by the manufacturer but were washed again before field sampling: first, filters were 

placed in a container filled with MQ-H2O and placed on an orbital shaker for 1 hour. Then filters 

were dried in low heat for 15-20 minutes and stored in a petri-dish. Ambient air was sampled at 

a flow rate of 10 LPM using a mass-flow controller (MKS IE50A008304SBVP20) and vacuum pump. 

Details about chemicals and materials can be found in Table 2.1. Field sampling was performed 

nearly once a month from June 2022 – April 2023 at two sampling sites in the SSAB (Figure 2.1), 

one in the Imperial Valley (Calipatria High School in Calipatria, CA) and one in the Coachella Valley 

(Torres-Martinez air station in Thermal, CA). This project incorporated community engagement 

and citizen science; Comité Cívico del Valle (CCV), a grassroots community organization based in 

Imperial County that was founded on the principle that “Informed People Build Healthy 

Communities”, served as our community partners. Trained air monitoring technicians from CCV 

oversaw field set-up and break-down. Sampling was performed for 3-7 days, approximately 

monthly over ten months (Table S2.1). 

Table 2.1. List of materials needed for denuder preparation and CCSC setup and extraction. 

Chemical/material Manufacturer Grade/description 
Potassium hydroxide Thermo-Fisher Scientific Flake, 85% 
Methanol Thermo-Fisher Scientific 99.8+%, ACS reagent 
Guaiacol Thermo-Fisher Scientific 99+% 
Sulfanilaminde Sigma Aldrich 99+% 
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N-(1-Naphthyl) 
ethylenediamine 
dihydrochloride (NED) 

Sigma Aldrich >98% 

Vanadium (III) chloride Sigma Aldrich  
Sodium nitrite Sigma Aldrich 99.999% trace metals basis 
Sodium nitrate Sigma Aldrich 99.999% trace metals basis 
Hydrochloric acid Thermo-Fisher Scientific ACS certified 
Nylon filters Measurement Technologies 

Laboratory 
47 mm, 1µm pore spaced, 
prewashed 

Whatman filters #1 Sigma Aldrich  
Mass flow controller MKS 10 LPM 

 

The extraction of NO2 and tNO3 was performed with 30-mL and 20-mL of MQ water for 

the front denuder and nylon filter, respectively, then filtered through vacuum filtration using a 

Whatman grade 1 filter. Back denuders were used for breakthrough and were not used for 

analysis. Field blanks were collected for method validation, however, blanks contained negligible 

concentrations of NO2 and tNO3. Nitrate and nitrite concentrations were determined on the UV-

Vis using a colorimetric method developed by Doane and Horwath (2003). The rest of the 

preparation and extraction steps were followed based on the manufacturer’s recommendations 

(Thermo Scientific, 2005).  

Immediately after ambient air collections arrived from shipment, denuders were 

extracted using 30 mL of Milli-Q water and nylon filters were extracted using 20 mL of Milli-Q 

water. Extracted samples were then filtered via vacuum filtration using a Whatman #1 filter (55 

mm). Standards of NaNO2 and NaNO3 for UV-Vis analysis were prepared from 5 μM to 200 μM to 

ensure the collected concentrations of analyte were within the range. The coloring agent for the 

nitrite samples were made differently from the nitrate samples. For nitrite, two solutions were 

prepared, 10% sulfanilamide in 30% HCl: 70% MQ-H2O, and 1% NED in MQ-H2O. For UV-Vis 
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analysis, 1 mL of analyte or standard was added to the cuvette, then 25 μL of sulfanilamide 

solution was added and the cuvette was capped and inverted to mix. The cuvettes sat for 10 

minutes, then 25 μL of the NED solution was added and inverted. Solutions were allowed to sit 

for 10 minutes before analyzing on UV-Vis. For nitrate, the preparation for the coloring solution 

was prepared as reported in Doane and Horwath, 2003 (Doane & Horwáth, 2003). After 

concentrations were determined to be sufficient, nitrite solutions were neutralized using 0.1 M 

HCl, then isotopic analysis was performed at the UC Davis Stable Isotope Facility (SIF) by the 

denitrifier method on a GasBench-PreCon-Isotopic Ratio Mass Spectrometer to determine δ15N-

NO2 (Casciotti et al., 2002; Sigman et al., 2001). The pooled standard deviation for the 15N 

reference was 0.11‰. 

The lifetime of aerosols in the atmosphere is typically 5-10 days, meaning the N in 

particulate nitrate is derived from a large integrated area that spans several air basins across 

California. Although there was a fair correlation between NO2 and particulate NO3 δ15N values 

across the experiment (Pearson correlation coefficient of ~0.45), the average for the δ15N-NO3 

samples was ~10 ‰ heavier than for δ15N-NO2, indicating that the aerosol nitrate was likely more 

strongly influenced by distant, traditional fossil-fuel combustion sources of NOx. Additionally, 

quantifying isotope effects associated with tNO3 formation is more difficult (Bekker et al., 2023). 

Uncertainty in knowing exactly where the tNO3 was produced along its long-range trajectory 

makes it a much more challenging marker for source apportionment studies, therefore we do not 

use the tNO3 data. 

2.2.2 Evaluation of δ15N References  

The isotopic signature of nitrogen is expressed in terms of its d15N, where: 
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𝛿 𝑁⬚
+0 = (𝑅$12)34/𝑅$516%17% 	− 1) × 10,  

In this equation, R represents the 15N/14N ratio. The standard is atmospheric N2, which is 

considered to have a globally uniform isotopic composition (Högberg, 1997). Studies of the 

natural variations in 15N/14N ratios from different sources are used to apportion sources of NOx 

pollution. 

 A literature review was conducted to evaluate published stable δ15N isotope ratios for 

various sources of NOx, and relevant δ15N-NOx values are summarized in Table 2.2. On average, 

biogenic soil sources have been observed to have a significantly lower ratio of light 15N/14N 

isotopes than combustion sources. This is a result of various soil NO-producing processes (e.g., 

nitrification, denitrification, chemodenitrification) stimulated by N amendments, which impart a 

distinguishable isotopic signature that differs from other measured NOx emission sources (D. Li 

& Wang, 2008; Miller et al., 2018; Yu & Elliott, 2017). Biogenic nitrification processes kinetically 

favor utilizing the lighter N isotope (14N), leading to a more depleted d15N (Högberg, 1997; D. Li 

& Wang, 2008; Yu & Elliott, 2017). These processes are highly variable, as reflected in the large 

standard deviations reported in the literature (Table 2.2 and Figure 2.3). 

Table 2.2. Summary of previously reported δ15N-NOx values sorted by emission source type. 

Source type δ
15

N-NO
x

 Mean Standard 
deviation References 

Mobile source -8.1‰ to 
+9.8‰ -2.5‰ 2.7‰ Walters, Goodwin, et al. (2015)*, 

Miller et al. (2017) 

Biomass burning -7‰ to +12‰ 1.0‰ 4.1‰ Fibiger & Hastings (2016) 

Stationary source -19.7‰ to  
-13.9‰ -16.5‰ 1.7‰ Walters, Tharp, et al. (2015) 

Biogenic soil 
emission 

-59.8‰ to 
-14.2‰ -33.2‰ 9.6‰ Li & Wang (2008), Yu & Elliot 

(2017), Miller et al. (2018) 

*Only a portion of the measurements from this paper were used since they were measured with a cold, neutral 

engine, which wouldn’t be relevant for ambient temperatures. 
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Figure 2.3. Probability distributions for each soil source and their spread of measured isotopic signatures.  

It is important to consider the uncertainties of the isotopic signatures for each source due 

to variations in measurement techniques found in the literature. For this study, passive sampling 

techniques (Ammann et al., 1999; Felix & Elliott, 2014; Redling et al., 2013) were excluded 

because the measurement periods were much longer, could allow for a mixture of NOx sources, 

and were more difficult to reproduce, ultimately introducing a bias in the δ15N-NOx (Dahal & 

Hastings, 2016). Additionally, studies on vehicles without catalytic converters were excluded  

(Heaton, 1990) since catalytic converters are mandatory and regulated through California smog 

checks. For these reasons, only two publications were used to represent mobile source 

emissions: Miller et al., 2017 and Walters et al., 2015. Not all measured values reported in 

Walters et al., 2015 were used because some measurements were taken from engines that were 
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cold and/or in neutral. Catalytic converters take a few minutes to warm up and work efficiently, 

and efficient catalytic converters preferentially uptake lighter 14N isotopes (Miller et al., 2017; 

Walters et al., 2015), leading to heavier 15N emissions. Therefore, cold engines are biased with 

more negative isotopic signatures and likely do not represent background mobile source 

emissions measured in the Salton Sea Air Basin. Additionally, both studies were performed in the 

northeastern US in large metropolitan areas where biogenic sources are believed to be negligible. 

The reported mean from Miller et al., 2017 was then averaged with the mean of warm and/or 

driven vehicles from Walters et al., 2015 to represent mobile source δ15N-NOx (Table 2.2). 

Further, coal burning is not a method of energy production in the Salton Sea Air Basin or 

surrounding areas, therefore, studies that measured the isotopic signature of NOx produced 

through coal combustion have been excluded from our stationary source measurements (Felix et 

al., 2012; Heaton, 1990). See Section 2.2.3 for uncertainty propagation. 

Table 2.3. The 2022 California Emissions Projection Analysis Model (CEPAM) NOx emission inventory and our 

estimated soil NOx adjustments for Imperial County and the Coachella Valley, as well as for the combined SSAB, are 

shown. The CEPAM inventory is based on an annual average, so we averaged our field estimates for our sampling 

duration. Also shown are the adjustments to the NOx inventory based on the average results from our field 

sampling campaign. The EPA’s National Emissions Inventory (NEI) for 2020 is also shown for comparison for 

Imperial County only. 

Source 
Type NEI (2020) CEPAM (2022) This Study 

  
Imperial 
County 
(tons/d) 

Imperial 
County  
(tons/d) 

Coachella 
Valley  

(tons/d) 
SSAB total 
(tons/d) 

Imperial 
County 
(tons/d) 

Coachella 
Valley  

(tons/d) 
SSAB total 
(tons/d) 

Mobile 11.9 (72.7%) 12.4 (81.8%) 15.9 
(88.2%) 28.3 (85.2%) 12.4 

(56.7%) 
14.7 

(69.9%) 28.2 (62.1%) 

Biomass 
Burning 0.5 (3.1%) 0.1 (0.9%) 0.7 (4.0%) 0.8 (2.4%) 0.1 (0.6%) 0.6 (3.2%) 0.9 (1.9%) 
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Stationary 1.3 (8.0%) 1.7 (11.4%) 1.3 (7.4%) 3.0 (9.0%) 1.7 (7.9%) 1.4 (5.9%) 3.1 (6.7%) 

Biogenic 
Soil 2.7 (16.2%) 0.9 (5.9%) 0.1 (0.4%) 1.0 (3.0%) 6.7 

(34.7%) 4.7 (21.0%) 11.4 (29.2%) 

Total NOx 16.3 15.2 18.0 33.2 21.8 22.7 45.5 

    

2.2.3 Soil Source Strength Mixing Model Estimation and Propagation of Uncertainty 

A best estimate of the sources of NOx in the SSAB is compiled in the California Air 

Resources Board’s California Emissions Projection Analysis Model (CEPAM) shown in Table 2.3.  

CEPAM was used over the EPA’s National Emissions Inventory (NEI) because CEPAM is broken 

into county and air basin, and due to its California focus, should in principle be more accurate. 

Because chemical and physical processing can induce isotopic fractionation such that δ15N may 

not be conserved, isotopic fractionation was calculated to determine δ15N-NOx  (Bekker et al., 

2023; Freyer, 1991; J. Li et al., 2021; Walters & Michalski, 2015). Specifically, these N isotopic 

fractionations are associated with the photostationary equilibrium of O3-NO-NO2 (Leighton 

Cycle) and were accounted for using Equations 2.1-2.3 below from Bekker et al., 2023. The 

influence of δ15N fractionation associated with NOx cycling is shown in Equation 2.1: 

𝛿( , 𝑁𝑂!) ≈ 	 𝜀 B89!
89
C × D1 − 𝑓(𝑁𝑂-)E −	⬚

+0 	𝛿( 𝑁⬚
+0 , 𝑁𝑂-)	⬚

+0       (2.1) 

where δ(15N,NO2) represents our isotopic measurements from the field study, 15e(NO2/NO) is the 

isotope effect associated with NO conversion to NO2, and f(NO2) represents the fraction of NO2 

in NOx. Additionally, the 15e(NO2/NO) value represents a combination of Leighton Cycle isotope 

effects (LCIE) and equilibrium isotope effects (EIE), refer to Bekker et al. (2023) for a detailed 

explanation. Further, they estimated the relative role of EIE and LCIE in Equation 2.2 and 2.3. The 
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isotope effects were modeled in previous studies and these estimates were used in our 

calculations. 

𝜀 B89!
89
C = 𝑓:;:( 𝜀:;:) + (1 − 𝑓:;:)( 𝜀<=;:)⬚

+0
⬚
+0

⬚
+0        (2.2) 

 

𝑓:;: =	
((89"":;:)[89!]

((89.9#)[9#].((89"":;:)[89!]
         (2.3) 

where EIE represents the equilibrium isotope effect and LCIE represents the Leighton Cycle isotope effect. 

These δ15N-NOx values were then used to calculate the soil source emission strength (Es) 

in Equation 2.4 based on the average δ15N-NOx of each emission source based on the a priori 

source apportionment reported in the CEPAM NOx inventory, which is used for regulatory 

modeling in California. Here, δobs represents the observed δ15N-NOx, i represents the main source 

types accounted for in the CEPAM NOx inventory (where a, b, c, and s represent mobile, biomass 

burning, stationary, and soil sources, respectively), αi represents the proportion each source 

contributes to the overall CEPAM NOx inventory, δi represents the literature derived δ15N-NOx 

for each source (Table 2), and Einv represents the total NOx budgeted in the CEPAM inventory (in 

tons/d).   

𝐸$ =	
(𝛿BC$ −	∑ 𝛼&𝛿&)	𝐸&6D&

1,C,F,$
(𝛿$ − 𝛿BC$)
G       (2.4)  

Equation 2.4 assumes that the current CEPAM inventory is correct aside from the soil source 

because the observed δ15N is (usually) lighter than expected; without adjusting the soil source 

signature, the CEPAM inventory would indicate a mean δ15N-NOx of -5.04‰ and -3.11‰ for 

Imperial County and the Coachella Valley, respectively. Therefore, we solve for the magnitude of 

the soil source such that the observed δ15N signature can be explained by the sum of the 
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inventory sources plus the revised soil emissions. This procedure further assumes that the 

sampled NO2 is entirely from NOx (or HONO) emitted from sources within the air basin. Figure 

3.1 shows annual NO2 column data from the European Space Agency’s TROPOspheric Monitoring 

Instrument (TROPOMI) for the year of our sampling. 

We propagate the various uncertainties associated with these measurements of sources 

from the literature to estimate the overall error associated with our calculated soil emissions. 

Equation 2.5 comes from the propagation of error for the final soil source strength (𝜎:$). The 

analytical uncertainty δobs (typically < 0.25‰) was ignored because it is an order of magnitude 

smaller than the standard deviations of the δ15N-NOx measurements for each source (Table 2.2). 

𝜎:$
- =	∑ G"!:%

!

(H$"H&'$)!
× 𝜎!- + H

G$!:%
!

(H$"H&'$)!
−	-I8"	1$

!H$:%
!K

(H$"H&'$)#
+	8

!.G$!H$!:%
!

(H$"H&'$)(
× 𝜎$-I!

1,C,F    (2.5) 

where 𝑁 = D𝛿BC$ − ∑ 𝛼&𝛿&&
1,C,F E𝐸&    

2.3 Results and Discussion 

2.3.1 Field Sampling Results 

Results of collected δ15N-NO2 signatures are shown in Table 2.3. Figure 2.4 displays the 

soil emission estimates for this field campaign at both sites, comparing the monthly magnitudes 

to the overall annual CEPAM NOx inventory. It is apparent that the CEPAM NOx budget 

underestimates the soil contribution to ambient NOx (and consequently to PM2.5 and O3) in both 

Calipatria (Imperial Valley) and Thermal (Coachella Valley). Soil NOx contributed 0.3 – 10.1 (mean: 

6.7 ± 3) tons/d and 0 – 13.8 (mean: 4.7 ± 4) tons/d throughout the duration of the field sampling 

for the Calipatria and Thermal sites, respectively. These soil emissions amount to on average 11.4 
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± 4 tons/d throughout the entire SSAB, an order of magnitude larger than what is represented in 

the CEPAM inventory (1.0 ton/d).  

Table 2.3. Field sampling results for δ15N-NO2 and estimated δ15N-NOx based on isotopic fractionation calculations, 

as well as the results for δ15N-NO3 for Calipatria and Thermal. 

 Calipatria Thermal 
 δ15N-NO2 δ15N-NOx δ15N-tNO3 δ15N-NO2 δ15N-NOx δ15N-tNO3 

Jun 2022 -13.2 -13.6 -0.02 No measurements 
Jul 2022 -13.4 -14.1 -2.6 -14.3 -16.1 -4.5 
Aug 2022 -14.4 -14.9 -9.8 -4.6 -8.0 -4.8 
Sep 2022 -15.6 -16.6 -3.4 -5.9 -8.0 N/A 
Oct 2022 -5.3 -6.1 -1.1 -9.7 -12.0 -8.2 
Nov 2022 -12.4 -13.4 -2.9 1.8 0.2 2.8 
Dec 2022 -13.3 -14.9 -2.9 -7.5 -9.1 3.4 
Jan 2023 -9.6 -11.6 -0.7 -1.5 -3.2 3.9 
Feb 2023 -14.8 -15.5 0.1 -11.3 -12.0 2.6 
Apr 2023 -16.0 -16.0 -3.4 -6.8 -7.6 1.8 

Average -12.8 -13.7 -2.7 -6.6 -8.4 -0.38 
 

 

Figure 2.4. The NOx budget (in tons/day) based on CEPAM2019v1.03 for the year 2022 is shown, which is split into 

mobile, stationary, biomass burning, and soil emission sources for (A) Calipatria and (B) Thermal. Soil emission 

estimates from this study are shown in red, and estimated uncertainties are denoted by the error bars. The annual 

total CEPAM NOx inventory for Imperial County (A) and the Coachella Valley (B) is presented on the right, where 

(A) (B) 
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mobile, stationary, biomass, and soil sources are shown in orange, purple, yellow, and blue. Note that in Thermal 

for the November sampling, there was a negative estimated soil contribution, but we assume that the soil source 

was zero for this month and justified this assumption due to the error bar range. 

The quantitative basis of our estimates relies on the assumption that the ambient NO2 at 

the sampling site comes from sources entirely within the SSAB. Figures 2.1 (and 2.2) show the 

overall pattern of column NO2 observed by TROPOMI during its overpass time near 13:30 local 

time. The general flow throughout the Salton Sea Air Basin (SSAB) is the superposition of three 

different scales (Figures 2.5 and 2.6). At the basin scale, there is a consistent lake-breeze pattern 

originating from the Salton Sea during the day, bringing southeasterly winds to Thermal and 

northwesterly winds to Calipatria, with this pattern reversing at night. On a broader, continental 

scale, the North American monsoon exerts its influence, characterized by air flow from the Gulf 

of California, predominantly from the south-southeast. This monsoonal flow is most prevalent 

during the peak summer months of July and August, mainly affecting the Imperial Valley located 

south of the Salton Sea. Additionally, on a synoptic scale, the prevailing westerlies interact with 

the surrounding mountain ranges, creating distinct airflow patterns. The Banning Pass, situated 

upwind of Palm Springs, channels strong westerly winds, while to the south, gaps in the valley's 

western rim, formed by the Peninsular Mountain Range, allow these synoptic winds to sweep 

over the Imperial Valley (Evan, 2019). 

Winds in the Coachella Valley average around 4 m/s, with the Thermal site located 

approximately 75 km downwind from Banning. Banning serves as the eastern outflow point for 

urban emissions channeled from the Los Angeles basin. The time it takes for these emissions to 

travel from Banning to Thermal is roughly 4.5 hours, which is comparable to the photochemical 

lifetime of NOx during the warm season, as noted in previous studies (Beirle et al., 2011). In 
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contrast, winds in the Imperial Valley tend to be milder. During the monsoon season in July and 

August, when airflow from Mexicali is prevalent, it takes approximately 5.5 hours for the wind to 

travel the roughly 50-km distance to Calipatria, with a wind speed averaging around 2.5 m/s. The 

San Diego/Tijuana urban complex is situated roughly 150 km away and requires over 10 hours 

for its influence to reach the Imperial Valley. This duration exceeds the photochemical lifetime 

of NOx, even during the winter months. 

The satellite data illustrates two important aspects of the regional NOx. First, although 

there is a flow connection between the Coachella Valley and upwind urban sources in the LA 

basin (Figure 2.5), the valley plume is distinct and does not appear to represent a decaying tail 

(especially noticeable in the Fall and Winter maps of Figure 2.5). The Imperial Valley, on the other 

hand, is only downwind of Mexicali during July/August (Figure 2.6) and yet it exhibits a broad 

amorphous shape that deviates from the circular symmetry of a concentration field falling off 

with distance from an urban core. Second, the basin-wide concentrations are greatest during 

spring/summer when the photochemical lifetime of NOx is shortest, supporting our finding that 

agricultural soil sources are significant, especially during the warmest part of the growing season. 

Regardless of the details of source apportionment for the sampling, Equation 2.4 shows that any 

influence from urban sources upwind (with their heavier δ15N fractions) would effectively 

increase our soil emission estimates, meaning that the values reported here represent lower 

limits.  
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Figure 2.5. Seasonal and diurnal wind patterns are shown for Thermal. Although Thermal is further northwest from 

Calipatria, influence from the North American Monsoon can be observed in the summer months shown by the 

southeasterly flow. (Daytime: [06:00 – 18:00]; nighttime: [19:00 – 05:00]). 

 

Figure 2.6. Seasonal and diurnal wind patterns are shown for Calipatria. Southerly and southeasterly winds 

dominate in the summer months due to influence from the North American Monsoon originating from the Gulf of 

California. (Daytime: [06:00 – 18:00]; nighttime: [19:00 – 05:00]). 
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2.3.2 Environmental Influences on Soil NOx Production 

To better understand the environmental influences that control the production of soil 

NOx, we look at the leading parameters used in modeling estimates; namely nutrient availability, 

temperature, and soil moisture (Hudman et al., 2012; Yienger & Levy, 1995). Temperature is 

known to influence soil NOx production, although the exact dependence at higher temperatures 

is still debated (Wang, Ge, et al., 2021), and has been observed by satellite over croplands (Wang 

et al., 2023). Nevertheless, no clear temperature dependence was observed in this study (Figs. 

2.4 & 2.7) despite observations ranging from 17-44°C (Supplementary Tables S2.2, S2.3). As an 

agriculturally active desert, NOx production is likely limited not principally by temperature as in 

unmanaged landscapes but by nutrient abundance and soil moisture determined by agricultural 

activity. In addition, the soil microbes in this high-temperature agroecosystem may have 

acclimated to the extreme desert heat, so their behavior may vary compared to agricultural 

ecosystems in more temperate regions (Oikawa et al., 2015). 

The role of soil moisture in the production of NOx is related to both gas diffusivity and 

microbial activity, with increasing soil water content stimulates nitrification and denitrification. 

Nitrification peaks 2-3 days after wetting when the amount of excess water and the rate of 

downward movement have decreased (Oikawa et al., 2015). In addition, extensive dry periods 

limit substrate diffusion and cause water-stressed nitrifying bacteria to remain dormant, which 

allows N substrate to accumulate while temporarily suppressing NO emissions (Davidson, 1992; 

Hudman et al., 2012; Jaeglé et al., 2005). Irrigation reactivates these microbes and redistributes 

substrate, resulting in NO pulsing events that typically last 1-2 days and can be 10-100 times 

background emission rates (Hudman et al., 2012; Yienger & Levy, 1995). Moreover, soil NO 
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emissions have been shown to spike after all rewetting events, even if fertilizer had not been 

applied within the last 30 days (Oikawa et al., 2015). To further understand the influence of these 

parameters, we looked at volumetric soil moisture content using NASA’s Soil Moisture Active 

Passive (SMAP) satellite data. Soil moisture tends to be higher on average in the Imperial Valley 

agricultural lands than in any other region in the air basin (Fig. 2.8). This is because of the region’s 

appropriation of approximately 3 billion m3 of water from the Colorado River, used primarily for 

frequent irrigation of its ~200,000 – 275,000 ha of arable soil. This is equivalent to ~150 cm of 

water over the croplands, whereas the climatological rainfall observed usually only amounts to < 

5-10 cm (Supplementary Tables S2.4 and S2.5). Due to the amount of agricultural land in the SSAB 

and uncertainty of irrigation use per parcel of land and crop type, it is difficult to accurately 

estimate the contribution of soil re-wetting on our measurements. However, this factor likely 

contributes to our soil NOx estimates, but it is unlikely that our ~10 annual samples captured all 

irrigation variability. 
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Figure 2.7. Soil NOx estimates from our field campaign compared to the average VSM and maximum temperature 

during the measurement period. Maximum temperature was determined for the sampling period from the CARB 

meteorology station at Calipatria and Thermal. VSM was determined for the Imperial Valley for Calipatria 

measurements and the Coachella Valley for Thermal measurements using SMAP satellite data, filtered for 4:30 pm 

(closest time to when Tmax occurs). 

Although Figure 2.7 could be interpreted as exhibiting a crude correspondence between 

soil NOx emissions and VSM, temperature only appears to be weakly related, which likely 

indicates that nutrient availability is the dominant factor controlling soil NOx production in this 

heavily agricultural region. According to the California Department of Food and Agriculture 

(CDFA), N fertilizer sales in Imperial County have increased by 137% since 1991 (California 

Department of Food and Agriculture (CDFA), 1991, 2022), and an estimated 18-fold since 1930 

(Byrnes et al., 2020), much greater than the national average sevenfold increase. In addition, 

despite being ranked as the 9th highest in county agricultural sales in the state, Imperial County 

used more N fertilizer than any other county during 2022 (8% of California total), including the 

top three crop producing counties (Fig. 2.9), likely a result of the insufficient nutrient retainment 

in sandy soils. When N fertilizer is applied in excess, this increases the likelihood of N gases to be 

emitted from the soils. A previous study showed that doubling the fertilization amount from 50 

kg N ha-1 to 100 kg N ha-1 increased the integrated NOx fluxes by a factor of 5 (Oikawa et al., 

2015). 
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Figure 2.8. Average volumetric soil moisture (VSM) for the SSAB from June 2022 – May 2023, obtained from Soil 

Moisture Active-Passive (SMAP) satellite data. 

Spatially and temporally relevant irrigation and fertilization data are not currently publicly 

available, therefore it is difficult to assess the direct influence of these leading parameters on the 

soil NOx emission variance observed in this study. In Figure 5, we used data from the Trajectories 

Nutrient Dataset for Nitrogen (TREND-nitrogen) to look at historical N fertilizer applications and 

legacy N concentrations in Imperial County. N surplus was calculated using TREND-nitrogen, 

where the county-scale surplus or “legacy” nitrogen (kg N ha-1 y-1) is calculated by mass balance 

from the inputs of atmospheric deposition, fertilizer application, biological N fixation, and human 

N waste, minus the crop and pastureland N uptake (Byrnes et al., 2020). It is apparent that N 

fertilizer usage and surplus N in Imperial County has been steadily increasing from 1920 to the 

present day (Fig. 2.9). Our estimates are based on a small fraction of days in the Salton Sea Air 

Basin; in our study, we sampled ~39 days in Calipatria and ~43 days in Thermal, accounting for 
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about 11% of the year. Inspecting the conditions of our 19 sampling intervals with respect to the 

annual values for VSM and air temperature (Fig. 2.10, Table S2.7), they compare well. 

Nevertheless, without knowing the exact timing of N amendments to all the cropped area, it is 

possible that while our estimates of annual average VSM and temperature are not statistically 

different from the average, the soil emissions, predominately influenced by the fertilizer inputs, 

may be much higher than our estimates having missed many periods of high fertilization in our 

sporadic sampling. 

 

Figure 2.9. Imperial County N fertilizer usage (red) and legacy N history (blue) was prepared using the Trajectories 

Nutrient Dataset for Nitrogen (TREND-nitrogen) from Byrnes et al., 2020. The agricultural fertilizer use was 

extended after 2017 using the CDFA agricultural statistics for N fertilizer sales. Fresno, Kern, and Tulare Counties 

are ranked 1st, 2nd, and 3rd in state agricultural sales, while Imperial County is ranked 9th. Fertilizer usages are 

reported as kg of N used per hectare of agricultural land. 
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To understand the overall influence of fertilizer inputs on atmospheric N, we calculated 

the NOx flux as a proportion of fertilizer consumption using the net fertilizer usage recorded 

(California Department of Food and Agriculture (CDFA), 2022). Imperial County purchased 57,630 

tons of all nitrogen fertilizer, minerals, and compost in 2022 (California Department of Food and 

Agriculture (CDFA), 2022). Our annual average soil emission of 6.7 tons NOx/d in Imperial County 

implies an average flux of 1.3% of the applied N being released as NO or HONO from agricultural 

fertilizer inputs. This is squarely within the 0.3-2.5% range reported by Jaeglé et al. (2005). Note 

that we were unable to quantify this for the Coachella Valley because it is part of the much larger 

Riverside County and fertilizer sales are only reported county-wide. 

 

Figure 2.10. Histograms of observed Tmax and VSM June 2022-May 2023 for Calipatria/Imperial Valley (purple) and 

Thermal/ Coachella Valley (gold) are reported. Values from our sampling intervals are marked with blue stars. 
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Furthermore, δ15N outliers were observed for October in Calipatria and for November and 

January in Thermal, yielding estimated soil emissions that were effectively zero within the errors 

of our measurement technique (Fig. 2.4). The outliers measured in October (Calipatria) and 

November (Thermal) correspond to precipitation events during our measurement periods that 

likely suppressed NOx emissions during the short intervals of sampling by wetting the soil to 

excess temporarily (Fig. 2.11) (Yienger & Levy, 1995). During our sampling interval in January 

(Thermal), precipitation was negligible, but examining HYSPLIT back trajectories for the interval, 

it appeared that there was a high-pressure system over the region that may have forced 

subsidence of cleaner tropospheric air into the Coachella Valley, which is consistent with the 

sampled NOx being lower than the monthly average by 5.5 ppb (Supplementary Tables S2.3 and 

S2.5). However, this circulation did not persist throughout the entire 5-day sampling period, and 

the February sample was also collected when NOx was 5 ppb lower than average, so ultimately, 

we are uncertain as to the exact cause of this near zero soil emissions measured at Thermal in 

January. 

 

(A) 

(B) 



 82 

Figure 2.11. Monthly average Volumetric Soil Moisture, VSM (2022-2023, shown as a line plot), and the standard 

deviation (shown with shading) in (A) Imperial Valley and (B) Coachella Valley compared to the total daily 

precipitation (2022-2023, shown as bars) at our field sampling sites. Precipitation data was obtained from AQMIS 

and CIMIS and VSM data was obtained from NASA’s SMAP satellite. The grey boxes indicate our sampling dates at 

each site. 

2.3.3 Comparison Between Studies 

To further assess the validity of our results for Imperial Valley, we compared our 

measurements to Oikawa et al. (2015), which found some of the highest soil NOx emissions on 

record from chamber studies across the growing season. They further tested their findings by 

using WRF-Chem to compare against ambient NOx measurements from the air quality network. 

The default soil emissions in the model needed to be enhanced by an order of magnitude to 

match their chamber measurements more closely, and the enhancement was found to minimize 

the model’s root-mean-square error relative to ambient measurements for one week in 

September 2012. However, this enhancement still underpredicted tropospheric column densities 

of NO2, indicating that there is no single emission factor that can be used to accurately simulate 

both tropospheric NO2 columns and surface NO2 concentrations in the MEGAN parameterization 

they used.  

To compare our integrated valley emissions to the modeled surface fluxes, we used the 

area of agricultural land in the Imperial Valley to be 270,500 ha based on MODIS satellite land 

surface characterization (Wang et al., 2023). The integrated emissions for their one week in 

September (the month of our highest estimate of 10.1 ± 4 tons/d) amounts to 17.2 tons/d (Table 

2.4). That study also attempted to match agreement with satellite NO2 measurements and found 

that the emission rate that corresponded best was more like 111.2 tons/day. Their study also 
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found that such soil NOx emission increases led to concurrent rises in surface level ozone of 2-9 

ppb, highlighting the importance of this source to air quality and the observed disappearance of 

ozone reduction in the region (Parrish et al., 2017). 

We further compiled annual average modeled soil NOx for the Imperial Valley from 

several other published studies that use some version of the common Berkeley Dalhousie Soil 

NOx Parameterization (BDSNP) and report them in Table 2.4 (Geddes et al., 2022; Hudman et al., 

2012; Jaeglé et al., 2005; Vinken et al., 2014; Wang, Ge, et al., 2021). When reading these 

numbers from large maps of overall emissions, we corrected the fluxes by the factor of 3.9 

representing the ratio of the total county area (~1 million ha) to the arable land assuming that 

the majority of emissions originate from agricultural soils in the region. The study by Wang et al. 

(2021) proposed a higher emissions parameterization with a temperature plateau that is not 

reached until 40°C and compared this to the default parameterization, finding that the new one 

approximately doubled the emissions for the summer months. Our estimate, 2.5 kg N h-1 y-1, falls 

in between their two results of 1.9 – 3.8 kg N ha-1 y-1. Because the climate in the Imperial Valley 

is so different from other agricultural regions, comparisons must consider that the bulk of the 

planting occurs between September to April (UC Davis Agricultural and Resource Economics, 

2004). Given that our observed estimates for June, July, and August closely match our annual 

averages, it seems reasonable to compare summer emissions to annual averages. This is because 

nitrogen applications might be at their lowest while soil temperatures are at their highest during 

these months, with these factors largely balancing each other out. 

Almaraz et al. (2018) observed the highest modeled soil NOx emissions published to date 

for Imperial Valley. Their method modeled the spatial distribution of soil NOx emissions using an 
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N isotope model in natural areas and an Integrated Model for the Assessment of the Global 

Environment (IMAGE) in cropland areas to estimate N losses from soils based on surplus N. Their 

average NOx flux estimated for agricultural lands in Imperial County was ~140 tons/day (51.2 kg 

N ha-1 yr-1). Although this measurement is much higher than the many other studies, due to the 

complexity of soil NO production we believe more work should be done to evaluate whether this 

value represents an upper limit. Our results were also compared to a modeling study performed 

using an enhanced version of Fertilizer Emission Scenario Tool for the CMAQ (FEST-C) 

agroecosystem model paired with the Air Pollution Emission Experiments and Policy Analysis 

(APEEP), further abbreviated as FEST-C*(Luo et al., 2022). Data from their 2017 model for 

Imperial County indicates an annual average soil emission rate of 13.5 tons/day. Finally, Guo et 

al. (2020) modeled soil NOx emissions using the DeNitrification-DeComposition (DNDC) model 

finding the total contribution to the state NOx inventory was 1.1% (Guo et al., 2020). However, 

they did point out a region of anomalously high emissions in the Imperial Valley, with an annual 

flux of 0.58 kg N ha-1 yr-1.  

While there is considerable variability between the various estimates presented (Table 

2.4), due to the highly episodic and transient nature of soil NOx emissions, the CEPAM inventory 

estimate is consistently much lower than the other models and observations. We expect that the 

dominant control of the instantaneous emission rates is the N amendments made to the 

agricultural soils, so the wide range presented above is likely consistent with this variability. 

Therefore, to obtain an accurate annual average emission rate from soils will take much more 

comprehensive understanding of N availability in the soil across these highly variable croplands. 

More work is needed to better constrain the impact of N availability on soil NOx emissions, as 
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well as the precise soil conditions that control microbial activity and gas-exchange. As of 2022, 

the Sustainable Groundwater Management Act was modified to require farmers in California to 

report their daily N inputs for consequences of excess N leaching into groundwater. This 

emerging data set will be crucial for future studies to investigate soil NOx emissions in arid 

agricultural environments and accurately assess its impacts on air quality in rural communities. 

Table 2.4. Comparing our average soil NOx flux estimate for Imperial County to CARB and other studies.  

NOx 
flux 

This 
study 

CARB 
CEPAM 

Jaeglé 
et al. 

(2005) 

Human 
et al. 

(2012) 

Vinken 
et al. 

(2014) 

Oikawa 
et al. 

(2015)* 

Almaraz 
et al. 

(2018) 

Guo et 
al. 

(2020) 

Wang 
et al. 

(2021) 

Luo et 
al. 

(2022) 
tons 
NOx 
day-1 

6.7 0.9 4.3 8.5 8.5 17.2 – 
111.2 140.0 1.6 5.2 – 

10.4 13.5 

kg N 
ha-1 
yr-1 

2.5 0.3 6.2 3.1 3.1 6.3 – 
40.6 51.2 0.6 1.9 – 

3.8 4.9 

*Note that Oikawa et al., 2015 estimates were for September of 2012 only. 

2.4 Suggestions for Future Scientific Work 

While our study does indicate the need to reassess agricultural soil influences on NOx 

inventories, especially in high-temperature agroecosystems, there are some aspects of future 

research that we believe should be prioritized. To better understand the nonlinear relationship 

between nutrient availability and soil moisture for our higher-than-average NOx fluxes, having 

access to publicly available databases that contain spatially and temporally relevant fertilization 

and irrigation information is crucial. The Irrigated Lands Regulatory Program, part of the 

California Water Resources Control Board, requires farmers to report their N fertilizer usage per 

crop type and acreage. However, this information is not currently available to the public. In 

addition, while fertilizer usage and irrigation data are reported annually, it is hard to describe the 

seasonal variability of these factors. We suggest that the state mandate reporting a shorter time 
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interval (weekly to monthly) and make it publicly accessible to support the ongoing study of air 

pollution from agricultural practices. Understanding the biogeochemical processes that 

contribute to the production of NOx (and other nitrogen gases like N2O and HONO) will allow for 

a better assessment for long-term air quality and climate change, as well as provide insights on 

agricultural best practices that could be promulgated to improve regional air quality. 

 It is evident by previous modeling studies that the lack of observational data is hindering 

the effectiveness of models to produce accurate soil NOx emissions. Moving forward, there 

should be more seasonal field analysis of NOx, HONO, and N2O emissions from different land/crop 

types, especially in agricultural systems, since the environmental factors that contribute to N 

emissions and diffusivity change seasonally. These biogeochemical processes are highly complex 

and influenced by various factors, including fertilizer type, which models often oversimplify or 

inaccurately detail.  More research needs to be supported in understanding all components of 

this mechanism, especially fertilizer type, amount, and application frequency, irrigation 

frequency, organic carbon availability, soil composition, and pH. These studies will improve 

modeling efforts, hopefully increasing the urgency in addressing these air quality issues that can 

be improved with proper management and regulatory efforts. 

 Moreover, Oikawa et al. (2015) showed that utilizing more complex forms of nitrogen like 

urea-based fertilizer have been shown to reduce the rate of N diffusivity as NO (Oikawa et al., 

2015). Urea-based fertilizer has a higher nitrogen content (requiring less input), and is typically 

cheaper and less hazardous, but inefficient application may result in higher N2O emissions, 

volatilization of ammonia, and increased soil acidity (Oikawa et al., 2015; Thornton et al., 1996). 

Moreover, Slemr and Seiler (1984) showed that five times the amount of NO was emitted from 
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soil fertilized with urea compared to ammonium nitrate, however this study was performed on 

bare soil, a condition which largely variable and depends on crop type and cycle (Slemr & Seiler, 

1984). A comprehensive investigation on fertilizer type, application methods, cover crop 

effectiveness, and their environmental implications for various crop types is crucial to avoid 

trading NOx emissions for other, potentially more hazardous environmental issues. 

Furthermore, the impact of soil NOx on the production of fine particulate nitrate, is 

uncertain and is dependent also on ammonia fluxes. To better understand the contribution of 

agricultural nitrate sources, there must be more research on the impacts of agriculture and 

controlled animal feeding operations (CAFOs) on the production of both NOx and NH3, specifically 

focused on the impacts of fertilizer usage and waste management. This information is crucial, as 

most agricultural regions in the state are nonattainment for the PM2.5 NAAQS due to the recent 

lowering of the standard from 12 to 9 µg/m3 (US EPA, 2024). 

2.5 Policy Implications 

2.5.1 Environmental Injustice in Agricultural Regions 

The San Joaquin Valley (SJVAB) and Salton Sea Air Basins (SSAB) are two of the most 

polluted air basins in the country, renowned for their immense agricultural productivity as well 

as their disadvantaged human populations. These regions are nonattainment for O3, PM2.5, and 

PM10. Both have failed to meet O3 NAAQS throughout the history of regulation (US EPA, 2016a). 

Additionally, PM2.5 concentrations in the SJVAB are so severe that the EPA has rejected the State 

Implementation Plans for attainment of the 2006 and 2012 PM2.5 NAAQS. In fact, the 1997 PM2.5 

standard was only attained in the SJVAB in 2022 (San Joaquin Valley Air Pollution Control District, 

2024). Figure 2.12 shows the plateau behavior of O3 and PM2.5 design values in the San Joaquin 
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Valley and the Salton Sea air basins. Design value is an extreme value statistic that is comparable 

to the values defined by the NAAQS. For ozone, it is the three-year running average of the 4th 

highest maximum 8-hr (MDA8) ozone observed in each year. For annual PM2.5, it is the average 

of 3 consecutive years of annual averages. The absence of a decreasing trend in the last 6 years 

for both strongly indicates a potential missing source, i.e., one that is unregulated. 

 

Figure 2.12. Trends in maximum daily 8-hr (MDA8) ozone (A) and annual PM2.5 design value (B) concentrations in 

the San Joaquin Valley and Salton Sea Air Basins over the 21st century. Data from CARB’s Air Quality Data Statistics 

Trends Summary web site:  https://www.arb.ca.gov/adam/trends/trends1.php. 

(A) 

(B) 

https://www.arb.ca.gov/adam/trends/trends1.php


 89 

Persistent exposure to air pollutants can lead to reductions in crop yield (Sampedro et al., 

2020), in addition to a wide array of impacts on human mortality and morbidity involving 

cardiovascular and lung disease as well as adverse birth outcomes, neurodevelopment and 

cognitive function, and even diabetes (World Health Organization (WHO), 2013). Exposure to air 

pollutants like O3 and PM2.5 inflicts significant and irreparable harm to people, especially to those 

with pre-existing respiratory and cardiovascular diseases, the elderly, and children (Caiazzo et al., 

2013). In fact, Imperial County (in SSAB) held both the highest infection and mortality rates per 

capita in the state from COVID-19 throughout the height of the pandemic, believed to be partially 

influenced by these poor air quality issues (The New York Times, 2023). In addition to air quality, 

these communities face a number of other injustices that affect their overall well-being such as 

exposure to water pollution, pesticides, toxic substances, and climate change related hazards (G. 

Huang & London, 2012; Miao et al., 2022). Residents of the SJVAB and SSAB are 

disproportionately people of color (>70%), and 40% of residents live below the poverty line 

(Environmental Protection Agency, 2024). Moreover, these communities face insufficient 

housing availability, poor infrastructure, language barriers, high rates of asthma, and impaired 

water quality (Anderson et al., 2012; OEHHA, 2023). Figure 2.13 is from CalEnviroScreen (OEHHA, 

2023), an environmental justice tracker that ranks census tracts in California based on potential 

exposures to pollutants, adverse environmental conditions, socioeconomic factors, and 

prevalence of certain health conditions. It is apparent that communities in these regions rank 

much higher on these common environmental injustice metrics in comparison to most of the rest 

of the state. Environmental health and justice organizations contend with entrenched economic 
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power of the agricultural industry, oil and gas, transportation and land development industries 

in the state. In many cases, industry power takes precedence over community health. 

Nitrogen oxides (NOx = NO + NO2) serve as important precursors to O3 and PM2.5, and 

primary NOx sources are generated by high-temperature combustion in air from vehicles, power 

plants, lightning, and biomass burning (Tan et al., 2019). As traditional anthropogenic emissions 

from fossil fuel combustion continue to decline due to air quality (AQ) and climate regulatory 

efforts, the proportional impact of soil emissions is rising. Despite the long-term progress in NOx 

reductions, non-attainment of national AQ standards for O3 and PM2.5 persists throughout 

intensive agricultural areas in California, like the SJVAB and SSAB (Parrish et al., 2017). This issue 

is a matter of environmental injustice because the impacts are felt most acutely in areas of high 

social vulnerability (G. Huang & London, 2012) and these conditions may be avoidable with 

scientifically informed political action. 

 

(A) 
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Figure 2.13. The environmental justice tracker (CalEnviroScreen) for the (A) Salton Sea Air Basin and (B) San 

Joaquin Valley Air Basin are shown.  

2.5.2 Scientific Evidence 

Several independent studies support the hypothesis that soil NOx emissions are 

underestimated by regulatory AQ models (Guo et al., 2020; Kleeman et al., 2019; Luo et al., 2022; 

Oikawa et al., 2015; Parrish et al., 2017; Sha et al., 2021; Trousdell et al., 2019; Wang et al., 2023; 

Wang, Ge, et al., 2021). These studies are summarized in Table S2.6, outlining key findings, 

including emphasis on the continual nonattainment of AQ standards in the SJVAB and SSAB, the 

impact of soil NOx on AQ nonattainment, and various environmental factors and agricultural 

practices that may influence soil NOx production. Overall, one study by CARB researchers, using 

a soil biogeochemical model (DNDC) that has not been extensively tested in air quality studies 

(that is, validated by observations of NO2 by satellite or surface network NOx/O3), found soil NOx 

emissions from agricultural systems across California to be negligible (Guo et al., 2020). We 

(B) 



 92 

believe this underestimate to be partially due to their use of a default temperature coefficient 

for nitrification based on temperate meteorological conditions that may not accurately reflect 

the influence of extreme temperatures, like those observed in the SJVAB and SSAB. This negligible 

(~1%) contribution from agricultural soils in California is conceptually hard to justify given that 

the global average of soil sources of NOx is on average ~20% (Jaeglé et al., 2005), and the 

contribution from the continental US is ~17% (Silvern et al., 2019). On the other hand, ten other 

studies, based on thoroughly tested models and observations, found emissions 2-50 times larger 

across California agricultural landscapes. The collective evidence strongly suggests that 

agricultural soil NOx significantly aggravates AQ problems in rural California communities (and 

inland cities), urging policymakers and regulatory bodies to consider these insights for effective 

AQ management strategies. There is a pressing need for continued research to refine soil NOx 

parameterizations and improve our understanding of the exact physio-chemical controls, 

emphasizing collaborations between researchers, regulatory agencies, and local communities for 

comprehensive and sustainable solutions 

2.5.3 Interested Groups of Concern 

The following recommendations for engagement are suggested to improve the well-being 

of communities and improve air quality and environmental concerns. Key stakeholders include 

community organizations in the SSAB and SJVAB, farmers, and various AQ management bodies. 

Many community organizations serve as stewards for community needs, while farmers and 

regulatory management bodies should work to ensure safe, sustainable, and efficient agricultural 

practices. Ensuring awareness among community members and organizations in agriculturally 

productive regions about the health impacts of current practices is crucial. Farmers should be 
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provided alternative strategies to improve fertilizer use efficiency, ultimately reducing expenses 

and minimizing environmental consequences.  

The responsibility lies with local, state, and federal environmental protection agencies 

(i.e., Imperial County Air Pollution Control District, South Coast Air Quality Management District, 

SJV Air Pollution Control District, CARB, State Water Resources Control Board, California 

Department of Food and Agriculture (CDFA), US Department of Agriculture, and the US EPA) to 

support comprehensive research and disseminate vital information to communities and farmers. 

Specifically, environmental management bodies like CARB, CDFA, USDA, and the US EPA should 

be responsible for reviewing existing research and planning new projects to better understand 

the formation of NOx from agricultural soils, and how fertilizer, temperature, and soil moisture 

influence their production. These bodies are also responsible for enforcing new agricultural 

practices that result from research projects. Regional air quality management districts should 

work with state and federal agencies to ensure their air quality complies with standards. Further, 

the State Water Resources Control Board passed the Sustainable Ground Water Management 

plan, which now requires farms to report their fertilizer usage. This information should be shared 

with researchers to better understand the influence of N fertilizer usage—especially when used 

in excess—on the production of soil NOx. 

2.5.4 Policy Recommendations 

Policy makers have an important role in the reduction of soil NOx production in 

agricultural communities. It is important that communities are educated about the air quality 

issues and concerns. Specifically, community awareness about seasonal trends influencing 

pollution extremes and interpreting air monitoring data for O3 and PM2.5 is vital for mitigating 
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health implications. Discussing this information in public engagement forums like AB-617 

Community Air Protection Program ((California Air Resources Board, 2017). Imperial Valley 

Environmental Justice Task Force meetings, CARB’s Subject Matter Expert Review Panel (SMERP), 

and other local AQ or agriculture-related meetings is imperative. Specifically, educating 

community members on conditions that lead to elevated O3 and PM2.5 concentrations should be 

reiterated seasonally. 

To enhance AQ management, local, state, and federal organizations should collaborate 

with scientists to comprehend the agricultural impact of soil NOx in rural areas, as well as research 

potential control measures that can be adopted into state Clean Air Act implementation plans. 

This is only going to become more imperative as the US EPA implements its most recent health-

based refinement of the NAAQS for annual PM2.5 from 12 to 9 µg/m3 (US EPA, 2024). The new 

standard is going to push most of rural California out of attainment and will require additional 

resources to achieve compliance, specifically addressing this agricultural source of NOx. 

Strengthening relationships with community organizations is key and leveraging resources like 

the EPA’s Environmental and Climate Justice Community Change Grants program could aid in 

addressing the soil NOx issue. These collaborations should aim to reduce pollution, enhance 

climate resilience, and build community capacity to address environmental and climate justice 

challenges. In addition, a deeper understanding of the primary components that produce soil NOx 

is crucial for assessing the manageability of soil NOx emissions. We strongly encourage regulatory 

agencies and state/federal funding to allocate more resources towards research projects focused 

on these topics for more informed policy recommendations. 
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We provide here scientific evidence supporting calls for investigating the impact of 

agricultural soil NOx emissions in state and federal models, along with suggesting practices to 

minimize emissions, while benefiting farmers, community members, and the environment. 

Various farming methods can be employed to reduce NOx emissions, which most often 

correspondingly reduce N2O emissions. Modern agriculture is driven by the maximization of 

output, which is often short-term focused, results in excessive amounts of food waste, and lacks 

regard for input efficiency (Odum, 1989). Utilization of synthetic fertilizer maximizes output; 

however, input efficiency of N fertilizer is one of the lowest among the plant nutrients, 

contributing substantially to environmental degradation (Bohlool et al., 1992). 

Management Suggestions. 

1. Promote precision techniques for agriculture sustainability.  

Nutrient uptake efficiency can be improved by using precision fertilization, applying 

fertilizer below the surface closer to the site of root uptake, as well as timing the 

applications to coincide with crop developmental stages (Harrison & Webb, 2001; Skiba 

et al., 1997; Smith et al., 2000). Farmers should be encouraged to avoid applications of N 

when soil is bare and on especially hot summer days (Hall et al., 1996). 

2. Alternative fertigation practices may reduce NO emissions.  

Practices like Pump and Fertilize (P&F) and High Frequency Low Concentration (HFLC) 

have been shown to reduce N2O emissions by 52-72% and 48-58%, respectively, although 

their impacts on NO emissions needs further investigation (Nichols et al., 2024). To 

summarize, P&F reduces the applied N rate in response to measured concentrations of N 
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in the groundwater so that added N and groundwater N reach the same total N applied, 

while HFLC applies smaller N rates per fertilization event.  

3. Biogenic methods like nitrogen-fixing plants, biological nitrogen inhibitors, and cover 

crops reduce N outputs in soils.  

Biological nitrogen-fixing plants like legumes efficiently fix N2 from the atmosphere, 

making N readily available in the soil (Bohlool et al., 1992). These plants can act as a 

supplement to synthetic fertilizer, offering an economically attractive and 

environmentally friendly means of reducing overapplication of nutrient inputs, however, 

further study on their reliability is necessary. In addition, biological nitrification inhibitors 

(BNIs) are compounds released by plant roots of certain species (e.g., Brachiaria 

humidicola, sorghum) that suppress the activity of soil microorganisms responsible for 

nitrification (Coskun et al., 2017). BNIs slow the conversion of ammonium to nitrate, 

decreasing the availability of N for processes that lead to the production of NOx and N2O, 

while increasing the availability for N uptake by plants. Moreover, planting cover crops 

improves soil structure and health while reducing N loss from soils without reducing crop 

yield; however, the specific impact that cover crops have on reduction of NO emissions 

has not been extensively studied (Skiba et al., 1997).  

4. Soil remediation practices can reduce soil NO production.  

Promoting the reduction of NOx to environmentally benign gases like N2 can be achieved 

through remediation of riparian zones which collect runoff (Davidson et al., 2012). In 

addition, soil carbon and reduction of N and P leaching can be improved using biochar 

inputs (Dai et al., 2020). The large-scale dissemination of such farming practices could 



 97 

ultimately reduce environmental hazards in water and air and lower farming costs. It is 

important to note that the amount these practices will reduce soil NOx production is 

highly understudied, therefore, more research is necessary to determine which 

procedures should be implemented through policy. 

5. Reported N inputs should be publicly available. 

The Irrigated Lands Regulatory Program (ILRP), part of the California Water Resources 

Control Board, regulates the use of nitrogen on irrigated lands through a Total Nitrogen 

Applied (TNA) report to protect ground and surface waters (California Water Boards, 

2024). This information is currently not publicly available to protect farmers, however, it 

should be accessible upon request for researchers aiming to better understand the 

influence of excess N fertilizer inputs on the production of soil NOx emissions. 
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2.6 Supplementary Tables 

Table S2.1. Sampling durations at each site during the field study. 

Calipatria Thermal 
Start time Stop time Duration Start time Stop time Duration 
06/16/22 1400 PST 06/18/22 1900 PST 53 h    
07/20/22 1500 PST 07/23/22 1000 PST 67 h 07/22/22 1400 PST 07/27/22 1200 PST 118 h 
08/24/22 1400 PST 08/27/22 0900 PST 67 h 08/24/22 1000 PST 08/30/22 0900 PST 143 h 
09/14/22 1200 PST 09/19/22 0900 PST 117 h 09/19/22 1200 PST 09/26/22 1000 PST 166 h 
10/14/22 1100 PST 10/18/22 1100 PST 96 h 10/20/22 1000 PST 10/25/22 0900 PST 119 h 
11/18/22 1300 PST 11/22/22 1200 PST 95 h 11/17/22 1200 PST 11/21/22 1100 PST 95 h 
12/16/22 1300 PST 12/21/22 1100 PST 118 h 12/15/22 1100 PST 12/19/22 1200 PST 97 h 
01/20/23 1200 PST 01/25/23 1100 PST 119 h 01/12/23 1100 PST 01/17/23 0800 PST 117 h 
02/24/23 1100 PST 02/28/23 1300 PST 98 h 02/27/23 0900 PST 03/01/23 0900 PST 48 h 
04/19/23 1100 PST 04/23/23 1300 PST 98 h 04/12/23 0800 PST 04/17/23 0900 PST 121 h 

Total time sampled 928 h 
(~39 d) Total time sampled 1024 h 

(~43 d) 
 

Table S2.2. Average meteorology and pollutant concentrations during field sampling in Calipatria (June 2022 – 

April 2023). Volumetric soil moisture (VSM) was reported from SMAP satellite data). NOx, O3, and PM2.5 data were 

obtained from the nearest meteorological sites (El Centro, Niland, and Brawley, respectively). See Table S2 for 

sampling durations. Shaded rows indicate negligible soil NO2 observed. 

Month Tmax 
(°C) 

O3 
(ppb) 

NOx 
(ppb) 

PM2.5 
(μg/m3) 

PM10 

(μg/m3) 
Scalar 

ws 
(m/s) 

wd RH 
(%) 

Specific 
humidity 

Precipitation 
(cm) 

VSM 
(m3/m3) 

Jun 41.2 40.4 3.6 34.6 82.9 3.9 220° 16.5 0.004 0 0.084 
Jul 44.2 28.0 5.7 6.5 56.3 2.7 132° 30.5 0.011 0 0.088 

Aug 43.8 28.5 5.6 5.6 35.9 2.7 135° 36.5 0.013 0.02 0.103 
Sep 38.2 28.1 8.4 4.3 40.1 2.0 155° 37.0 0.008 0 0.116 
Oct 32.9 21.7 6.7 3.7 21.2 1.8 140° 59.2 0.011 3.39 0.154 
Nov 23.3 28.7 8.3 3.9 23.6 2.3 0° 32.3 0.003 0 0.116 
Dec 18.9 23.1 13.0 6.4 21.8 1.8 109° 42.5 0.003 1.47 0.117 
Jan 19.2 20.1 9.8 5.5 19.0 2.7 337° 31.8 0.002 0.25 0.151 
Feb 18.8 39.0 3.6 1.0 9.8 4.5 233° 51.8 0.005 0.11 0.152 
Apr 35.1 38.1 4.2 8.2 32.4 2.5 205° 27.7 0.004 0.05 0.108 
Avg 31.5 29.7 6.9 8.0 34.2 2.7 163° 36.7 0.007 (sum) 5.29 0.119 

 

Table S2.3. Average meteorology and pollutant concentrations during field sampling in Thermal (July 2022 – April 

2023). O3, NOx, and PM2.5 were obtained from the nearest monitoring locations (Palm Springs and Brawley). ND 
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denotes no data. Volumetric soil moisture (VSM) was reported from SMAP satellite data). See Table S2 for 

sampling durations. Shaded rows indicate negligible soil NOx observed. 

Month Tmax 

(°C) 
O3 

(ppb) 
NOx 

(ppb) 
PM2.5 

(μg/m3) 
PM10 

(μg/m3) 
Scalar 

ws 
(m/s) 

wd RH 
(%) 

Specific 
humidity 

Precipitation 
(cm) 

VSM 
(m3/m3) 

Jul 40.2 54.7 5.5 9.5 ND 2.7 139° 32.6 0.011 0 0.035 
Aug 40.5 50.4 4.3 2.7 31.9 3.1 347° 27.4 0.009 0.01 0.043 
Sep 38.9 43.5 4.9 5.2 20.1 2.7 326° 24.3 0.007 0.01 0.051 
Oct 29.0 41.2 5.6 6.9 ND 2.9 303° 28.4 0.005 0.24 0.063 
Nov 23.4 34.7 10.6 3.4 15.8 2.3 310° 29.6 0.002 0.62 0.061 
Dec 18.1 24.3 14.6 5.6 15.0 1.3 307° 47.3 0.003 0.30 0.063 
Jan 19.2 28.2 10.2 6.4 11.6 2.5 328° 60.4 0.005 0.05 0.105 
Feb 17.4 36.9 6.5 ND 4.7 3.1 297° 51.6 0.005 0 0.122 
Apr 29.9 51.3 3.9 14.7 69.5 4.9 328° 37.7 0.006 0 0.082 
Avg 28.5 38.4 7.3 6.04 18.7 2.8 317° 37.7 0.006 (sum) 1.23 0.069 

 

Table S2.4. Climatology data for Calipatria, or nearest Imperial County met site* (Niland, Brawley, El Centro).  

Month Tmax 
(°C) 

O3 
(ppb)* 

NOx 
(ppb)* 

PM2.5 
(μg/m3)* 

PM10 
(μg/m3) 

Scalar 
ws 

(m/s) 

wd RH 
(%) 

Specific 
Humidity 

Precipitation 
(cm) 

Jan 21.3 27.7 17.6 4.0 25.1 1.5 292° 51.6 0.004 0.69 
Feb 23.0 35.0 13.5 4.4 30.5 1.6 269° 43.5 0.004 0.68 
Mar 26.4 41.2 9.1 4.6 36.4 1.8 277° 40.5 0.005 0.58 
Apr 29.6 46.3 6.1 7.1 50.3 2.0 269° 33.8 0.005 0.19 
May 33.3 49.1 4.3 8.3 55.2 2.1 247° 31.5 0.006 0.18 
Jun 38.9 47.4 5.1 8.9 56.6 2.0 191° 27.5 0.007 0.02 
Jul 41.0 39.2 4.8 8.6 55.7 2.3 159° 31.7 0.010 0.14 

Aug 41.0 39.6 5.1 7.5 52.3 2.1 166° 34.4 0.011 1.27 
Sep 38.3 36.8 6.7 7.5 49.6 1.8 178° 36.3 0.010 0.61 
Oct 32.1 34.6 9.4 6.8 46.5 1.7 268° 33.9 0.006 0.56 
Nov 25.7 29.8 14.9 5.0 39.5 1.5 283° 42.5 0.005 0.33 
Dec 20.0 25.6 17.7 4.0 26.8 1.5 315° 48.4 0.004 0.86 
Avg 29.3 38.5 9.5 6.6 44.5 1.8 244 38.4 0.007 (sum) 6.11 

 

Table S2.5. Climatology data for Thermal, or nearest air quality site (Palm Springs*). RH data was not available for 

Thermal, so the nearby Torres-MartinezÅ site was substituted. 

Month Tmax 
(°C) 

O3 
(ppb)* 

NOx 
(ppb)* 

PM2.5 
(μg/m3) 

PM10 
(μg/m3) 

Scalar 
ws 

(m/s) 

wd RH 
(%)Å 

Specific 
Humidity 

Precipitation 
(cm) 

Jan 22.0 37.8 15.7 4.3 15.5 1.9 327° 56.3 0.004 1.89 
Feb 23.7 46.2 11.5 4.4 21.4 2.4 327° 50.5 0.004 0.91 
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Mar 27.6 53.4 8.0 4.4 25.4 3.3 325° 40.0 0.005 0.69 
Apr 31.3 61.5 5.6 6.7 42.3 4.1 327° 35.4 0.005 0.22 
May 34.7 65.8 4.3 7.2 42.1 4.4 329° 34.9 0.006 0.02 
Jun 40.0 71.9 4.6 8.6 46.6 3.8 331° 33.7 0.007 0 
Jul 41.9 68.6 4.6 8.1 43.6 3.3 342° 37.9 0.010 0.34 

Aug 41.8 67.8 5.2 9.0 36.3 3.1 342° 37.2 0.010 0.18 
Sep 38.7 58.6 6.1 8.4 36.1 2.8 339° 41.2 0.008 0.76 
Oct 32.6 52.0 8.4 6.7 31.8 2.7 331° 41.0 0.006 0.54 
Nov 26.3 42.4 12.8 5.5 29.9 2.1 327° 50.5 0.005 0.19 
Dec 20.7 35.8 15.6 5.3 24.8 1.9 326° 55.1 0.004 1.08 
Avg 30.1 54.5 8.5 6.9 31.3 3.2 332 40.3 0.006 (sum) 6.82 

 

Table S2.6. A summary of recent literature that addresses agricultural soil NOx and its impact on air quality in 

California, especially in the San Joaquin Valley and Salton Sea air basins. 

Study Key Findings 

Oikawa 
et al. 
(2015) 

- Reported record soil NOx emissions (up to 280 kg N ha-1 yr-1) in Holtville, CA (Imperial Valley). 
- Default soil NOx parameterization in WRF-Chem model underestimates emissions by at least one 
order of magnitude. 
- Augmenting the default soil NOx emissions (by factors of 10-64 to improve agreements with 
observations) increases modeled O3 concentrations by 2-8.5 ppb throughout Imperial Valley in the 
SSAB. 

Parrish et 
al. (2017) 

- Observed dramatically curtailed O3 improvements in the San Joaquin Valley and Salton Sea air 
basins, despite improvements in surrounding Southern California air basins. 
- Suggested that recalcitrant O3 levels are linked to sources evading regulatory efforts most 
probably related to the intensive agriculture that characterizes these basins. 

Almaraz 
et al. 
(2018) 

- Suggested in 2018 that agricultural soils emit 20-32% on average of the state’s total NOx, with the 
average cropland NOx flux around 20 kg N ha-1 yr-1. 

Trousdell 
et al. 
(2019) 

- Top-down aircraft measurements of NOx and O3, estimated a total emission rate of 215 ± 33 
tons/day around Fresno in the SJVAB, a factor of 2 larger than the CARB’s CEPAM inventory  
- Rural SJV counties exhibited no observed O3 decreases from 2006-2016. 

Kleeman 
et al. 
(2019) 

- Modified soil emissions in their model using soil NOx emissions from Almaraz et al. [2018]. 
- These modifications increased predicted PM2.5 nitrate concentrations in January of three different 
years in the SJV, helping to correct a consistent underprediction by the model. 

Guo et al. 
(2020) 

- California Air Resources Board study using a soil biogeochemical model (DeNitrification-
DeComposition, DNDC) that is mostly untested against agricultural soil NOx emissions. 
- Concluded that soil emissions contribute only 1.1% of total anthropogenic NOx in CA, although 
larger than normal emissions were estimated for the Imperial Valley. 
- Suggested default temperature coefficient for nitrification may need revision to account for hot 
agroecosystems like SJVAB and SSAB. 

Sha et al. 
(2021) 

- University of Iowa modified soil NOx parameterization in WRF-Chem (Berkeley Dalhousie Iowa Soil 
NO Parameterization, BDISNP), e.g., enhanced land cover, soil temperature, emission pulses, and N 
fertilizer influences. 
- In July 2018, estimated soil emissions contributed ~40% of California’s total NOx, increasing rural 
O3 concentrations by +23%. 

Wang et 
al. (2021) 

- Used a stronger, observation-based temperature response for soil NOx. 
- Improved correlation between satellite NO2 and modeled column NO2 over the central US in the 
summer, suggesting soil emissions may be larger than expected at temps >30°C. 
- Emphasized hotspots in the SJVAB and SSAB due to N fertilization and warm climates. 
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Luo et al. 
(2022) 

- Simulated reactive N emissions across the contiguous US by county, estimating annual emissions 
from the 8 counties of the SJVAB to total about 100 tons/day, compared to CARB's CEPAM 
inventory of ~230 tons/day anthropogenic NOx estimate (comparable deviation to that reported in 
Trousdell et al. [2019]). 
- Incorporated daily fertilizer application estimates from the Environmental Policy Integrated 
Climate (EPIC) agricultural model, based entirely on simulated idealized plant demands 

Wang et 
al. (2023) 

- OMI satellite NO2 data over croplands revealed a soil-like temperature and soil moisture 
dependence, with no long-term trend over croplands as opposed to continued decreases  
(-3.7±0.3 %yr-1) over urban areas. 
- Illustrates similar dependence of observed NO2 columns over a variety of non-urban land types 
across California, implying that soil NOx is a significant source. 

Lieb et al. 
(2024) in 
review 

- A mixing model using CARB’s CEPAM NOx inventory and source-dependent δ15N-NOx isotopic 
measurements revealed an underestimated soil contribution.  
- Our adjustments showed soil NOx to be 30% of total NOx in the SSAB, an order of magnitude larger 
than CEPAM's 3%. 

 

Table S2.7. Average meteorological and pollutant parameters and standard deviation reported 

for our sampling periods and for the sampling year (June 2022-May 2023). Note that the 

reported VSM values are for 16:30 to correspond with the time in which temperature is at its 

maximum. 

 Average Tmax 
O3 

(ppb) 
NOx 

(ppb) 
PM2.5 

(μg/m3) 
PM10 

(μg/m3) 

Scalar 
ws 

(m/s) 

RH 
(%) 

VSM 
(m3/m3) 

Calipatria/ 
Imperial 
Valley 

Sampling 
Interval 

31.6 
± 10 

38.1 ± 
8 4.2 ± 3 8.2 ± 12 32.4 ± 22 2.5 ± 

0.9 
36.7 
± 12 

0.12 ± 
0.03 

Annual 30.0 
± 9 

30.7 ± 
12 7.8 ± 5 7.8 ± 7 41.8 ± 41 2.1 ± 1 49.1 

± 12 
0.11 ± 
0.03 

Thermal/ 
Coachella 

Valley 

Sampling 
Interval 

28.5 
± 10 

38.4 ± 
11 7.3 ± 4 6.1 ± 4 18.7 ± 22 2.8 ± 1 37.7 

± 13 
0.07 ± 
0.03 

Annual 30.4 
± 9 

43.0 ± 
14 6.9 ± 4 7.8 ± 7 29.3 ± 39 3.0 ± 2 40.5 

± 14 
0.07 ± 
0.03 
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Chapter 3: Community-Based Participatory Research Case Studies 

Abstract 

Community-based participatory research (CBPR) supports the self-empowerment of those most 

affected by environmental injustices. Community-engagement is also useful for personal 

development of researchers, allowing them to connect their work to meaningful causes, such as 

research that is relevant to community needs and health. CBPR has made its way into the physical 

sciences and in the coming years there will likely be a spike in community engaged environmental 

research, where scientific proposals will be focused on improving the health and well-being of 

disadvantaged communities. Furthermore, building a sense of community allows for 

interconnectedness, support, and sharing of ideas. This chapter will focus on two case studies 

involving my engagement with community groups throughout the tenure of my PhD, which both 

positivity shaped the scope and broader impacts of my research projects. I hope that these 

anecdotes inspire and help future scientists in navigating CBPR work. 

3.1 Importance of Civic Engagement in Environmental Research 

 Civic engagement is a primary tool for obtaining environmental justice. Communities with 

actively engaged citizens are stronger, more resilient, more connected, and more equitable (Irani 

& Rahnamayiezekavat, 2021). This engagement empowers communities by providing them with 

the knowledge and tools to address environmental challenges. When citizens are actively 

involved in research, they gain a deeper understanding of their local environment and the factors 

affecting it (Balazs & Morello-Frosch, 2013). Engagement in environmental science is becoming 
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more common, as the challenges of environmental degradation, natural disasters, and climate 

change loom in our communities.  

Active civic participation fosters inclusivity by valuing and resourcing the voices of 

marginalized and underrepresented groups in the research process. This is crucial in 

environmental justice, as these communities often bear the brunt of environmental degradation 

and are typically excluded from decision-making processes. Engaging these groups helps to 

ensure that research outcomes are equitable and that the benefits of environmental policies and 

interventions are distributed fairly (Kimura & Kinchy, 2016). In addition, when communities are 

involved in environmental research, it builds trust between researchers and the public. 

Transparency in the research process, facilitated by civic engagement, helps to demystify 

scientific practices and promotes public understanding of environmental issues. This trust is 

essential for the successful adoption of research recommendations and for fostering long-term 

collaboration between scientists and communities. 

Moreover, civic engagement in environmental research ensures that the studies 

conducted are directly relevant to the communities they aim to benefit. By involving local key 

players, researchers can identify the most pressing environmental issues and tailor their 

methodologies to address these concerns effectively (Balazs & Morello-Frosch, 2013; Kimura & 

Kinchy, 2016). This leads to more accurate data collection and a higher likelihood of successful 

implementation of research findings. Research that involves civic engagement is more likely to 

influence policy effectively. Community engaged research can bring in policy makers who can 

help advocate for causes that reflect the needs and priorities of their constituents. Civic 
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engagement thus bridges the gap between scientific research and policy, ensuring that 

environmental policies are practical, acceptable, and sustainable. 

3.2 Case Study 1: Western Service Workers Association 

Entering my graduate program without prior experience in community engagement, I 

quickly recognized the importance of building meaningful relationships and acquiring community 

engagement skills to effectively conduct CBPR. In 2020, I began volunteering with the Western 

Service Workers Association (WSWA), a Sacramento-based community organization committed 

to eradicating poverty among low-income service, in-home care, part-time, and temporary 

workers. WSWA aligns its mission with the United Nations' 2030 Sustainable Development Goals 

(SDGs) (United Nations, 2012), and its resilience lies in its ability to adapt to evolving community 

needs while minimizing reliance on short-term government funding. This context-aware 

approach, which tailors outreach to relevant circumstances, showcases WSWA’s nuanced 

understanding of community dynamics. 

Recognizing the significance of volunteer work is crucial when approaching CBPR in 

scientific research as it lays the foundation for meaningful relationships, cultivates essential 

organizational skills, builds trust, and offers insights into navigating connections within often 

underserved communities. These foundational steps are instrumental in the success of CBPR and 

in addressing environmental injustice, allowing for collaborative relationships rooted in an 

understanding of individual positionalities. As an environmental chemist, my commitment to 

addressing environmental degradation and climate change—especially those stemming from 

unsustainable agricultural practices—drove my engagement with CBPR. Despite the critical role 

agriculture plays in sustaining our food system, current profit-driven approaches often result in 
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environmental harm and exacerbate food scarcity in vulnerable communities (Reyers et al., 

2022). Moreover, there remains a significant gap between the physical and social sciences, often 

leading to a lack of intersectionality in research approaches. 

Through my participatory research with WSWA, I sought to enhance my community 

engagement skills, communicate scientific knowledge to communities in ways that foster 

meaningful change, and implement CBPR in my dissertation. This case study reflects an 

empowering action approach (Meyer, 2000), aiming to prioritize practical relevance over 

theoretical abstraction in the methodology and scientific proposals, thereby ensuring that 

scientific research contributes meaningfully to community needs beyond academic publication.  

In this community partnership, I used my organizational and leadership skills to transition 

to a sustainable, community-centric model for addressing food insecurity, understanding that 

food insecurity often results from an uneven distribution of nutrient-rich foods. WSWA runs a 

weekly food distribution with organic produce donated from the local farmer’s market. However, 

these food donations often result in 5-10% of food waste. Additionally, as food stamp cuts 

continue post-pandemic and wages stagnate, the demand for nutritious food is rising. In 

response to this transition, we focused on repurposing food waste for composting to replenish 

nutrients in degraded soil on WSWA’s property, with the long-term goal of creating a volunteer-

managed community garden. 

To support this initiative, we worked with Jorge Espinosa, a sustainable landscape 

designer with a strong understanding of waste reduction. He discussed how compost tumblers 

may be the best option to repurpose food waste at WSWA, with the intention of using fertile 

compost to replenish nutrients in the soils of WSWA’s land. Per his suggestion, I procured three 
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composting tumblers for WSWA, funded through leftover funds from small university grants that 

did not require a strict budget report, and developed a maintenance strategy to be sustained by 

the organization and its volunteers. The framework for this tactic revolves around five key 

components: expected results, primary and secondary purposes, tools, and maintenance 

mechanics. Expected results included establishing a sustainable volunteer team for the monthly 

composting and replenishing the soil on the property for future gardening projects. The primary 

purpose involved integrating new volunteers, such as environmentalists and local farmers and 

community gardens, into the organization. The intention was to foster discussions about the 

interconnectedness between humans and the environment and address the disconnection 

caused by factory farming. The secondary purpose aimed to offer classes to community members 

on sustainable practices for utilizing compost and reducing food waste. Tools employed in the 

project include a food scrap shredder, shovels, wheelbarrows, and compost tumblers. 

Maintenance mechanics involved organizing skills such as recruitment, training, briefings, and 

debriefings, and plans for retaining recurring volunteers. Each new volunteer will be trained by 

existing volunteers based on the details outlined in the tactic sheet. 

While securing the supplies and materials for this project was straightforward, integrating 

and executing this project proved challenging. Since this project was not the primary focus of my 

dissertation, I had to dedicate personal time to its progress. Nevertheless, I ensured the project’s 

continuity by training volunteers to operate the compost tumblers. Additionally, since these 

tumblers require a few weeks to break down the compost into soil, we had excess food waste. 

Jorge suggested that we try to minimize the amount of food waste going to compost and instead 

redistribute it to local farms to feed their livestock. I addressed this issue by connecting WSWA 
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with Yisreal Family Farms, a local community farm who now collects the surplus food waste 

weekly to feed their livestock.  

By leveraging UC Davis’s academic resources, I was able to bring tangible support to the 

community, illustrating how strong and sustainable relationships between community 

organizations, academia, and local stakeholders can create resilient systems capable of 

addressing injustices and environmental threats. Additionally, this project taught me that when 

possible, taking action-based approaches to address community problems without getting pulled 

into rigid academic research structures can prove to be more effective. Furthermore, I was able 

to develop more organizational and leadership skills in this role, which will serve me well as a 

research scientist and project manager in future positions.  

Moreover, this project equipped me with valuable skills in collaborating with community 

organizations and led to the co-creation of an atmospheric science research project in the 

Imperial Valley. While volunteering with WSWA, I was introduced to Herman Barahona, a local 

organizer and air quality advocate in Sacramento, whom I discussed my proposed research 

project in the Salton Sea Air Basin down in Southern California. I had expressed interest in 

understanding the mechanisms of poor air quality in this region, since it has not attained air 

quality standards for ozone and particulate matter in over a decade. Herman mentioned Luis 

Olmedo, the CEO of Comité Cívico del Valle (CCV), a community organization in Imperial Valley 

known for their advocacy work related to the poor air quality. CCV is also known for their 

community-managed particulate matter monitoring network called Investigating Violations 

Against Neighborhoods (IVAN). I had tried to contact Luis numerous times to discuss 

collaboration with no avail. However, after working with Herman and expressing my interests in 
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community engaged research, he contacted Luis and suggested he meet with me. Within the 

same week, Luis had set up a zoom call with me, which resulted in him agreeing to partner with 

us. Through this partnership, we were able to develop a field sampling campaign to address the 

impact of agricultural soil NOx in the region, a precursor emission to ozone and particulate 

matter.  

3.3 Case Study 2: Comité Cívico del Valle 

 When formulating a community partnership, it is important to have alignment in research 

interests. Comité Cívico del Valle (CCV) believe that informed people build healthy communities, 

and because of this, they are community partners with three air-quality-focused programs—IVAN 

Community Air Monitoring Network, AIRE Collaboration, and AB617 Community Steering 

Committee. Each of these groups are dedicated to improving the quality of life and health of 

communities at local and/or statewide levels. Our intention for collaborating with CCV was to 

provide more information on the meteorological influences of poor air quality, as well as reassess 

standing theories on the persistence of poor air quality in the Salton Sea Air Basin (SSAB). We 

attended public AQ meetings to understand local air quality concerns, then discussed our 

research interests with CCV, informing them of our dedication to help improve air quality 

conditions in the region. We explained that we would be assessing climate trends and described 

our hypothesis that unregulated soil NOx emissions were contributing to the persistent poor air 

quality. In addition, we described our proposal for a field sampling campaign and asked if CCV 

would be willing to participate, to which they agreed. In 2022, we were awarded the 

Environmental Health Sciences Core Center Pilot Project grant, funded by the National Institutes 

of Health, which funded our community partnership for our soil NOx field sampling campaign. 
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 In preparation for this partnership and the campaign, I practiced setting up our sampler 

in Davis, ensuring I understood any potential issue that could arise. I then drafted a detailed 

standard operating procedure (SOP) with pictures and diagrams for assembling and 

disassembling our sampling instrument, the ChemComb Speciation Cartridge (CCSC, discussed in 

more detail in Section 2.2.1). As we launched our field sampling campaign, we coordinated a day 

to demonstrate the set-up and break-down of our sampling device with two technicians from 

CCV, Matthew Maldonado and Edgar Ruiz. I set up the sampler and disassembled it with them, 

following the SOP I outlined. Then, I allowed both of them to set up and break down the 

instrument themselves, giving feedback when needed. For our second sampling the following 

month, I allowed both of them to lead the set up and break down, following only the guidance of 

the SOP. I answered questions and corrected them when needed. After this event, Matthew and 

Edgar were responsible for the assembly and disassembly for the remainder of our study. The 

sampling was performed monthly, and the denuders and filters were mailed to me for extraction 

in the lab.  

 To ensure alignment with CCV’s mission statement, “informed people build healthy 

communities,” we participated in public workshops and included CCV in the publication process 

of our scientific reports. Throughout the duration of my Ph.D., I participated in the Imperial Valley 

Environmental Justice Task Force and AB-617 meetings, both attending to better understand 

local concerns and presenting scientific presentations. This work gave me more experience in 

communicating scientific information to individuals without strong formal scientific literacy. 

Notably, there was one instance where the information I was presenting at an AB 617 meeting 

on meteorological dynamics that influence poor air quality was not communicated well. I 
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received feedback directly from community members expressing how the PowerPoint 

presentation and the scientific information was hard for them to follow. Christian Torres, the 

special projects manager, and I assessed new ways to communicate this information. In response 

to this event, I provided detailed annotations to my slides with links to references that would 

provide more information. In addition, Christian and I agreed to meet prior to my next 

presentation so that he could give me feedback on topics that may be confusing for community 

members. I have yet to give another presentation with this group but plan to implement these 

techniques in future presentations. Furthermore, all manuscripts were shared with Christian and 

Luis for feedback to ensure that the information published with their names was in alignment 

with the values of their organization.  

 Aside from the misunderstanding in one of our community participation meetings, the 

collaboration with CCV went rather smoothly. Matthew and Edgar did an awesome job with field 

sampling and Christian was incredible at maintaining engagement when needed. There were no 

issues or errors during the campaign, and I received feedback from Matthew that he appreciated 

my organizational skills and attention to detail and felt that I had been the easiest academic to 

work with. The biggest challenge was the distance, which limited the face-to-face interactions 

we could have with each other, ultimately limiting the impact we could have on the community 

members. However, we believe that our work will have significant regulatory impact soon, as the 

degraded air quality of agricultural communities like the Salton Sea Air Basin and the San Joaquin 

Valley Air Basin are of importance at the state and federal levels. Furthermore, this pilot project 

showed our abilities to collaborate with CCV and have formulated a strong partnership of which 

Ian hopes to continue in his future research. 
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3.4 Conclusion 

Through my community-engaged research projects, I’ve learned that I am a scientist with 

a diverse range of interdisciplinary skills. My scientific background allows me to analyze 

community problems through a research-oriented lens, with a focus on raising public awareness 

about critical issues. Throughout these projects, I’ve also leveraged my organizational abilities to 

find solutions, whether by overcoming obstacles or transforming ideas into reality. My deep 

determination for meaningful change drives me to tackle challenges without hesitation, while 

resourcefulness has proven essential in addressing the complex nature of environmental 

injustices, which demand extensive collaboration. These experiences have reshaped how I 

approach research, shifting my focus toward broader impacts. Now, my research questions are 

centered around improving the well-being of all sentient beings. 
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Chapter 4: Art as a method of scientific communication: broadening the 

scope of science 

Abstract  

Environmental science is often studied with the intent of clarifying anthropogenic impacts on the 

natural world, including the societal and ecological implications of land mismanagement and 

climate change. However, peer-reviewed literature, while the cornerstone of scholarly 

communication, has severe limitations in impact, often resulting in a lack of public understanding 

of current environmental concerns. This lack of understanding originates from specialized 

language and statistical evaluations of methods and results. Additionally, this logos (appeal to 

logic) approach using statistics and figures does not always stimulate interest in the layperson. In 

fact, some of the most meaningful changes are seen because of ethos, which can be stimulated 

through artistic expression. When discussing subjects like climate change and land 

mismanagement, there is often an emotional response, which if used appropriately, can 

formulate meaningful change.  

4.1 Art as a form of activism 

Art has long been a powerful vehicle for social and political change, capable of 

transcending the limitations of traditional scholarly communication (Thompson et al., 2023). 

Murals have been instrumental in conveying powerful messages about social justice, identity, 

and environmental concerns (Greaney, 2002; Gunther, 2022; Thompson et al., 2023). Throughout 

history, various art movements have played significant roles in raising awareness and inspiring 

activism. 
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One prominent example is the Mexican Muralism Movement of the 1920s-1950s, led by 

artists such as Diego Rivera, David Alfaro Siqueiros, and José Clemente Orozco. These artists used 

their murals to convey social and political messages, often highlighting the plight of the working 

class, including agricultural laborers (Museum of Modern Art, 2022). Diego Rivera’s work was 

especially inspiring during the culmination of this project. Rivera frequently depicted scenes of 

rural and agricultural life, celebrating the contributions of peasant farmers and addressing issues 

of land reform and social justice (Museum of Modern Art, 2022). His murals often portrayed the 

interdependence of humans and the land, emphasizing the dignity of agricultural labor and the 

need for agrarian reform.  

Similarly, the Chicano Movement of the 1960s-1980s saw the creation of numerous 

murals that highlighted the civil rights struggles of Mexican Americans. These murals became 

part of the effort to reinvigorate cultural heritage and challenge racism (Palomo Acosta, 2018). 

This period was significant as the United Farm Workers Union was formed, allowing for 

farmworkers to gain fair working conditions and compensation, as they are responsible for 

feeding our country and some of the world. More recently, the Black Lives Matter Movement 

have used street art and murals to emphasize the impacts of systemic racism and police violence 

against black people. 

The Environmental Justice movement has slowly taken form over the past several 

decades. The first major milestone in the national movement began in Warren County, North 

Carolina, where in the late 1970s, the state’s government decided to store 6,000 truckloads of 

PCB-laced soil in a rural, poor, and primarily black county (Skelton et al., 2023). With concerns 

over drinking water contamination, this incidence brought in veterans of the Civil Rights 
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Movement; there were peaceful protests and marches to advocate for the health of their 

community, and some members even stopped trucks driving to dump the soil by lying down in 

the roads leading to the landfills (Skelton et al., 2023). Environmental injustice is described by 

corporations, regulatory agencies, and local planning and zoning boards intentionally targeting 

low-income communities and communities of color when choosing landfills, incinerators, nuclear 

waste storage, hog and chicken processors, oil refineries, and chemical manufacturing, or refuse 

to address the impacts of these living conditions (Cole & Foster, 2001; Pellow, 2018; Pulido, 1996; 

Sze & London, 2008). 

In the wake of climate change, these low-income and minority communities are the first 

to receive the bulk of the burden, even though they have a much smaller carbon footprint than 

wealthier communities (Cole & Foster, 2001; Sze, 2022). As natural disasters become more 

frequent and extreme, temperatures rise, and our society aims to shift to cleaner energy, these 

disadvantaged communities will suffer most if environmental injustices are not brought to light 

and addressed. Of specific importance is addressing food insecurity. We live in a society that 

commodifies food production, which has resulted in heavy agricultural activity and 

overproduction. In fact, while 40% of our food goes to waste, 100% of US counties have food 

insecurity (Feeding America, 2024). 

These movements, along with my volunteer experience in Sacramento, inspired me to 

create a mural project that encompassed environmental justice and community engagement in 

Southside Park Community Garden (Sacramento, CA). Mural art can be used as a tool to ignite 

community engagement and reduce social disconnection, therefore contributing to the 

development of a sustainable urban environment (Petronienė & Juzelėnienė, 2022). While the 
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location and theme of this project transformed just as an art piece would, the intention behind 

it remained the same. Through my advocacy work with Western Service Workers Association and 

this community workshop, I hope that our conversations on sustainable development as we 

painted this mural lead to more informed and engaged communities.  

4.2 The necessities of failure 

As an attempt to further engage communities in the Salton Sea region, the hub of my 

scientific research, I aimed to organize a mural with Líderes Campesinas, a Coachella-based 

community organization. Their mission is “to strengthen the leadership of farmworker women 

and youth so that they can be agents of economic, societal, and political change and ensure their 

human rights.” Our goal was to create a youth-led mural that encapsulated the transformation 

of the Salton Sea because of consistent activism and demand for environmental justice. I planned 

to assist the youth in executing the design and implementation of this mural through a series of 

workshops, teaching them different methods of symbolism and artistic styles while engaging 

them in creative projects for inspiration. Despite continuous efforts, this project did not have 

consistent support from the partnering community organization, and we had to admit defeat. 

Yet, it is crucial to discuss the pitfalls of this process because the lessons learned promoted 

success in a future project.  

Upon initiating this project, I had no experience in painting or organizing murals, building 

a strong connection with a community organization, or leading a project, but I was confident in 

my painting skills and was eager to learn. Líderes Campesinas in Coachella Valley is a small 

nonprofit organization primarily led by volunteers aside from a few paid organizers. Karina A. was 

a part-time volunteer interested in supporting the project and engaging the local youth. 
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However, her ability to commit was limited since she was a full-time undergraduate student. This 

evoked an internal dilemma because I had been taught that community-engaged projects should 

be led by the community, however, that narrow perspective does not consider the capacity of an 

organization to participate. It was difficult for us to move things forward because there were 

several hoops that we needed to jump through to gain the approval of the city to execute the 

mural painting. While we were successful in gaining support from both the mayor and the county 

supervisor, Líderes Campesinas was hesitant to advertise the project to the public in fear of 

disappointing the youth if the project did not come to fruition. Because of this, and because I was 

not an active member of their community, we were unable to organize a committee to aid in the 

project’s organization swiftly. Karina eventually graduated and began a full-time job at Alianza as 

their youth coordinator and expressed her need to part ways with this project.  

In attempts to maintain traction, I was informed about a similar climate activism mural 

project at UC Davis led by Emily Schlickman, a professor in the Department of Human Ecology. 

Through this connection, I was able to learn more about budgeting for these events and worked 

directly with Leon Willis, the muralist, to serve as his intern. My duties included transposing the 

design on the shed and, since this was a paint-by-numbers community engagement event, I 

helped outline the different color segments, label them, and execute the paint-by-numbers 

event. As a result, I was introduced to the Institute of the Environment at UC Davis and was 

invited to collaborate on their new climate activism initiative, the Climate Art Trail. Additionally, 

I had a new team of resources to bring the Coachella mural into fruition. Jullianne Ballou, the 

Institute’s former strategic initiatives director, was instrumental in this forward movement. 

Through my independent efforts and with the help of Jullianne, we were able to raise nearly 
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$19,000 to pay for supplies, travel, and event logistics for the project. After I created a new team 

of support, I requested that Karina bring herself back on the project since there was no new 

appointed member of Líderes Campesinas to do the job. We were able to make progress for a 

while, but Karina did not have the capacity to take on another project in addition to her work. It 

was apparent that without securing funds to pay a member of the organization to participate, 

there was not going to be any progress. I tried to apply for a community engagement grant and 

was rejected. Consequently, I decided to cease the project and communicated this with Karina 

and Líderes Campesinas, who agreed that they did not have the capacity to support this mural. 

Although the project with Líderes Campesinas did not come to fruition, I was able to 

formulate strong connections with the Institute of the Environment. Through my community 

work in Sacramento, we were able to create a new mural project with the Sacramento 

Community Gardens. Bill Maynard, the community gardens coordinator, was excited to 

collaborate with us on this project. 

4.3 The Urban Oasis: Community Gardening Strengthens our Connection to the Land 

Organizing a community-engaged mural project requires a team of well-resourced 

people. I painted this mural on a shed at Southside Community Garden in Sacramento, which 

required legal contracts to allow for the execution of this mural. I needed funding to support the 

painting of this mural, and a team of volunteers willing and excited to help execute the mural 

paint-by-numbers event.  

Deeper intentions 

The Institute of the Environment’s Climate Art Trail is a series of murals that portray a 

common theme centered around the question: How can agriculture be part of the solution to 
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climate change? To address this, we must first acknowledge the decisions that led to 

environmental degradation and climate issues. As I have outlined in this dissertation, many 

agricultural practices are focused on mass production and efficiency, which have stimulated a 

decline in pollinator populations and soil health, air and water quality implications, 

overproduction and inefficient distribution of product, and an overall disconnection to the land. 

The latter point is key to addressing climate related issues—for society to develop new 

management practices relating to agriculture, it must first rebuild its connection to the land of 

which has been harmed. 

Community gardens provide a space for community members to nurture a deeper 

connection with nature while in an urban environment. In fact, many of the community members 

I interviewed spoke of their countless interactions with wildlife and the abundance of joy these 

interactions fostered. Growing one’s own food is a direct energetic transfer, meaning the energy 

one puts into the food that they grow will be given back to them once consumed. 

In addition to foraging a stronger connection to the land, public gardening initiatives can 

teach residents how to grow their own food. While community gardening may never be able to 

sustain food for an entire community, let alone the whole world, informing communities how to 

grow food and sustain themselves, as well as the benefits of community sustained agriculture 

(CSA), can allow less reliance on industrial agricultural practices. These industrial practices are 

profit motivated and productivity centered, resulting in 40% of food produced being wasted, 

serious air and water pollution, and soil degradation, as well as an unequal distribution of food 

resources to vulnerable communities. 

Planning 
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Jullianne Ballou, previous strategic initiatives director at the Institute of the Environment, 

handled the contract negotiation between the City of Sacramento and UC Davis. Once this 

process was completed, I discussed event dates with Bill Maynard from the community garden. 

After the date was set, I organized three volunteers to help execute the project: Laila Penny, 

Megan Williams, and Olmo Guerrero-Medina. Laila oversaw organizing vendors to attend the 

event and engage with the community, however, we were unable to secure any vendors for the 

event. Megan was the volunteer captain, responsible for organizing volunteers to participate 

with mural event preparation and day-of-event execution. Olmo was the event organizer, 

responsible for event logistics, setup, and breakdown; for example, we needed tables for vendors 

and paint stations. The space at the community garden was small, so we capped the event at 80 

people.  

 

Figure 4.1. Olmo Guerrero-Medina painting a monarch butterfly. 
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Leading up to the event, I was responsible for transferring the mural designs to the shed, 

overseeing the budget, and purchasing necessary supplies (e.g., catering, painting supplies, 

beverages, table and chair rentals). I designed the mural with the input of the members of the 

Southside Community Garden. This was the most challenging part because while I viewed this 

mural as an art activism project to promote awareness around climate change, it was apparent 

that many of the gardeners viewed this as a beautification project, ultimately limiting what I could 

design. One of my designs depicted night creatures playing poker and gambling with produce 

that they stole from the garden; this design was inspired by a whimsical story from one gardener. 

However, others expressed that the night creatures were not their friends and asked me to 

change the design with only 2 weeks until our event. Reluctantly, I quickly designed flowers and 

butterflies upon the gardeners’ requests, pictured above. When designing a community led 

mural, it is important for the artist to comply with the interests of the community, which can 

hinder the artist’s creative freedom and dilute the message behind the art. While I am grateful 

for this opportunity to design a mural for this garden, I was disappointed in the artwork that I 

produced because I did not see the connection between the images and the messages. 

In preparation for the event, community gardeners volunteered to paint, which was 

supposed to be held on May 4th, 2024, but had to be rescheduled to May 18, 2024, due to 

unexpected rain. Unfortunately, the date change resulted in a small turn-out, but it worked out 

that there were no vendors. We were able to give away plant starters and had a local community 

organization, Western Service Workers Association (WSWA), attend and discuss the sustainable 

development goals (SDGs) (Fig 4.2). 
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Figure 4.2. Volunteers from Western Service Workers Association discussing the SDGs at the paint-by-numbers 

event. 

Lessons 

Overall, I was not completely satisfied with the outcomes of the project. I did not feel I 

was successful in conveying the message that I had intended. Although I was glad that WSWA 

was able to discuss the SDGs at the event, there were few outside guests present to engage with 

this information. Additionally, I felt increasingly disconnected from the Institute of the 

Environment after Jullianne left. Since the project wasn’t directly related to scientific research, I 

believe it didn’t receive the attention it deserved from the Institute. With more support from 

individuals experienced in organizing such initiatives, the project could have had a greater 

impact. Moving forward, I would like to pursue another art activism project, but I’ve learned that 

if I decide to collaborate with communities again, I need to ensure that they have the capacity to 
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participate meaningfully. I also need to establish clear communication about the project’s theme 

and expectations with all participants from the beginning. 

Despite these challenges, creating a community-centered mural project as part of my 

dissertation was an invaluable learning experience. When merging two distinct fields like art and 

science, it’s crucial to have a strong mentorship network. These types of projects are not 

something that can be completed independently; they require external support, especially when 

venturing into unfamiliar territory. I’ve come to understand that challenges and unexpected 

obstacles are inevitable, and they may change the course of the project. However, it’s important 

not to lose sight of the overall goals and core values, even in the face of these difficulties. While 

the outcome wasn’t exactly what I had envisioned, I believe the project left a meaningful impact 

on the friends and colleagues who participated. At the very least, I was able to demonstrate that 

being a scientific researcher isn’t limited to purely technical or statistical endeavors; we can blur 

the lines between science and art. I received feedback from others who were inspired by my 

efforts and now hope to incorporate creativity into their work as well. Ultimately, I believe this 

approach will foster stronger scientific researchers, as creativity is essential for navigating 

complex scientific questions, particularly those related to climate change and environmental 

degradation. 
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4.4 Photos 

 

Figure 4.3. These images show the paint-by-numbers preparation. The walls were 8 ft tall so the hard-to-reach areas 

were painted ahead of time so that community members did not need to stand on ladders. The image on the left 

shows a field of wildflowers, butterflies, and a hummingbird. The image on the right shows a chinook salmon. 
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Figure 4.4. These are photos of the paint-by-numbers event in action. Volunteers are filling in the color blocks. 

 

 

Figure 4.6. Shown here are Jean (front) and Olmo (with hat) painting at the event. Jean is a cadre at WSWA and Olmo 

is a graduate student in hydrology at UC Davis (credit: Elena Peters). 
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Figure 4.5. Shown above are more action shots from the event (credit: Elena Peters).  
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Figure 4.7. Two sides of the completed mural on the storage shed at Southside Park Community Garden. The image 

on the left are various flowers, including lupins, California poppies, tulips, and sunflowers, in addition two monarch 

butterflies and a hummingbird. The image on the right is a yellow-billed magpie, a bird native to the Sacramento 

Valley. 
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Figure 4.8. The interior side of the shed. This mural depicts the Sacramento Valley agricultural activity alongside the 

Sacramento River. Shown above are flooded rice fields, an oak tree that resembles a feminine silhouette, and the 

Vaca Mountain range.  
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