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Abstract 
 
Air pollution remains a major global 
health risk, and while outdoor air 
quality is regulated in many countries, 
indoor environments, where people 
spend most of their time, remain 
comparatively understudied and largely 
unregulated. Recent advances in 
low-cost sensor networks enable 
high-resolution monitoring of 
pollutants, offering new opportunities 
to investigate how outdoor pollution 
infiltrates indoor spaces. The Tijuana 
River (TR), a long-standing source of 
untreated sewage and industrial waste, 
has been linked to elevated outdoor air 
pollution, including hydrogen sulfide and fine particulate matter (PM < 1 micron), in 
surrounding communities. However, the extent to which these outdoor emissions affect 
residential indoor air quality has not been previously quantified. This study examines the 
relationship between outdoor pollution and indoor air quality (IAQ) in San Diego’s South Bay 
communities using a combination of indoor and outdoor sensor data, household surveys, and 
analytical techniques such as indoor-to-outdoor ratios and infiltration rates to quantify the impact 
Tijuana River pollution has on indoor air quality. Data was collected through a community-based 
citizen science initiative involving student participants and local monitoring sites. Findings 
indicate that proximity to the polluted river contributes not only to degraded outdoor air quality 
but also to measurable declines in indoor air quality, with potential implications for public health 
and resident well-being.  
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Introduction 

1.1 Pollution from the Tijuana River 

One previously unexamined contributor to indoor air pollution in Southern California is the 
binational Tijuana River (TR). Originating in Baja California, flowing through the city of 
Tijuana, and crossing the U.S.–Mexico border near San Ysidro (SY), the TR transports sewage, 
industrial waste, and urban runoff into the Tijuana River Estuary located in Imperial Beach (IB) 
and empties into the Pacific Ocean (Simmons, 2022). The river has functioned as a conduit for 
untreated sewage and industrial waste for nearly a century and despite the construction of the 
South Bay International Wastewater Treatment Plant in 1997, transboundary flows have 
continued due to persistent infrastructure failures and capacity shortfalls on both sides of the 
border (Cysneiros et al,, 2025; Venn and Sant, 2026). The earliest documented complaints about 
sewage reaching IB date the 1930s, when Tijuana's population was only 14,000 (Selgi-Harrigan, 
2025; 1934; Schoenherr, 2015). The pollution crisis has persisted due to a combination of 
structural and political factors (Dedina, 1995; Anderson, 2018). Untreated wastewater enters the 
river through poorly maintained infrastructure, and transboundary flows increase during heavy 
precipitation, which overwhelms diversion capacity on both sides of the border (EPA 2025b). 
Tijuana's rapid population growth, deteriorating treatment infrastructure, and the near-complete 
disrepair of the South Bay International Wastewater Treatment Plant have worsened the crisis 
(Musegaas, 2024; Rico et al., 2025). The impact of the pollution on nearby communities is severe 
and ongoing. Residents of South Bay, San Diego, which encompasses both IB and SY, have 
reported a wide range of chronic health symptoms attributable to hydrogen sulfide (H₂S) and 
other airborne pollutants released from untreated wastewater (Rico et al., 2025). 

Recent studies have focused on the link between pollution in the TR and outdoor air pollution in 
surrounding South Bay communities (Pendergraft et al., 2021; Pendergraft et al., 2023; Cooper et 
al., 2025; Rico et al., 2025; Cysneiros et al., 2025). The results of Pendergraft et al., (2023) and 
Cooper et al., (2025) identified the transfer of harmful pollutants and bacteria from the TR into 
the air from sea spray aerosol (SSA). H₂S has been identified as a fingerprint of TR pollution 
and, along with other volatile organic compounds (VOCs), serves as a precursor to secondary 
aerosol formation (Rico et al., 2025; Cysneiros et al., 2025). It is well characterized in the 
literature that H₂S can undergo atmospheric full oxidation via the OH radical to yield H₂SO4, and 
H₂SO4 has been shown to enhance new particle formation (Seinfeld and Pandis, 2016; Lehtipalo 
et al., 2018; Sipila et al., 2010). TR H₂S is important to this study due to its likely status as a gas 
phase tracer for TR pollution events and due to its contribution to secondary aerosol formation, 
including PM₁, which can be traced to indoors (Rico et al., 2025, Cysneiros et al., 2025). While 
outdoor air quality impacts associated with the river have received growing attention, the extent 
to which these emissions influence indoor air quality in nearby communities has not been 
studied.  
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1.2 Indoor and Outdoor Air Pollution 
Air pollution is a leading global public health threat, responsible for an estimated 4.2 million 
premature deaths worldwide annually (WHO, 2024; Liu et al., 2025; Clark et al., 2025). In 
addition to ambient air pollution, indoor air quality (IAQ) has emerged as a critical but 
comparatively understudied area of research (Siddique et al., 2023).  Residents of developed 
countries spend approximately 90% of their time indoors, underscoring the importance of 
understanding how indoor environments shape overall pollution exposure (Klepeis et al., 2001; 
WHO, 2001; Ageel et al., 2021; Dimitroulopoulou et al., 2023). The US Environmental 
Protection Agency (EPA) upholds the National Ambient Air Quality Standards (NAAQS) which 
mandates limits on outdoor criteria pollutants but fails to regulate any indoor pollutants (EPA, 
2025a). The only mandates aimed at indoor air quality in the United States are standards set by 
the Occupational Safety and Health Administration (OSHA) which regulate the workplaces, 
leaving a gap in the field for regulations regarding residential buildings (Siddique et al., 2023). 
While the gap between indoor and outdoor mandates persists, there is a growing global trend of 
countries beginning to research and develop IAQ standards to further advance the field (Siddique 
et al., 2023; WHO, 2010; Settimo et al., 2023; Adjei and Afriyie, 2025). In this study we utilize a 
similar approach to Afroz et al. (2023), in developing a low-cost sensor network (LCNs). 
 

1.3 Low-Cost Sensor Networks 

Recent advances in low-cost air quality sensors have enabled the rapid development of 
distributed monitoring systems globally by offering a scalable approach to continuous 
monitoring and generating localized data at fine spatial and temporal scales, complementing 
existing regulatory monitor networks (Bagkis et al., 2025; Rogulski and Badyda, 2019). LCNs 
are uniquely positioned to contribute to studies aimed at distinguishing indoor from outdoor 
pollution sources (Casado-Mansilla et al., 2025; Bagkis et al., 2025). Most buildings act as 
incomplete filters, letting fine particles in and leading to worsening IAQ (Rathbone et al., 2025). 
Source apportionment studies using paired indoor and outdoor sensors have found that outdoor 
infiltration can account for a vast majority of the smallest indoor particles, while indoor activities 
such as cooking produce the sharpest concentration spikes (Higgins et al., 2024; Rose et al., 
2024). Outdoor contribution to fine indoor particles is especially evident during point source 
pollution events, including wildfires, dust storms, and proximity to pollution activities and/or 
facilities, all of which are events that have been studied utilizing LCNs (He et al., 2015, 
Alonso-Pérez and López-Solano, 2023;  Kortoçi et al., 2022; Dev et al., 2021). Despite these 
contributions, important limitations temper the utility of LCN data. Sensor accuracy varies with 
humidity, temperature, and cross-sensitivity to other gases, and the absence of standardized 
validation frameworks makes cross-study comparison difficult (Silva et al., 2026). A review of 
40 studies found that nearly 78% did not report calibration details, and many sensors require 
recalibration approximately every six months (Ródenas García et al., 2022). Standardization of 

https://egusphere.copernicus.org/preprints/2024/egusphere-2024-1004/egusphere-2024-1004-manuscript-version2.pdf
https://www.nature.com/articles/s41598-025-85985-1
https://www.tandfonline.com/doi/full/10.1080/10962247.2026.2624795


8 
 

calibration protocols and performance benchmarks remains an ongoing challenge that limits the 
integration of LCN data into regulatory frameworks. Building off the existing QuantAQ network 
in the SD South Bay from Cysneiros et al. (2025), we deployed our own indoor LCN to 
determine infiltration rate, I/O ratio, and PM₂.₅/PM₁ ratio (Leung, 2015; Ciuzas et al., 2015; Abt 
et al., 2000; Nazaroff, 2021). 

This paper investigates the relationship between TR pollution and residential indoor air quality in 
the IB and SY communities. Indoor air quality data collected by the study is compared to 
outdoor pollution events tied to TR pollution. By integrating community-based monitoring with 
environmental analysis, this research expands the existing LCN and provides insight into how 
proximity to a polluted river influences indoor air quality.  

Methods 

2.1 Study Area  

This study was conducted in the South Bay region of San Diego County, CA (Figure 1), located 
immediately north of the US–Mexico border, and encompassing the communities of IB and SY, a 
predominantly low-income, Latino population. The South Bay region sits at the intersection of 
three distinct outdoor PM sources. Located about 1 km to the south of the outdoor reference 
monitoring station used in this study (referred to as the Prather Mobile Lab, or PML), the Tijuana 
River corridor (Stigler-Granados et al., 2021; Cox, 2022) is a documented source of H₂S and 
secondary PM₁ that reaches South Bay communities under favorable meteorological conditions 
(Rico et al., 2025; Cysneiros de Carvalho et al. 2025). A turbulent TR section at Saturn 
Boulevard (32.559°N, 117.093°W) has been identified as the primary H₂S emission hotspot due 
to enhanced water-to-air transfer through hydraulic turbulence, referred to here as the Saturn 
Blvd. Hotspot (SBH) (Rico et al., 2025). To the west, the Pacific Ocean contributes marine 
aerosol through sea spray; Pendergraft et al. (2021) demonstrated that aerosols generated at the 
IB surf zone can travel as far as 668 m inland, and Pendergraft et al. (2023) confirmed that IB sea 
spray aerosol carries bacterial and chemical markers traceable to TR-contaminated coastal 
waters. To the east, Interstate 5 and the San Ysidro Port of Entry are established sources of 
traffic-related PM₂.₅ and ultrafine particles from heavy-duty diesel vehicles and passenger traffic 
(Quintana et al., 2014; Shina and Canter, 2017).  
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Figure 1. Map of the low-cost sensor network including Airgradient, QuantAQ, H₂S analyzer and Saturn Blvd 
Hotspot. There are four co-located sensor locations: AG-12 and AQ-Coast, AG-13 and AQ-TRE, AG-17 and AQ-IB 
City Hall, and AG-19, AQ-PML, and the H₂S Monitor at PML are co-located. 

2.2 Participant Recruitment and Sampling Protocol  
This pilot study was conducted through the Youth Climate Advisors program (YCA), started 
through the Airborne Institute at UC San Diego. YCA connects middle and high school students 
with hands-on scientific research opportunities and assists them in designing and carrying out 
their own experiments focused on targeting how pollution from the TR can impact their air 
quality and daily lives. The students participating in the program are predominately high school 
juniors and seniors residing in the South Bay area. Indoor air monitoring using the AirGradient 
sensors was adapted into the YCA curriculum, and participants were asked for parental consent 
if they were below the age of 18. All students participating received a total of $100 in gift cards 
for their participation. Seven participating high school students hosted indoor air quality 
monitors in their homes, completed household characteristic surveys, and recorded observational 
data throughout the study period. In addition to the seven YCA participant households, sensors 
were installed in four public and institutional buildings: a high school classroom, the Tijuana 
River Estuary Visitors Center, and the Imperial Beach City Hall. 
 
Indoor air sampling was conducted from April 2 through 28, 2026. Participants were trained on 
how to install the AirGradient in their residence and sensors were installed in the living room or 
kitchen of each participants' households. Each residence differed from each other in terms of 
ventilation, heating, and air conditioning system (HVAC), as well as type of dwelling. All 
sampling locations used were chosen based on their proximity to the Saturn Blvd Hotspot. 
Detailed information about the differences in residential buildings is available in SI Table S1. 



10 
 

Residential addresses are not included to protect the privacy of participants. Data on household 
characteristics like cooking fuel type, ventilation practices, air filtration, heating systems, and 
resident behaviors, collected via survey results, are used to characterize baseline indoor pollutant 
levels. 

2.3 Monitoring network and instrumentation 

2.3.1 Sensor Specifications 
The AirGradient ONE Model I-9PSL (AirGradient Co. Ltd., Thailand) and the MODULAIR by 
QuantAQ Inc (Somerville, MA, USA) were the two low-cost sensors utilized in this study. The 
Air Gradient ONE measures particulate matter of 10 (PM10), 2.5 (PM₂.₅), 1 (PM1) and 0.3 (PM0.3) 
micrometers or less in diameter, carbon dioxide (CO2), total volatile organic compounds 
(TVOCs), nitrogen oxides (NOX), temperature, and humidity and has been utilized in other 
publications for low cost indoor air studies (Okkonen et al., 2025; Qian et al., 2025; Zaky et al., 
2025). The AirGradient utilizes a Plantower PMS5003 optical particle sensor to detect particles 
ranging in diameter from 0.3 to 10 µm. Laser light scattering is transformed directly to a mass 
concentration based on internal calibration algorithms (Zaky et al., 2025). The sensor measures 
mass concentrations of particulate matter from 0 to 500 μg m-3 with an accuracy of ±10 μg m-3 
below 100 μg m-3, and ±10% of readings between 100 and 500 μg m-3 according to manual 
specifications. To measure TVOCs and NOX the AirGradient uses the Sensirion SGP41 
TVOC/NOX sensor which can measure between 1-10,000 ppb for typical indoor air pollutant 
gases. The Sensirion uses ethanol as a proxy gas for typical VOC based indoor air events 
(Sensirion, 2021). The MODULAIR utilizes a similar measurement technique to the AirGradient 
for particles but integrates a nephelometer with single particle scattering to detect particles 
(QuantAQ). The QuantAQ MODULAIR monitors used in this study are the same instruments 
deployed by Cysneiros de Carvalho et al. (2025) in their characterization of TR contributions to 
regional PM₁, providing direct methodological continuity between the two studies. 
 

2.3.2 Sensor Network and Survey 
SI Table S1 summarizes the household and building characteristics for all sensor locations. Key 
variables include location, cooking fuel type, ventilation practice, and mechanical filtration. 
AG-11 is deployed in a school classroom with central air conditioning, an air purifier, and 
windows that remain closed, providing a near-zero indoor source baseline and representing the 
most effectively filtered location in the network. AG-17 (Imperial Beach City Hall) and AG-13 
(TJ River Estuary Visitors Center) are public buildings with controlled HVAC and no cooking 
activity; AG-13 data are available only from April 13 onward due to a delayed deployment. 
AG-19 is co-located with the PML and serves as an outdoor ambient reference rather than an 
indoor sensor. 
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2.3.3 Sensor Validation 

AirGradient indoor PM₂.₅ concentrations are automatically corrected by the device firmware 
using the US EPA national correction equation for PurpleAir-class PMS5003 optical particle 
counters (Saladin, 2024; Barkjohn et al., 2021). No validated national correction equation exists 
for PM₁, which is not a federally regulated pollutant. 

Optical particle counters are often impacted by fluctuations in relative humidity (RH), especially 
at or above RH 75%, leading to error in particle counts (Giordano, et al., 2021). Consequently, to 
validate the performance of the AirGradient indoors, a comparison between the AirGradient and 
a laboratory reference grade sizing instrument: Optical Particle Sizer (OPS) (TSI Inc.) was 
performed indoors at 46-50% RH (measured by the AirGradients). Combustion aerosol was 
generated by igniting and extinguishing a candle. Raw OPS particle number size distributions 
(dN/dlogDp, #/cm³) were converted to PM₁ and PM₂.₅ mass concentrations by numerical 
integration across the relevant size bins assuming spherical particles and bulk density of 1.0 
g/cm³ (Mostafa et al., 2021; Pagels et al., 2009). Sensor-specific simple linear regression (SLR) 
calibration equations were derived independently for each unit (Franken et al., 2019): 

PMcalibrated = βPM · PMraw + β₀ 

where βPM is the regression coefficient and β₀ is the y-intercept. PM₁ regression coefficients 
(β_PM₁) ranged from 0.283 to 0.563 (mean 0.43 ± 0.07 SD) and PM₂.₅ coefficients from 0.460 to 
0.743 (mean 0.58 ± 0.09 SD) (SI Table S2). Additional methodology can be found in SI Table S2 
shows the uncalibrated vs calibrated AirGradient PM₁ compared to OPS Reference standard. 

Raw firmware PM1 outputs are used for network-level analysis because the sensors perform 
consistently enough, with a mean correlation of 0.97, for relative comparisons across the network 
(Malings et al., 2019). The calibration derived here is not applied to the data because it was 
conducted under a single controlled burn event with limited temperature and humidity variation, 
which is not sufficient to produce reliable correction factors for deployment conditions. A 
redesigned calibration protocol utilizing known aerosol sizes and spanning a broader range of 
environmental conditions is recommended before individual sensor corrections are applied.  

2.3.4 CO2 Decay Experiments 
To test the response to CO2, the AirGradients were placed in a controlled laboratory space, with 
no active ventilation, save for a small rotating fan. Dry ice, filled halfway of the volume of a 
small 1-gallon cooler, was placed in the room. Sensors were placed approximately 2.74 meters 
away from the dry ice. Following the procedure outlined in Afroz et al. (2023), sensors were 
allowed to reach 3000 ppb CO2 then the dry ice was removed from the room. The sensors were 
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monitored until the background concentration of 450 ppb CO2 was reached again. CO2 decay 
experiments are shown in SI Figure S2. 

2.4 Indoor Source Detection 

Indoor particulate matter concentrations in residential settings are influenced by both outdoor 
infiltration and indoor combustion sources, particularly cooking. Without source separation, 
indoor combustion events, which produce sharp, high-magnitude PM₁ spikes unrelated to 
outdoor air quality, would confound the outdoor-to-indoor signal that is the primary focus of this 
study. 

A five-layer detection framework was applied to all AirGradient indoor PM₁ data at 5-minute 
resolution (see SI Table S3). Each layer produces a binary signal that contributes to a confidence 
score: Layer 1 (L1) flags periods within survey-derived cooking hours for each household (see 
Table 1. for sensor-specific hours); Layer 2 (L2) applies a sensor-specific absolute PM₁ spike 
threshold (ranging from 2.0 µg/m³, at institutional locations, to 12.0 µg/m³) and is required for 
any flag to be assigned; Layer 3 (L3) uses CO₂ elevation as a combustion corroborator, operating 
as a checkpoint for closed/mechanically ventilated buildings; Layer 4 (L4) flags periods where 
the PM₁₀/PM₁ ratio exceeds 2.5, indicating a coarse-mode particle shift characteristic of indoor 
combustion (Morawska et al., 1999); and Layer 5 (L5) flags periods where indoor PM₁ is 
elevated while outdoor PM₁ is below 10 µg/m³ and the indoor/outdoor ratio exceeds 2.0, 
indicating indoor-source decoupling from outdoor conditions (Meng et al., 2005). All periods 
meeting L2 and at least one additional criterion were flagged as likely cooking events and set to 
NaN, producing the cooking filtered dataset. Flagging rates ranged from 0.6% (AG-11) to 18.6% 
(AG-9); full rates and per-sensor thresholds are reported in SI Table S3. The cooking filtered 
dataset was used to calculate the infiltration factor estimation, statistical analyses 
(Mann-Whitney U tests, Spearman lag correlations), boxplots, and correlation matrices 
throughout this study. 

2.5 TR Pollution and IAQ 

2.5.1 Hydrogen Sulfide as a TR Pollution Tracer 
H₂S mixing ratios were measured in parts per billion (ppb) by a UV fluorescence analyzer (H₂S 
Analyzer Teledyne T101; Teledyne API) co-located with MOD-00370 at 1-minute resolution. 
H₂S is a well-established chemical tracer for anaerobic decomposition in wastewater-impacted 
water bodies, and the Tijuana River corridor is documented as a significant regional H₂S source 
(Rico et al., 2025).  
 
Gas phase species can contribute to new particle formation when they nucleate to form small 
clusters of sub-1 nm particles. H₂S mixing ratios are expected to contribute to particulate 
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pollution by undergoing atmospheric oxidation with the hydroxyl radical (El Masri et al., in 
prep). Complete oxidation of H₂S is expected to form H₂SO4. Sulfuric acid is known to 
correspond to new particle formation (NPF) events by forming stable clusters of H₂SO4 
(Seinfeld and Pandis, 2016). H₂S oxidation to sulfate aerosol is driven by photochemical 
reactions with hydroxyl radicals (OH), meaning  elevated H₂S concentrations, which peak 
nocturnally under stable boundary layer conditions, are not always coincident with peak PM₁, but 
rather precede it by hours as the overnight H₂S is processed into secondary sulfate aerosol during 
the following morning's photochemical activity (Seinfeld and Pandis 2016). This photochemical 
lag explains the temporal offset between nocturnal H₂S spikes and the mid-morning outdoor PM₁ 
peaks observed on High H₂S + PM₁ event days in this study. Taken together, H₂S serves as a 
chemical fingerprint of active TR emissions, while outdoor PM₁ integrates both the primary 
aerosol transported from the TR corridor and the accumulated secondary aerosol formed from 
TR gaseous precursors under photochemical and nocturnal oxidation pathways (Rico et al., 2025; 
Cysneiros de Carvalho et al., 2025) 

2.5.2 Pollution Event Criteria 
Daily H₂S and outdoor PM₁ observations were classified into three mutually exclusive event 
categories: High H₂S, High H₂S + PM₁, and Clean reference.  

H₂S event days were defined as any day on which the 1-hour rolling mean H₂S concentration at 
the PML exceeded 30 ppb at any point during the 24-hour period. This threshold is based on the 
California Ambient Air Quality Standard for H₂S of 30 ppb (1-hour average; CARB, 2024). 

PM₁ event days were defined as any day on which the 1-hour rolling mean outdoor PM₁ 
concentration at the PML exceeded the top quartile at any point during the 24-hour period and 
where outdoor PM₂.₅ concentration exceeded 9 µg/m³. There are no PM₁ standards, which is why 
this dual threshold framework is being used. This framework ensures there is outdoor pollution 
that day (via the PM₂.₅ threshold) while also selecting days with elevated outdoor PM₁. The 9 
µg/m³ threshold aligns with the NAAQS standard for PM₂.₅ (annual mean, averaged over 3 
years).  

The most representative dates for each pollution scenario were April 5 (High H₂S), April 8 and 
24 (High H₂S + PM₁), and April 13 (Clean reference). Notably, under the hybrid classification 
framework, no days in the study period were classified as High PM₁ only. Every day which met 
the High PM₁ threshold also recorded a 1-hour H₂S maximum exceeding 30 ppb, indicating that 
PM₁ elevation in the South Bay during this period was consistently co-occurring with TR 
gaseous emissions. Because this study uses PM₁ to trace outdoor to indoor pollution from the 
TR, comparisons will largely be between clean reference days and High H₂S + PM₁ days. 
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2.5.3 Atmospheric Variables 

Atmospheric variables including mixing layer height (MLH), river stage, wind speed and 
direction, temperature, RH, and solar radiation, were compared across all event scenarios to 
establish the meteorological context of each event type.  

MLH (m), shortwave radiation (W/m²), and direct radiation (W/m²) were obtained from the 
Open-Meteo ERA5 reanalysis archive at hourly resolution (32.5654°N, 117.0905°W) for April 
2–28, 2026 and were forward filled. MLH governs the vertical volume available for pollutant 
dilution and ranges from 10 to 1,255 m. ERA5 MLH estimates are derived from the planetary 
boundary layer height diagnostic in the ECMWF model and have been validated against 
radiosonde observations at coastal sites by Seidel et al. (2012). 
 
The TR river stage was identified by Cysneiros et al. (2025) as an important factor in increased 
PM₁ levels in the IB region. Water level (stage, meters) was obtained from USGS gauge 
11013101 at 15-minute resolution via bulk export through April 28, 2026. This gauge measures 
discharge at the US–Mexico International Boundary, directly reflecting transboundary 
wastewater and stormwater flow from the Tijuana watershed. River flow is a positive predictor 
of H₂S water-to-air transfer at the turbulent Saturn Boulevard hotspot; Rico et al. (2025) showed 
that H₂S levels decreased nearly 95% following a sudden reduction in transboundary wastewater 
flow, confirming river discharge as the dominant source control (Wallace and Ott, 2023). For 
meteorological parameters such as wind speed, wind direction, temperature, and relative 
humidity, data from the QuantAQ PML was used.  

2.6 Indoor-outdoor source separation  
PML was used as the PM₁ and PM₂.₅ outdoor reference in the following sections due to 
proximity to TR, allowing us to approximate the TR derived exposure. This section uses two size 
fractions to characterize different aspects of TR indoor infiltration. Indoor PM₁ with the cooking 
filter applied is used for the indoor-to-outdoor (I/O) ratio analysis because it is most directly 
linked to TR-derived secondary aerosol at this site (Cysneiros de Carvalho et al., 2025) and 
provides better signal separation from coarser indoor sources (Bousiotis et al., 2023). PM₂.₅ is 
used for infiltration factor estimation, toxicity potential, and cumulative exposure because it is 
the only fine particle size fraction with a validated EPA correction equation, WHO health 
guideline, and published decomposition methodology (Barkjohn et al., 2021; WHO, 2021; 
Wallace and Ott, 2023; Chen and Zhao, 2011). The transition between metrics is supported by 
the strong correlation between outdoor PM₁ and PM₂.₅ at the PML across the study period 
(Spearman ρ = 0.977, p < 0.001).  
 

https://pubs.acs.org/doi/10.1021/acs.est.5c08369?fig=tgr1&ref=pdf
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2.6.1 Indoor to Outdoor Ratio (I/O) 

The indoor-to-outdoor (I/O) ratio is a widely used metric in indoor air quality research for 
quantifying the relationship between indoor and outdoor pollutant concentrations and 
distinguishing between pollutants that originate indoors versus those that infiltrate from outside 
(Dockery and Spengler, 1981; Chen and Zhao, 2011). As much as 30%–75% of indoor PM2.5 
pollution is due to the outdoor environment (Dockery & Spengler, 1981; Jenkins et al., 1992). 
The I/O PM₁ ratio was computed for each indoor sensor as the ratio of filtered indoor PM₁ to 
simultaneous outdoor PM₁ at PML. PML was used as the outdoor reference due to its proximity 
to the Saturn Blvd hotspot. I/O ratios were computed at 5-minute resolution and aggregated to 
study-period means and event-type means.  

An I/O ratio of 1.0 indicates that indoor and outdoor concentrations are equal, with no net 
reduction or amplification by the building envelope. A review of 77 studies covering more than 
4,000 homes found that the average I/O ratio for PM₂.₅ is approximately 1.0, with significant 
variability explained by building characteristics and ventilation behavior (Chen and Zhao, 2011). 
Values below 1.0 indicate building filtration or restricted air exchange; values above 1.0 indicate 
a net indoor source contribution where indoor activity generates more PM than the building 
removes (Hagan and Kroll, 2020; Rosenberg, 2012).  

2.6.2 PM₁ Source Decomposition, and TR-Attributable Indoor Exposure 

To isolate how much indoor PM₁ came from outdoor pollution, total indoor PM₂.₅ was 
decomposed into three components following Wallace and Ott (2023): 

  𝐶
𝑡𝑜𝑡𝑎𝑙

 =  𝐶
𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

+  𝐶
𝑜𝑢𝑡𝑑𝑜𝑜𝑟

+  𝐶
𝑖𝑛𝑑𝑜𝑜𝑟

Cbackground is the indoor baseline, estimated using the two clean reference days within the study 
period (April 13 and April 25). This component represents dust and other permanent indoor 
sources and was subtracted as a constant for each sensor. Coutdoor is the calculated 
outdoor-attributable component, taken as the fraction of outdoor pollution that penetrates indoors 
at each 5-minute window. It is calculated as: 

  𝐶
𝑜𝑢𝑡𝑑𝑜𝑜𝑟   

=  𝐹 𝑥 𝐶
𝑃𝑀𝐿

where F is the sensor-specific infiltration factor (the fraction of outdoor PM₂.₅ that gets inside) 
and CPML is the observed outdoor PM₂.₅ at the QuantAQ PML. Cindoor represents indoor pollution 
sources like cooking, candles, cleaning, and other episodic indoor sources. It is computed as Ctotal 
− Cbackground − Coutdoor (with any negative values set to zero).  
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The infiltration factor F was estimated separately for each sensor by ordinary least squares 
regression of (Cindoor − Cbackground) on CPML during periods when outdoor PM₂.₅ exceeded 5 µg/m³ 
and no cooking activity was detected. These windows represent times when the indoor sensor is 
responding primarily to outdoor infiltration, so the slope of the regression, how steeply indoor 
PM₂.₅ rises as outdoor PM₂.₅ rises, measures what fraction of outdoor PM₂.₅ gets inside. A steep 
slope means a leaky building; a flat slope means a well-sealed or filtered one. Regression plots 
for all sensors are provided in SI Figure S3. Wallace and Ott (2023) define a Forbidden Zone, 
which is an upper boundary where no observations should appear below if F is constant and is 
applicable to all data points. Forbidden Zone diagnostics revealed substantial violation rates 
(27–89%) consistent with variable ventilation behavior, indicating that F represents a 
characteristic infiltration rate under active ventilation conditions rather than a time-invariant 
constant (Wallace and Ott, 2023).  

C_outdoor is used for toxicity potential and cumulative exposure calculations as it better 
quantifies the TR-specific outdoor contribution to indoor PM₂.₅ at each 5-minute window. All 
other analyses, correlation matrices, boxplots, and statistical tests, use the cooking-filtered indoor 
PM₁ dataset.  

2.6.3 Toxicity Potential 

To express the TR-attributable indoor pollution burden in terms that are meaningful for human 
health, a toxicity potential (Tp) metric was calculated for each sensor. Tp is a dimensionless 
health risk index that expresses indoor PM₂.₅ concentration as a fraction of a recognized 
health-based guideline threshold (Zaman et al., 2021; Ayodele et al., 2016; Chamseddine et al., 
2019). In this study, Tp represents the fraction of the WHO 24-hour PM₂.₅ guideline (15 µg/m³) 
attributable to TR outdoor infiltration on a given event day (WHO, 2021). To enable fair 
comparison across event categories with unequal day counts (Clean: n = 3, High H₂S: n = 15, 
High H₂S + PM₁: n = 8), Tp was first averaged within each event day and then averaged across 
days within each category, giving a per-day Tp that is independent of the number of days in each 
category. Tp was calculated as: 

 𝑇
𝑝

= (𝐹 𝑥 𝐶
𝑃𝑀𝐿

)/15

where F is the sensor-specific infiltration factor and outdoor PM₂.₅ is the simultaneous 
measurement at PML (Shah et al., 2021). The numerator is the estimated TR-attributable indoor 
PM₂.₅ at each 5-minute window, the same Coutdoor calculation described in Section 2.4.2, applied 
to PM₂.₅ rather than PM₁. Dividing by 15 µg/m³ scales the result to the WHO guideline, which 
recommends that 24-hour average exposures should not exceed 15 µg/m³ more than 3–4 days per 
year. A Tp of 1.0 means TR derived pollution alone is responsible for indoor PM₂.₅ reaching the 
guideline threshold, and a Tp of 0.1 means TR derived pollution is responsible for 10% of it.  
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2.6.4 Cumulative Exposure 

Cumulative TR-attributable indoor PM₂.₅ exposure (E) was calculated by summing the 
TR-attributable PM₂.₅ concentration at each time interval across the full study period: 

 𝐸 = Σ(𝐹 𝑥 𝐶
𝑃𝑀𝐿

 𝑥 Δ𝑡)

where Δt = 0.083 hours (5-minute interval expressed in hours), summed across all observations 
in the study period, and following the infiltration decomposition of Chen and Zhao (2011) and 
Wallace and Ott (2023). WHO guideline-days, the number of days at continuous guideline-level 
exposure that would produce the same cumulative dose, were computed as E / (15 µg m⁻³ × 24 
h). The result is expressed in µg/m³·h, the total mass concentration of TR-derived PM₂.₅ a 
resident would have inhaled if they were home continuously. An occupancy-weighted version 
was also calculated to reflect that Americans spend approximately 69% of their time specifically 
in their home environment (Klepeis et al., 2001).  

Results and Discussion 

3.1. Atmospheric Drivers of Poor IAQ in South Bay 

The transport and accumulation of TR-derived H₂S and PM₁ in South Bay communities are 
governed by a complex set of meteorological variables acting across different timescales. PM 
concentrations, temperature, relative humidity, wind speed, wind direction, MLH, precipitation, 
river stage, and solar irradiance, are relevant to the TR pollution system and are showcased in SI 
Figure S4 (Lunderberg et al., 2023; Dawson et al., 2007; Miao et al., 2018; Liu et al., 2022). The 
figure also includes H₂S mixing ratios and outdoor PM₁ concentrations at the PML which 
exhibited distinct temporal variability over the study period, consistent with photochemical 
oxidation of H₂S and other co-emitted gas-phase species (Seinfeld and Pandis, 2016). High 
H₂S+PM₁ days, as described in section 2.5.2 make up 8 days within the study period, with all but 
three days in the study exhibiting H₂S > 30 ppb sustained hourly mean. The two clean reference 
days (April 13 and 25) are clearly distinguishable by their near-zero H₂S and low PM₁. SI Figure 
S4 displays the different atmospheric variables and meteorological parameters on clean reference 
versus H₂S+PM₁ days. Clean reference days had higher MLH levels (April 13: 600 m, April 25: 
822.5 m) compared to H₂S+PM₁ days, which averaged 295 m, consistent with the nocturnal 
boundary layer dynamics documented by Rico et al. (2025), who identified stable, low-MLH 
nights coupled with sustained elevated temperatures as the primary meteorological driver of 
extreme H₂S accumulation at this site. TR pollution following low river flow, showed a river 
stage of 0.18 m on April 25 compared to the average H₂S+PM₁ day levels of 0.34 m. April 13 
had a river flow of 0.44 m, which is higher than the H₂S+PM₁ average, suggesting there may be 
other factors contributing to the low PM₁ concentration on the clean reference day. One potential 
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explanation may be the above average wind speed (3.26 m/s on April 13 compared to 2.40 m/s 
on H₂S+PM₁ days), which can contribute to pollution dispersal (IQAir, 2022). Wind direction can 
also determine how pollution is transported to residential communities; with southerly winds 
transporting TR pollution toward IB. The outdoor PM₁ levels on days with northerly wind versus 
southerly wind are statistically significantly different as confirmed by independent t-test, which 
found the mean outdoor PM₁ at the PML on northerly wind days to be statistically lower (5.288 
µg m⁻³) compared to southerly wind days (8.092 µg m⁻³) (T-statistic: -4.637, P-value: 6.973e-06) 
(Issakhov et al., 2024; Hu et al., 2022; Danek et al., 2022). 

Among the meteorological variables examined, outdoor PM₁ at the PML showed the strongest 
Spearman rank correlations with short wave radiation, RH, and wind direction (ρ = 0.388, 0.229, 
0.224, respectively), whereas outdoor H₂S measured at the PML most greatly correlates with; 
MLH, shortwave radiation, and river stage (ρ = -0.570, -0.553, 0.339, respectively) (SI Table S5) 
(Danek et al., 2022).  

3.2. Indoor Air Quality Across the Sensor Network 

Indoor to Outdoor Signal Across All Sampling Locations 

Heatmaps were used to visualize the pollution gradient at locations moving farther from the 
Saturn Boulevard Hotspot. Figure 2 shows how outdoor PM₁ corresponds to indoor PM₁ at 
different locations in the South Bay region.  PM₁ concentration is low across sensors on 
identified clean days including April 13 and April 22, in comparison to days like April 5, 8, 9, 
10, 14, 18, and 24 which see strong PM₁ signals across sensors. Indoor sensors AG-9 and AG-3 
exhibit PM₁ patterns independent of TR pollution. The deviation of these sensors from the 
outdoor PM₁ measured at PML may be attributed to San Ysidro specific traffic, given its 
proximity to I-5, I-805, and State Route 54 (SR-54) and the San Ysidro Port of Entry, due to 
higher correlation values between AG-9 and AG-3 with QuantAQ SY (0.53, 0.60) (Quintana et 
al., 2014; Dumbauld, 2011). There are likely other indoor events happening, as the PM1 events at 
the AG monitors are much higher than what is occurring at QuantAQ SY. We cannot distinguish 
between how SY pollution impacts IAQ at those sites from TR pollution, and for that reason do 
not conduct further analysis on the indoor SY locations. There are still important public health 
implications for these locations, as they are experiencing very high daily indoor PM₁ pollution.  
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Figure 2. Diurnal PM₁ heatmaps at all South Bay sensor locations April 3-28. Color intensity represents PM₁ 
concentration (µg m⁻³) at 5-minute resolution across the full 24-hour local day. Yellow coloring indicates a higher 
PM₁ concentration and blue represents a lower concentration. The five outdoor reference rows above the white 
dividing line show raw outdoor PM₁ measured directly by the QuantAQ monitors. Indoor sensor rows below the 
dividing line show filtered indoor PM₁, with high-confidence cooking events removed. White gaps indicate windows 
flagged by the cooking detection algorithm. Sensors are ordered from top to bottom by increasing distance from the 
Saturn Boulevard hotspot. Color scale is fixed at 0–15 µg m⁻³ across all panels.  

To visualize the difference between clean and H₂S+PM₁ days, Figure 3 compares heatmaps from 
April 8, 13, and 24 which represent the top two H2S+PM1 days, and a clean reference day. 
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Figure 3. Diurnal PM₁ heatmaps at all South Bay sensor locations across three contrasting outdoor pollution days: 
(a) April 8 (Top H₂S + PM₁), (b) April 13 (clean reference), and (c) April 24 (Top H₂S + PM₁). Color intensity 
represents PM₁ concentration (µg m⁻³) at 5-minute resolution across the full 24-hour local day. The two outdoor 
reference rows above the white dividing line (QuantAQ PML and QuantAQ City Hall) show raw outdoor PM₁ 
measured directly by the QuantAQ MODULAIR monitors. Indoor sensor rows below the dividing line show filtered 
indoor PM₁, with high-confidence cooking events removed. White gaps indicate windows flagged by the cooking 
detection algorithm. Sensors are ordered from top to bottom by increasing distance from the Saturn Boulevard 
hotspot. Color scale is fixed at 0–15 µg m⁻³ across all panels.  

Outdoor PM₁ at QuantAQ PML is elevated throughout the entire day, peaking (yellow, >14 
µg/m³) between 06:00 and 14:00 (Figure 3a). QuantAQ City Hall shows a similar but slightly 
muted and delayed pattern, reflecting the spatial gradient between the Saturn Boulevard hotspot 
and the City Hall location. AG-15 (IB) and AG-7 (IB) both show clear indoor responses peaking 
around 10:00–14:00, though with larger white cooking gaps. The persistence of elevated indoor 
PM₁ across most of the daytime period, rather than a single brief spike, distinguishes April 8 as a 
sustained outdoor event rather than an episodic one. AG-11 and AG-12 remain near-zero 
throughout, with AG-11 showing a signal around midday.  

April 24 the QuantAQ sensors record PM₁ levels near zero from midnight through approximately 
05:00 local time at the PML and 06:00 local time at IB City Hall, which then rises sharply to 
peak (yellow, >14 µg/m³) until 09:00, before rapidly declining (Figure 3b). This midmorning 
outdoor peak may reflect photochemical processing of overnight H₂S and other gas-phase 
emissions into secondary aerosols under increasing solar radiation (Cysneiros et al., 2025; Sbai 
et al., 2021; Xu et al., 2023; Malecha and Nizkorodov, 2016). AG-15 and AG-17 show moderate 
responses. AG-17 (City Hall) and AG-11 (Classroom) remain near-zero throughout, confirming 
institutional building protection. White gaps at AG-15 and AG-7 around 10:00–11:00 are 
cooking-flagged windows, coinciding with the outdoor peak. 
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The outdoor PM₁ at QuantAQ PML and City Hall are near-zero throughout the entire day (Figure 
3c). All indoor sensors also read near-zero with only two exceptions: AG-15 and AG-9 show 
brief yellow flashes throughout the day that are likely residual cooking activity or other indoor 
sources that passed through the moderate cooking filter. Their presence on the clean reference 
day confirms they are indoor-source events unrelated to TR pollution. 

The outdoor-to-indoor coupling is strongest on April 8 with every AirGradient sensor responding 
to elevated outdoor PM1, and April 13 exhibits the weakest indoor responses where outdoor PM₁ 
provides no driving force.  

Diurnal Variability of Indoor PM₁ Classified by Event Type 

Analysis of indoor PM₁ by event type and separated by day and night shows that H2S + PM₁ days 
produce significantly elevated indoor concentrations across most sensor households during 
daytime hours, with slightly muted elevation during nighttime hours. Figure 4 displays the 
distribution of daily maximum indoor PM₁ across the sensor network, separated by event type 
and time of day. Sensors are in order of distance from the PML. Daily maximum PM₁ captures 
peak exposure events within each day, the highest 5-minute concentration a resident would have 
experienced, rather than sustained average exposure, making it a relevant metric for 
understanding acute indoor PM₁ burden. 

 

Figure 4. Indoor PM₁ average daily maximum by pollution event type and time of day across the South Bay sensor 
network, April 3–28, 2026. Each box represents one sensor's indoor PM₁ average daily maximum within the given 
event type and time-of-day period; sensors are ordered left to right by increasing distance from the Saturn Boulevard 
hotspot within each event group. Box spans the interquartile range (IQR, 25th–75th percentile); horizontal line 
shows the median; whiskers extend to the 9th and 91st percentiles. All values are from the filtered indoor PM₁ 
dataset, with high-confidence cooking events removed. Event classification uses boundaries: Clean = no threshold 
met; High H₂S + PM₁ = max hourly H₂S ≥ 30 ppb, 1-hour rolling PM₁ ≥ study-period top quartile, and daily mean 
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PM₂.₅ ≥ 9 µg m⁻³. Panel (a): daytime observations (06:00–19:59 PDT); Panel (b): nighttime observations 
(20:00–05:59 PDT).  

On clean reference days, daily maximum indoor PM₁ remained near zero at every sensor, 
confirming that in the absence of outdoor TR pollution, indoor PM₁ stays low regardless of 
building type (Figure 4a). On High H₂S + PM₁ event days the contrast is significant. AG-19, 
located inside the PML about 1 km from the Saturn Boulevard hotspot, shows a median daytime 
peak exceeding 20 µg m⁻³, illustrating the acute exposure burden experienced by anyone in direct 
proximity to the emission source. Among residential IB sensors, AG-15 and AG-7 show the 
highest peak responses, with median daytime maximums around 8–10 µg/m³ on event days, 
while the institutional sensors AG-11 and AG-17 remain substantially lower, consistent with 
their building filtration characteristics. AG-12 shows a notably wide distribution on event days, 
reflecting potential coastal influence and its variable window behavior. 

Despite TR H₂S emissions being predominantly nocturnal, nighttime daily maximum PM₁ is 
generally lower than daytime at most sensors, even on High H₂S + PM₁ event days (Figure 4b). 
AG-19 shows a median nighttime peak around 15 µg/m³, lower than its daytime peak, and 
residential sensors AG-7 and AG-15 show median nighttime peaks of approximately 6 µg/m³. 
This daytime-nighttime asymmetry is consistent with the photochemical secondary aerosol 
formation that drives daytime PM₁ peaks and requires solar radiation. On High H₂S-only nights, 
H₂S is present but outdoor PM₁ has not yet accumulated to event-day levels, so indoor PM₁ 
remains low regardless of building permeability. 

Across both panels, the pattern is consistent: High H₂S + PM₁ event days produce substantially 
elevated indoor PM₁ peaks at every sensor compared to clean reference conditions, with the 
magnitude of the peak determined primarily by building permeability and proximity to the 
source. 

Paired t-test results confirm that indoor PM₁ on High H₂S + PM₁ event days is significantly 
higher than on clean reference days at every sensor in the network (all p < 0.001; SI Table S6). 
Mean indoor PM₁ on High H₂S + PM₁ days relative to clean reference conditions increase most 
dramatically at AG-3 (0.021 to 3.98 µg m⁻³), AG-7 (0.039 to 4.75 µg m⁻³), and AG-9 (4.26 to 
14.0 µg m⁻³). Even institutionally filtered sensors show statistically significant elevations with 
AG-11 increasing from 0.017 to 0.192 µg m⁻³ (p < 0.001) (SI Table S6). These results suggest 
that IAQ for community members living near the TR is likely adversely impacted by days with 
higher fine PM1 concentrations outdoors. 

Indoor-Outdoor Signal 

Indoor PM₁ response to outdoor conditions shows enhanced PM1 across the LCN on H2S+PM1 
days. Figure 5 compares indoor PM₁ to the outdoor PML PM₁ levels at three different sensor 
locations on three different days. April 8 and 24, which represent the two highest PM₁ days at the 
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PML, are plotted alongside April 13, the clean baseline day. Figures 5a, 5d, and 5g show results 
for AG-7 on each selected day; Figures 5b, 5e, and 5h show results for AG-11; and Figures 5c, 
5f, and 5i show results for AG-17.  

 

 

Figure 5. Indoor PM₁ at three South Bay sensor locations across three contrasting outdoor pollution days. April 8 
(High H₂S+PM₁, top row), April 13 (clean reference, middle row), and April 24 (High H₂S+PM₁, bottom row). Blue 
lines show indoor PM₁ at each AirGradient sensor (PM₁ data filtered, with high-confidence cooking events 
removed); red dashed lines show simultaneous outdoor PM₁ at the QuantAQ PML. Columns correspond to three 
sensors spanning different building types and South Bay communities: AG-7 (residential, always-open windows, 
Imperial Beach); AG-11 (classroom, HVAC + filtration, Imperial Beach); AG-17 (City Hall, sometimes-open 
windows, Imperial Beach). Gaps in indoor time series indicate windows removed by the cooking detection 
algorithm.  
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The highest mean PM₁ levels of the study period occur on April 8, with all three indoor sensors 
responding with elevated indoor PM₁ levels (Figure 5a-c). AG-7, a house located in IB which 
almost always has windows opened and no central AC, most closely follows the outdoor PM₁ 
signal. AG-7’s PM₁ peaks at around 16 µg/m³ at 10:00, which corresponds to the large outdoor 
PM₁ peak that occurs at the same time. There are other smaller peaks throughout the day that are 
most likely cooking events or other indoor pollution events that made it past the cooking filter, 
especially the peak occurring at 18:00, which occurs during the typical cooking hours for this 
sensor (see SI Table S3). AG-11 and AG-17 are both institutional buildings with more insulation 
(although AG-17 has more frequent window usage) and show a reduced response to outdoor PM₁ 
when compared to AG-7. The tie between mechanical ventilation, closed windows, and air 
purification to lower outdoor to indoor pollution transport is corroborated by Adjei et al. (2025).  

Indoor sensors show reduced PM1 concentrations in response to outdoor PM₁ on April 24th 
compared to April 8. Both are high H₂S+PM₁ days, with lower overall concentrations on April 24 
(Figure 5d-f). The reduced PM1 concentrations are likely a result of increased MLH (511 m) on 
April 24 compared to April 8 (227 m). April 24 has a short spike in outdoor PM₁ from 5-9am, 
which in turn led to correspondingly short spikes in indoor PM₁. 

Low outdoor PM₁ levels occur at the PML on April 13, with correspondingly low indoor PM₁ 
levels at AG-7, AG-11, and AG-17 (Figure 5g-i). April 13 is a clean reference day, and the lack 
of indoor PM₁ response on this day corroborates the idea that indoor PM₁ is impacted by outdoor 
PM₁ levels (Bousiotis et al., 2023; Afroz et al., 2023). AG-7 shows mild (2-6 µg/m³) PM1 peaks 
around 7:00, 18:00, 19:00, and 23:00, which correspond to a small morning elevation and two 
smaller peaks around 16:00 and 21:00.   

Collectively, Figures 5 demonstrates that outdoor-to-indoor PM₁ transport in South Bay is both 
significant and strongly influenced by building characteristics. Across all three sensors and both 
event days, indoor PM₁ responded systematically to outdoor forcing, rising on High H₂S + PM₁ 
days and remaining near zero on the clean reference day, confirming that TR-derived outdoor 
PM₁ is the primary driver of indoor PM₁ variability at these locations rather than indoor 
generation. The magnitude of the indoor response, however, differed across sensors exposed to 
identical outdoor conditions, with AG-7 reaching indoor peaks exceeding 15 µg/m³ on April 8 
while AG-11 remained below 8 µg/m³ throughout the same day. The contrast between April 8 
and April 24 further demonstrates that indoor response scales with outdoor event intensity and 
boundary layer conditions, a more spatially confined outdoor PM₁ spike under higher MLH on 
April 24 produced correspondingly attenuated and shorter-duration indoor responses relative to 
the sustained daytime peak on April 8. The clean reference day, April 13, establishes that in the 
absence of outdoor TR forcing, indoor PM₁ at all three sensors remains near background 
regardless of building ventilation characteristics, confirming that the indoor elevations observed 
on event days are attributable to outdoor infiltration rather than indoor sources 
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Correlation between Indoor and Outdoor PM₁ at all Sensors 

Spearman correlation analysis reveals a strong positive relationship between the QuantAQ PML, 
and indoor sensors located in IB. Z score normalization of the data matrix across all indoor and 
outdoor sensors allows for cross comparisons. Weak correlations between Tijuana Estuary 
Visitors Center and the Coast QuantAQ indicate a decoupling from the TR derived pollution with 
PM₁ from indoor air sensors, except for the coastal indoor sensor (AG-12). The PML and IB City 
Hall are located closest to the Saturn Blvd hotspot (about 1 km and 4 km respectively), while the 
Coast and Estuary sensors are positioned closer to the Pacific Ocean (as shown in Fig. 1). 

 

Figure 6. Full-period Spearman rank correlation matrix between indoor AG PM₁ and outdoor QuantAQ PM₁ across 
the South Bay sensor network on High H₂S+PM₁ days. Rows show indoor AirGradient sensors ordered from top to 
bottom by increasing distance from the Saturn Boulevard hotspot; columns show outdoor QuantAQ sensors 
spanning the South Bay network. Correlations are computed at 5-minute resolution across the full study period using 
filtered PM₁ data. Star annotations indicate effect size: *** ρ ≥ 0.70 (strong); ** ρ ≥ 0.50 (moderate); * ρ ≥ 0.30 
(weak); blank < 0.30.  

AG-19, the AirGradient sensor located inside the PML, shows the highest indoor-outdoor 
correlation in the matrix (ρ ≈ 0.85–0.90), consistent with its near-direct exposure to outdoor air 
through the trailer envelope, effectively the most permeable 'building' in the network. Although 
AG-19 co-located with the QuantAQ PML, it is also representative of homes located with the 
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same, if not closer proximity to the hotspot. Both institutionally filtered sensors in Figure 5 show 
weak correlations with most outdoor references (ρ < 0.30), confirming that mechanical filtration 
and sealed building envelopes substantially decouple indoor PM₁ from outdoor conditions across 
the full study period. AG-7, AG-6, and AG-13 all show moderate correlation with outdoor PML 
PM₁ levels, while AG-15 does not show any correlation. This could be because AG-15 has 
strong indoor pollution sources and a noisy signal, likely contributing to hiding a potential 
correlation that may exist between AG-15 and outdoor PM₁ at the PML.  

The QuantAQ Coast sensor in Figure 5 shows a notably different pattern from the other outdoor 
references with correlations with indoor sensors being weaker and more variable, and with some 
negative values appearing for AG-12. There are likely different dynamics at the coast, impacting 
both indoor and outdoor PM1 patterns and levels. These dynamics could consist of closer 
proximity to onshore and offshore winds, greater distance from the hotspot, and diluted pollution 
at the Pacific Ocean. 

The spatial gradient across the five outdoor columns, strongest at PML and IB City Hall, 
moderate at TR Estuary, weakest at Coast, confirms that the TR hotspot at Saturn Boulevard is 
the dominant driver of PM₁ variability across the network and that its influence attenuates 
somewhat spatially with distance from the emission source. 

3.3 Indoor-outdoor source separation 

This section uses the indoor/outdoor ratio (I/O), infiltration factor (F), and a toxicity potential 
metric (Tp) to identify households with the most outdoor sourced PM exposure, the ratio of 
indoor to outdoor PM, and the health burden of indoor PM concentrations. I/O ratios by event 
type and sensor are reported in SI Table S8; the sensor ordering mirrors the infiltration factor 
results below. 

PM₂.₅ infiltration factors ranged from F = 0.067 at AG-11 to F = 0.817 at AG-19, with residential 
sensors AG-7 (F = 0.225), AG-15 (F = 0.268), and AG-12 (F = 0.106) intermediate (SI Table 
S8). These values indicate that for every 1 µg/m³ increase in outdoor TR-derived PM₂.₅, 
approximately 0.07–0.81 µg/m³ enters the most permeable residential buildings, consistent with 
the range of infiltration factors (0.3–0.82) reported across US residences (Chen and Zhao, 2011). 
Here, the range calculated in this study extends lower because institutional buildings are used as 
sampling locations in addition to residences. AG-11's near-zero infiltration factor (F = 0.018) 
reflects a sealed building envelope and air purifier usage, corroborated by participant survey 
results. Although AG-19 is located in a mobile lab, for this section it can be considered a poorly 
insulated residence, as it is located in a residential area and can represent homes that are as close, 
if not closer, to the Saturn Blvd hotspot that lack an HVAC system or air purifiers. According to 
US Census data, 4,597 people live in census tract 101.09, the tract where the hotspot is located 
(United States Census Bureau). For residents living near the TR without an adequate filtration or 
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purification system, they are likely experiencing higher levels of outdoor to indoor pollution 
transport.  

To express the TR-attributable indoor PM₂.₅ burden in health-relevant terms, we calculated a 
toxicity potential (Tp) metric for each sensor, defined as the fraction of the WHO 24-hour PM₂.₅ 
guideline (15 µg/m³) attributable to TR outdoor infiltration on a given event day (Abulude et al., 
2022). The WHO 24-hour guideline recommends that average exposures should not exceed 15 
µg/m³ more than 3–4 days per year, a threshold set at the lowest level for which there is evidence 
of adverse health effects. A Tp of 1.0 means TR pollution alone consumes the entire daily WHO 
PM₂.₅ exposure budget; a Tp of 0.25 means TR pollution is responsible for 25% of that budget 
before accounting for cooking, cleaning, or other indoor sources. For context, Tp values above 
1.0 have been reported in high-pollution indoor environments in developing countries, Abulude 
et al. (2022) reported a PM₂.₅ Tp of 2.74 in a commercial setting in Nigeria where concentrations 
substantially exceeded WHO limits, and Zaman et al. (2021) reported a Tp of in a hospital in 
Dhaka of greater than 10. These cases come from locations with ambient PM2.5 levels much 
higher than those measured in this study. For our region of study, the sub-1.0 values found in this 
study reflect that TR infiltration contributes meaningfully to indoor PM₂.₅ exposure without 
alone driving concentrations above the guideline threshold, though total indoor PM₂.₅ including 
cooking and other indoor sources was not separately quantified in this analysis. 

Figure 7 displays TR-attributable Tp at each sensor across three categories, the entire study 
period, clean reference days, and High H₂S + PM₁ event days, with sensors ordered by increasing 
distance from the Saturn Boulevard hotspot. Horizontal bars indicate ±1 standard deviation 
across days within each category, reflecting day-to-day variability in outdoor PM₂.₅ forcing 
within each event class. 
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Figure 7. Daily mean TR-attributable toxicity potential (Tp) by outdoor pollution event type across the South Bay 
sensor network, April 3–28, 2026. Points show the mean of daily Tp values within each event category; horizontal 
bars show ±1 standard deviation across days within each category. To enable a fair cross-category comparison, Tp is 
first averaged per event day before averaging across days, removing the confound of unequal category day counts 
(Clean: n = 2 days, High H₂S: n = 15 days, High H₂S + PM₁: n = 8 days). Sensors are ordered top to bottom by 
increasing distance from the Saturn Boulevard hotspot (1.3–4.3 miles). Tp = mean daily C_tr_pm25 / 15 µg m⁻³, 
where C_tr_pm25 = F_pm25 × C_PML_PM₂.₅.  

TR-attributable Tp increased consistently across all sensors on High H₂S + PM₁ days relative to 
clean reference conditions, approximately doubling at every sensor in the network. The 
consistent doubling confirms that the event classification is capturing a physically meaningful 
and reproducible gradient in outdoor pollution intensity rather than sensor-specific noise. 

On High H₂S + PM₁ days, mean daily Tp ranged from 0.051 at the filtered institutional classroom 
(AG-11) to 0.395 at AG-9, with AG-19, the mobile laboratory trailer co-located at the outdoor 
reference, reaching 0.622, serving as a near-direct-outdoor upper bound. These values indicate 
that TR pollution was responsible for between 5% and 62% of the WHO daily PM₂.₅ exposure 
budget at different sensor locations before accounting for cooking, baseline indoor PM₂.₅, or 
other indoor sources. The wide range across sensors, nearly an 8-fold difference between AG-11 
and AG-9 on identical outdoor days, confirms that building characteristics, and proximity to the 
hotspot are primary determinants of TR-attributable indoor exposure burden.  

The standard deviation bars reveal substantial day-to-day variability within the High H₂S + PM₁ 
category, particularly at AG-9 and AG-19, reinforces that the reported Tp values represent 
averages across a heterogeneous set of event days rather than a single fixed exposure level, and 
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that on the most intense event days, such as April 8, individual-day Tp values at the most 
permeable sensors likely approach or exceed the study-period means reported here. 

To capture the total PM₂.₅ exposure burden over the full study period at each indoor sensor, we 
calculate cumulative WHO guideline-days, a metric that expresses how many full days of 
continuous exposure at exactly the WHO 24-hour PM₂.₅ threshold (15 µg/m³) would occur if the 
Tp of each day in the study period were summed. Unlike a simple exceedance count, this metric 
accumulates exposure continuously, a day at half the threshold counts as 0.5 guideline-days, 
meaning sub-threshold days still contribute to the cumulative burden. This approach extends the 
established practice of counting guideline exceedance days as a measure of health burden, the 
Born in Bradford cohort study similarly compared indoor PM₂.₅ concentrations against the WHO 
24-hour threshold across 309 UK homes, finding that exposure burdens were not equally 
distributed across social determinants of health, to a continuous cumulative metric that captures 
partial-day exposures and sub-threshold events rather than simple threshold crossings (NHS). 
Unlike toxicity potential, which describes the fraction of the WHO daily guideline consumed on 
a typical event day, WHO guideline-days integrate both the intensity of TR pollution on event 
days and the frequency with which those events occurred across the entire study period. The 
WHO recommends that 24-hour average PM₂.₅ should not exceed 15 µg/m³ more than 3–4 days 
per year, making the guideline-day a natural unit for expressing cumulative exposure relative to a 
recognized health standard (WHO, 2021).   

Over the full 26-day study period, cumulative TR-attributable indoor PM₂.₅ exposure ranged 
from 0.814 WHO guideline-days at the filtered institutional classroom (AG-11) to 10.57 
guideline-days at AG-19, the mobile laboratory trailer co-located at the outdoor reference and 
serving as a near-direct-outdoor upper bound. Among residential and institutional building 
sensors, AG-9 accumulated the highest burden at 6.71 guideline-days, while AG-7 (2.91 
guideline-days) and AG-17 (2.97 guideline-days) each accumulated nearly three full days at the 
WHO threshold from TR infiltration alone over a single month, before any contribution from 
cooking, traffic, or other indoor sources is considered. To contextualize this: the WHO guideline 
permits no more than 3–4 exceedance days per year, yet TR infiltration alone delivered the 
equivalent of nearly three guideline-threshold-days of PM₂.₅ exposure at AG-7 and AG-17 in just 
26 days. In a community where TR pollution exceeded the H₂S threshold on 23 of 26 study days, 
this cumulative framing reveals an exposure burden that any single-day metric alone would 
substantially understate. 

Taken together, these results establish that the Tijuana River is a measurable and quantifiable 
indoor air quality threat to South Bay households, not merely an outdoor odor nuisance. Across 
the Imperial Beach sensor network, indoor PM₁ on High H₂S + PM₁ event days was significantly 
elevated above clean reference conditions at every sensor (all p < 0.001), with mean increases 
ranging from 0.18 µg/m³ at the filtered classroom (AG-11) to 4.75 µg/m³ at the most permeable 
open-window residence (AG-7). The PM₂.₅-based toxicity potential and WHO guideline-days 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12336227/
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metrics provide a regulatory anchor for interpreting the health significance of these PM₁ 
observations: TR-attributable Tp approximately doubled on High H₂S + PM₁ days relative to 
clean conditions at every sensor, and at AG-7, TR infiltration consumed the equivalent of 2.91 
full days at the WHO PM₂.₅ threshold over a single month. These findings underscore a broader 
and underappreciated principle: water pollution does not stay in the water. Through the 
volatilization of gas phase species photochemical conversion to secondary aerosol and 
subsequent infiltration into the indoor environments where people spend most of their time, a 
wastewater discharge event in the Tijuana River can become an indoor air quality event in an 
Imperial Beach home. The results of this study indicate living near a polluted watershed not only 
impacts outdoor air quality, but can have significant impacts on IAQ, which may have lasting 
effects on resident health and well-being.  

3.4 Climate Change Implications 

The findings of this study take on added urgency in the context of climate change, which is 
projected to intensify both the frequency and impact of transboundary pollution events. Climate 
change is projected to worsen regional air quality more broadly through increased wildfire 
smoke, dust events, and more frequent atmospheric stagnation, periods of suppressed vertical 
mixing and light winds that trap surface-level pollutants, compounding existing pollution 
burdens in already-disadvantaged communities (Jacob and Winner, 2009; Climate Central, 
2022). The same shallow boundary layer conditions that drive nocturnal H₂S accumulation at the 
Saturn Boulevard hotspot are projected to become more frequent under future climate scenarios 
(Zhao et al., 2020; Rico et al., 2025), suggesting that TR pollution events in South Bay may 
increase in both frequency and duration. The South Bay communities studied here, 
predominantly low-income and Latino, face compounded environmental justice burdens: 
pre-existing air quality challenges from traffic and industrial sources, climate-driven 
intensification of TR pollution, and limited financial capacity to implement building-level 
protective measures such as HVAC upgrades or air purifiers. AG-11 demonstrates that filtration 
is effective, but access to filtered indoor environments is not equitably distributed across the 
network, the households with the highest infiltration factors (AG-7, AG-15) are private 
residences where occupants bear individual responsibility for protection that could instead be 
addressed through policy. 

3.5 Policy recommendations  

These findings point to concrete policy interventions and research priorities that could 
meaningfully reduce TR-attributable indoor PM exposure across South Bay communities. 
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Standards 

Current regulatory frameworks focus exclusively on outdoor ambient concentrations and provide 
no guidance or recourse for residents experiencing outdoor-driven indoor PM exceedances. 
Indoor air quality standards must be developed for residential settings, particularly in 
communities adjacent to known industrial or environmental pollution sources, and for renters, 
who often cannot make the material changes to a living space that may be required to 
successfully block outdoor air pollution. PM₁ health guidelines must also be developed to 
complement existing PM₂.₅ standards. The predominantly sub-micron nature of TR-derived 
secondary aerosol means PM₂.₅ standards may underweight the health-relevant fraction at sites 
like South Bay. Finally, regulatory recognition of water-to-air pollution transport as a distinct 
exposure pathway must occur and must be distinct from direct wastewater discharge standards. 
This has implications for other communities residing near polluting bodies of water, which may 
be unexpected or unknown indoor pollution sources. 

Monitoring 

Real-time H₂S and outdoor PM₁ monitoring must be expanded to enable community notification 
and early warning systems, leveraging the low-cost sensor infrastructure already deployed in this 
study to alert residents when conditions require indoor infiltration.  

Public Programs 

Building envelope improvements and air filtration in affordable and low-income housing in 
communities adjacent to environmental pollution sources should be implemented and modeled 
on existing weatherization assistance program. 



 

 
References 
 
Abt, E., Suh, H. H., Catalano, P., & Koutrakis, P. (2000). Relative contribution of outdoor and 

indoor particle sources to indoor concentrations. Environmental Science &amp; 
Technology, 34(17), 3579–3587. https://doi.org/10.1021/es990348y  

Abulude, F. O., Arifalo, K. M., Adamu, A., Kenni, A. M., Akinnusotu, A., Oluwagbayide, S. D., 
& Acha, S. (2022). Indoor air quality (PM2.5 and PM10) and toxicity potential at a 
commercial environment in Akure, Nigeria. Environmental Sciences Proceedings, 24(1), 
8. https://doi.org/10.3390/environsciproc2022024008 

Adjei, F. A., & Afriyie, A. (2025). Air pollution as a global health risk: Emerging evidence, 
interventions and policy insights. World Journal of Advanced Research and Reviews, 
27(1), 1925–1940. https://doi.org/10.30574/wjarr.2025.27.1.2716  

Afroz, R., Guo, X., Cheng, C.-W., Delorme, A., Duruisseau-Kuntz, R., & Zhao, R. (2023). 
Investigation of indoor air quality in university residences using low-cost sensors. 
Environmental Science: Atmospheres, 3(2), 347–362. https://doi.org/10.1039/d2ea00149g  

Ageel, H. K., Harrad, S., & Abdallah, M. A.-E. (2021). Occurrence, human exposure, and risk of 
microplastics in the indoor environment. Environmental Science: Processes &amp; 
Impacts, 24(1), 17–31. https://doi.org/10.1039/d1em00301a  

Alonso-Pérez, S., & López-Solano, J. (2023). Long-term analysis of aerosol concentrations using 
a low-cost sensor: Monitoring African dust outbreaks in a suburban environment in the 
Canary Islands. Sensors, 23(18), 7768. https://doi.org/10.3390/s23187768  

Anderson , E. (2018, March 2). Feds facing lawsuit over cross-border sewage spills in San 
Diego. KPBS Public Media. 
https://www.kpbs.org/news/2018/mar/02/federal-government-faces-lawsuit-over-cross-bo
rder/  

Ayodele, C. O., Fakinle, B. S., Jimoda, L. A., & Sonibare, J. A. (2016). Investigation on the 
ambient air quality in a hospital environment. Cogent Environmental Science, 2(1), 
1215281. https://doi.org/10.1080/23311843.2016.1215281  

Bagkis, E., Hassani, A., Schneider, P., DeSouza, P., Shetty, S., Kassandros, T., Salamalikis, V., 
Castell, N., Karatzas, K., Ahlawat, A., & Khan, J. (2025). Evolving trends in application 
of low-cost air quality sensor networks: Challenges and future directions. Npj Climate 
and Atmospheric Science, 8(1). https://doi.org/10.1038/s41612-025-01216-4  

Barkjohn, K. K., Gantt, B., & Clements, A. L. (2021). Development and application of a United 
States-wide correction for PM2.5 data collected with the PurpleAir sensor. Atmospheric 
Measurement Techniques, 14(6), 4617–4637. https://doi.org/10.5194/amt-14-4617-2021  

Bousiotis, D., Alconcel, L.-N., Harrison, R. M., Beddows, D. C., & Pope, F. (2023). Monitoring 
and apportioning sources of outdoor and indoor air quality using low-cost particulate 
matter sensors. Environment International, 174. 
https://doi.org/10.5194/egusphere-egu23-1011  

https://doi.org/10.3390/environsciproc2022024008
https://www.kpbs.org/news/2018/mar/02/federal-government-faces-lawsuit-over-cross-border/
https://www.kpbs.org/news/2018/mar/02/federal-government-faces-lawsuit-over-cross-border/


 

CARB. (2024, July 16). Ambient air quality standards pollutant averaging time California 
Standards 1. CARB. 
https://ww2.arb.ca.gov/sites/default/files/2024-08/AAQS%20Table_ADA_FINAL_0722
2024.pdf  

Casado-Mansilla, D., Pujante, A., Illueca Fernández, E., Udina, S., Castell, N., Serrano, N., & 
López-de-Ipiña, D. (2025). Perspective chapter: A protocol for the use of low-cost air 
pollution sensors in citizen science to foster evidence-based policy making. 
Environmental Sciences. https://doi.org/10.5772/intechopen.1009024  

Chen, C., & Zhao, B. (2011). Review of relationship between indoor and outdoor particles: I/O 
ratio, infiltration factor and penetration factor. Atmospheric Environment, 45(2), 
275–288. https://doi.org/10.1016/j.atmosenv.2010.09.048  

Clark, S. N., Anenberg, S. C., & Brauer, M. (2025). Global burden of disease from 
environmental factors. Annual Review of Public Health, 46(1), 233–251. 
https://doi.org/10.1146/annurev-publhealth-071823-105338  

Chamseddine, A., Alameddine, I., Hatzopoulou, M., & El-Fadel, M. (2019). Seasonal variation 
of air quality in hospitals with indoor–outdoor correlations. Building and Environment, 
148, 689–700. https://doi.org/10.1016/j.buildenv.2018.11.034  

Ciuzas, D., Prasauskas, T., Krugly, E., Sidaraviciute, R., Jurelionis, A., Seduikyte, L., 
Kauneliene, V., Wierzbicka, A., & Martuzevicius, D. (2015). Characterization of indoor 
aerosol temporal variations for the real-time management of Indoor Air Quality. 
Atmospheric Environment, 118, 107–117. https://doi.org/10.1016/j.atmosenv.2015.07.044  

Climate Central. (2022). Summer air: Hot, stagnant, polluted. 
https://www.climatecentral.org/climate-matters/stagnant-air 

Cooper, A., Cancelada, L., Torres, R. R., Belcher, K., Small, M., Belda-Ferre, P., Morris, C., 
Mitts, B., Dinasquet, J., Knight, R., Slade, J. H., & Prather, K. A. (2025). Identifying 
wastewater chemicals in coastal aerosols. Science Advances, 11(22). 
https://doi.org/10.1126/sciadv.ads9476  

Crilley, L. R., Singh, A., Kramer, L. J., Shaw, M. D., Alam, M. S., Apte, J. S., Bloss, W. J., 
Hildebrandt Ruiz, L., Fu, P., Fu, W., Gani, S., Gatari, M., Ilyinskaya, E., Lewis, A. C., 
Ng’ang’a, D., Sun, Y., Whitty, R. C., Yue, S., Young, S., & Pope, F. D. (2020). Effect of 
aerosol composition on the performance of low-cost optical particle counter correction 
factors. Atmospheric Measurement Techniques, 13(3), 1181–1193. 
https://doi.org/10.5194/amt-13-1181-2020  

Cysneiros de Carvalho, K., Barsanti, K. C., Hamlin, J. D., Prather, K. A., & Porter, W. C. (2025). 
Contaminated Tijuana River contributes to regional particulate matter (PM) levels 
highlighting overlooked water–air transfer of gaseous PM precursors. Environmental 
Science &amp; Technology, 59(51), 27903–27917. 
https://doi.org/10.1021/acs.est.5c08369  

https://doi.org/10.1016/j.atmosenv.2015.07.044
https://www.climatecentral.org/climate-matters/stagnant-air
https://doi.org/10.1126/sciadv.ads9476
https://doi.org/10.1021/acs.est.5c08369


 

Danek, T., Weglinska, E., & Zareba, M. (2022). The influence of meteorological factors and 
terrain on air pollution concentration and migration: A geostatistical case study from 
Krakow, Poland. Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-15160-3  

Dawson, J. P., Adams, P. J., & Pandis, S. N. (2007). Sensitivity of PM2.5 to climate in the 
eastern us: A modeling case study. Atmospheric Chemistry and Physics, 7(16), 
4295–4309. https://doi.org/10.5194/acp-7-4295-2007  

Dimitroulopoulou, S., Dudzińska, M. R., Gunnarsen, L., Hägerhed, L., Maula, H., Singh, R., 
Toyinbo, O., & Haverinen-Shaughnessy, U. (2023). Indoor air quality guidelines from 
across the World: An appraisal considering energy saving, health, productivity, and 
comfort. Environment International, 178, 108127. 
https://doi.org/10.1016/j.envint.2023.108127  

Dedina, S. (1995). The political ecology of transboundary development: Land use, flood control 
and politics in the Tijuana River Valley. Journal of Borderlands Studies, 10(1), 89–110. 
https://doi.org/10.1080/08865655.1995.9695467  

Dev, S., Barnes, D., Kadir, A., Betha, R., & Aggarwal, S. (2021). Outdoor and indoor 
concentrations of size-resolved particulate matter during a wildfire episode in Interior 
Alaska and the impact of ventilation. Air Quality, Atmosphere &amp; Health, 15(1), 
149–158. https://doi.org/10.1007/s11869-021-01094-8  

Dockery, D. W., & Spengler, J. D. (1981). Indoor-outdoor relationships of respirable sulfates and 
particles. Atmospheric Environment (1967), 15(3), 335–343. 
https://doi.org/10.1016/0004-6981(81)90036-6  

Dumbauld, J. J. (2011). Traffic related air pollution in the community of San Ysidro, California, 
in relation to northbound delays at the u.s.-méxico border (dissertation). Traffic related 
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