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Abstract: Shrinking shorelines and the exposed playa of saline lakes can pose public health and air
quality risks for local communities. This study combines a community science method with models
to forecast future shorelines and PM10 air quality impacts from the exposed playa of the Salton Sea,
near the community of North Shore, CA, USA. The community science process assesses the rate of
shoreline change from aerial images collected through a balloon mapping method. These images,
captured from 2019 to 2021, are combined with additional satellite images of the shoreline dating back
to 2002, and analyzed with the DSAS (Digital Shoreline Analysis System) in ArcGIS desktop. The
observed rate of change was greatly increased during the period from 2017 to 2020. The average rate
of change rose from 12.53 m/year between 2002 and 2017 to an average of 38.44 m/year of shoreline
change from 2017 to 2020. The shoreline is projected to retreat 150 m from its current position by
2030 and an additional 172 m by 2041. To assess potential air quality impacts, we use WRF-Chem,
a regional chemical transport model, to predict increases in emissive dust from the newly exposed
playa land surface. The model output indicates that the forecasted 20-year increase in exposed
playa will also lead to a rise in the amount of suspended dust, which can then be transported into
the surrounding communities. The combination of these model projections suggests that, without
mitigation, the expanding exposed playa around the Salton Sea is expected to worsen pollutant
exposure in local communities.
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1. Introduction

The Salton Sea, California’s largest lake, is a critical yet shrinking ecosystem in the
Imperial and Coachella Valleys [1]. As an endorheic basin (Figure 1), the Salton Sea has filled
and evaporated multiple times over the past 1300 years [2,3]; historically, evaporation and
inflows into this endorheic basin have fluctuated. Recently, water diversions mandated by
the 2003 Quantification Settlement Agreement (QSA) have accelerated the sea’s decline [1].
As the shoreline recedes, the exposed lakebed (playa) generates airborne particulate matter
(PM), posing respiratory health hazards for surrounding communities [4]. The Imperial
and Coachella Valleys are already disproportionately burdened by air pollution from
agricultural and industrial activities, exacerbating existing environmental injustices to
underserved populations near the Salton Sea [5].

The retreating shoreline not only exposes emissive playa, but also concentrates pollu-
tants within the shrinking water body. Agricultural return flows, which comprise about
90% of the Salton Sea’s inflow [6], carry high levels of nutrients like nitrogen and phospho-
rus. This nutrient-rich water, combined with wind-induced sediment resuspension, fuels
excessive algal growth and disrupts the natural nutrient cycling in the water column [7].
As the sea recedes and concentrates these pollutants, the newly exposed playa becomes
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increasingly contaminated with agricultural runoff, creating a reservoir for several classes
of contaminants that can be readily aerosolized and transported by wind into neighbor-
ing communities. This process can lead to a further loss of biodiversity, more frequent
toxic algal blooms, and oxygen deficiency in the remaining surface waters [8], ultimately
exacerbating the environmental challenges facing the Salton Sea ecosystem.

1,600 2,000
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OpenStreetMap (and) contributors, CC-BY-SA, Source: Esri, Maxar, GeoEye, Earthstar
eographics, ONES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Figure 1. Map of the North Shore area of the Salton Sea, CA, with coastline segments (transects) used
during this study in two different regions (North and South Yacht Club).

Because of the dry desert climate and the shallow elevation profile of the sea, the
exposed playa generates particulates that are potentially spread by the wind [4]. Playa-like
soil has been estimated to account for nearly 10% of total ambient PM10 in the region based
on elemental analyses [9]. These estimates were calculated before the completion of the
water transfer, implying that the contribution of exposed playa to ambient PM10 in the
region is likely to increase as the emissive surface area continues to advance. Based on a
projected 38% increase in exposed playa by 2030, PM10 concentrations in one case study
were predicted to increase by an average of 11% and up to a factor of 10 in some areas [10].
Additionally, current models may not fully include other climate models on temperature
increase, likely to exacerbate the Salton Sea’s water loss through evaporation and increase
the exposed playa area.

This study tackles these environmental justice issues through an experimental ap-
proach emphasizing community engagement. In partnership with Alianza Coachella Valley
(Alianza CV), a grassroots organization committed to environmental justice, we employ
community science methodologies to track shoreline changes and project future playa
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expansion. Alianza CV directly involves impacted communities in the science process,
amplifying their voices to be equal with study investigators. This brings the community
to the same level and empowers them in decision-making that affects their health and
well-being. This partnership arose from community groups at the North Shore Yacht Club
site requesting more information on the potential health impacts of playa recession. These
same groups are actively involved in the planning of a new recreational trail that will serve
as a community amenity and playa dust suppression area.

This study combines historical satellite imagery analysis, community-led balloon
mapping, and air quality modeling to answer research questions that could provide a vital
policy tool to warrant further air quality protections for the nearby community. Specifically,
this study seeks to investigate the health hazard outcome of a “do-nothing” scenario where
the Salton Sea playa is allowed to recede without mitigation from infrastructure or the
necessary proactive water policy. To predict the do-nothing outcome, this study will first
investigate the rate of shoreline change, then forecast the new emissive playa area to be
exposed, and then use a model for the air quality expected from emissive playa by the
year 2040.

The air quality model will focus on a specific community near the Salton Sea shoreline,
forecasting PM10 air quality levels for the next 20 years. The study aims to provide policy-
makers with objective data on local air quality, which could inform potential mitigation
strategies and interventions if significant impacts are identified. The research questions are
designed to address concerns raised by residents regarding the environmental impacts of
the Salton Sea, ensuring that scientific findings are relevant to the needs and experiences of
the local community. Furthermore, the recently implemented Imperial Irrigation District
(IID) System Conservation Implementation Agreement (SCIA) is projected to further reduce
inflows to the Salton Sea, accelerating shoreline recession and playa exposure. This high-
lights the urgent need for the continuous community-based and health agency monitoring
of shoreline changes, such as those employed in this study, to accurately assess and project
the impact of these developments on air quality and public health.

2. Materials and Methods
2.1. Study Area

This study focuses on the Salton Sea’s North Shore, particularly the area adjacent to
the unincorporated community of North Shore in Riverside County, California (Figure 1).
The area shown in Figure 1 includes the segments of the study area which is 2.4 km long
and centered at 33°31'24” N, 115°57'5" W (Figure 1). This region is a critical area for our
work due to its proximity to communities facing disproportionate environmental justice
concerns associated with Salton Sea shoreline recession and the potential for increased dust
emissions. Our community partners at Alianza CV played a significant role in selecting
this region, as many members are familiar with the landscape and distinctly remember
the moment in 2018 when the Salton Sea’s connection to the North Shore Yacht Club
marina dried.

2.2. Community Methods

We recruited community scientists for this initiative from two sites. We held in-
person meetings at the North Shore Yacht Club and the North Shore Community Park
every Saturday at 11 am throughout the months of October through February in 2019 and
2020. These are heavily frequented areas by the local community where it is possible to
recruit individuals to walk along the shoreline. Additionally, we worked with the Alianza
Coachella Valley Youth Organizing Council, whose members include students interested
in environmental justice. They were invited to come to the biweekly meetings for data
collection. These community scientists and recruitment are further described in later work
involving water quality [11].

The balloon-mapping program was first initiated after the community expressed
concerns about the receding shoreline during their meetings at Alianza CV’s resilient Salton
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Sea community group. Staff at Alianza CV recommended a need for better understanding
among community members of the receding shoreline, so they were key in choosing
an area close to the community that was familiar. In addition to this, the community
is very concerned about the dust coming from the Salton Sea, so we proposed a post-
processing model to forecast air quality in a do-nothing scenario. We proposed to answer
the community concerns and to assist the community with new data for advocacy based
on the concern that the state was not prioritizing dust mitigation measures.

2.3. Data Sources and Image Acquisition

To comprehensively analyze shoreline changes and their impacts, we combined satel-
lite imagery data with other imagery data obtained through the public lab’s kit and method
for balloon mapping [12]. Historical satellite imagery was obtained through Google Earth
Pro, which included several Landsat satellite images spanning from 2002 to 2018 [13]. This
temporal dataset allowed us to track shoreline recession over the same time that mitigation
water was made available to the Salton Sea through the QSA between 2002 to 2021.

The community science balloon mapping used the public lab’s method [12] for deploy-
ing a helium-filled weather balloon with a camera suspended beneath. In collaboration
with Alianza Coachella Valley, we implemented this community science approach using
balloon mapping between August 2018 and August 2021. Community members employed
the public lab’s mapping kit and built a custom picavet rig (Figure 2) to configure the
camera and capture high-resolution, georeferenced aerial images of the shoreline. We then
processed these images using WebODM software [14], using the default profile settings
with a resolution set to 0.5 cm/pixel. That software produced orthorectified TIFF images.
This was visualized in the WebODM and then imported to ArcGIS 10.7 (ESRI, Redlands,
CA, USA). This provided detailed shoreline data for 2018 through 2021 to complement the
satellite imagery.

2.4. Image Processing and Analysis

The georeferenced images from balloon mapping and satellite imagery were exported
to ArcGIS 10.7 and georeferenced to overlap historical images over the exact same position.
Images were aligned using four ground control points that contained the same coordinates
in each map. We compiled a geodatabase from the extracted shoreline positions with
an estimated baseline position that represented the point at which the shoreline change
began for the two regions (Figure 3). We used the U.S. Geological Survey Digital Shoreline
Analysis System (DSAS) as an extension to ArcGIS software to compute the rate of change
at specified intervals along defined transects. There were eighteen transects cast along the
two regions with 10 on Region 1 and 8 on Region 2, keeping transects at a 100 m distance
interval. To facilitate the visualization and presentation of the shoreline change results
across numerous transects, we grouped the 18 transects into 9 segments (5 in Region 1 and
4 in Region 2). The transects were cast perpendicular to each of the historic shorelines from
the baseline to allow the calculation of the end point rate (EPR), net shoreline movement,
and the linear regression rate (LRR) [15,16] (Crowell et al., 2005; Genz et al., 2007). We
used these three data analysis techniques to analyze the rate of shoreline change. The NSM
is the distance between the oldest and the youngest shoreline in each transect, and the
EPR is the division of NSM by the time elapsed between the oldest and youngest dates.
The LRR method fits a least square regression line to the shoreline position points in each
transect. The points where the shorelines intersect in each transect are plotted, and a linear
regression equation is calculated:

y=b+rx, (1)

where y is the distance in meters, b is the distance from the baseline (y-intercept), r is the
rate of change (slope of the fitted line), and x represents the year. Uncertainty for the rate is
considered for a confidence interval of 95%. Negative values for NSM and LRR indicate a
recession of the shoreline. We also calculated an R-squared statistic (R?) as the coefficient
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of determination to indicate the percentage of variance in the data that is explained by
the regression.

Figure 2. A balloon mapping rig flying above the North Shore of the Salton Sea shown with a picavet
holding a GoPro7 and suspended by three mylar sleeping bag balloons.

2.5. Shoreline Forecasting

Shoreline forecasts were calculated for 10 and 20 years into the future, based on the
historical shoreline positions of our data. We calculated this forecast in DSAS by applying
the Kalman filter [17], which combines observed shoreline positions with model-derived
positions. The calculation uses the linear regression rate previously calculated and also
estimates an uncertainty level. The limitations of this method are that it assumes a linear
regression through past shoreline positions and does not consider other factors such as the
bathymetry of the lake and wind.
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Figure 3. An output from DSAS analysis in ArcGIS showing an area in North Shore Salton Sea with
historical shoreline positions, which enabled the calculation shoreline change statistics. The final data
used for the DSAS were in 2021, with the 2020 line shown here for reference in the image. The DSAS
was used to show future shoreline positions with uncertainty bands for the 2031 and 2041 forecasts.

2.6. PM10 Forecasting

We combined the 2041 shoreline forecast with a PM10 forecast by converting the new
shoreline into a gridded percent land fraction as an input dataset. We used this to drive high-
resolution WRF-Chem simulations to predict winds and potential PM10 dust emissions
from the forecasted emissive playa. WRF-Chem, a regional-scale air quality and chemical
transport model, has been used previously to examine dust in the Salton Sea basin [10].
Here, we examine a dust event on 22 June 2016 as a case study to examine potential PM10
contributions to dust levels in local communities as a result of ongoing shoreline exposure.
To this end, we began with base emissivity data derived from a global high-resolution
sediment supply map [18], and then modified the input grid cells at the north and south
side of the North Shore Yacht Club to represent the observed and expected changes from
2000 to 2041. We then constructed a three-tiered nested domain centered around the Salton
Basin with 15 km, 5 km, and 1 km horizontal resolutions, respectively, and simulated dust
emissions and transport for three days, from 21 June to 23 June 2016. The resulting PM10
output was compared between base and modified cases to determine the expected impacts
of increased surface exposure under high-wind conditions. We focused on those grid cells
including dust emitted from the examined surfaces and calculated hourly increases in this
plume as a function of the distance from the surfaces themselves, providing an estimate for
the magnitude and range of transported increases.
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3. Results
3.1. Shoreline Monitoring

We cast transects from the baseline through the shorelines at an interval of 100 m for
the two areas of interest. We averaged the results of NSM and EPR of every pair of transects,
with the results presented on Table 1. The NMS for Region 1 ranged from 295.7 to 314.0 m
of distance, and the EPR ranged from 16.07 to 17.59 m per year in Region 1. Region 2 had a
range for NSM of 146.1 to 172.2 m of distance, and an EPR of 8.35 to 10.13 m per year.

Table 1. The net shoreline movement (NSM *) values and the end point rate (EPR **) in shoreline
changes within the nine-study shoreline segments during the 2002 to 2019 period.

. . Net Shoreline End Point Rates
Regions Shoreline Segment Movement (m) Average NSM (m/year) Average EPR
—313.98 —17.59
—286.89 —16.07
Region 1 I —295.73 297.46 —16.57 16.66
v —299.60 —16.78
—291.10 —16.30
VI —146.12 —8.35
. VI —161.33 -9.22
Region 2 VIII 1717 161.26 983 9.38
IX —165.44 —10.13

* The NSM is the distance (in meters) between the oldest and the youngest shorelines for each transect. ** The EPR
is calculated by dividing the distance of shoreline movement (meters per year) by the time elapsed between the
oldest and the most recent shoreline.

In Table 2, we present the results of NSM and EPR again for the two regions and nine
segments, separated by the range of years 2002 to 2017, and 2017 to 2020. We separated
these years to show the period when the Quantification Settlement Agreement (QSA) policy
ended concerning input waters to the Salton Sea. The results show that the NSM and EPR
differ between the two time periods with the post-QSA 3-year time-period having a greater
EPR than the previous 15 years. The EPR for the post-QSA 2017 to 2020 period ranged for
Region 1 from 34.94 to 43.44 m per year, while it ranged from 11.52 to 13.89 m per year for
the 2002 to 2017 period.

Table 2. The net shoreline movement values (in meters) and the end point rates (in meters per year)
in shoreline changes within the nine-study shoreline segments during the 2002 to 2017 and 2017 to
2019 period.

Net Shoreline End Point Rates Net Shoreline End Point Rates
Shoreline Segment Movement (m) (m/year) Movement (m) (m/year)
2002-2017 2002-2017 2017-2020 2017-2020

I —209.55 —13.89 —97.63 —35.28
I —188.70 —12.51 —96.67 —34.94
I —190.83 —12.65 —107.36 —38.80
v —182.62 —12.10 —109.98 —39.74
v —173.85 —11.52 —120.21 —43.44
VI —79.83 —5.29 —63.91 —25.55
VII —98.83 —6.55 —69.88 —27.94
VIII —120.66 —8.00 —68.28 —27.30
IX —131.15 —8.69 —59.53 —23.80

3.2. Shoreline Forecasting

Figure 3 shows the 2030 and 2040 forecasts with uncertainties for the two regions
studied. These forecasts are based on the previous shorelines and transects’” EPR from
the years 2002 to 2020. Table 3 presents the forecast distances from the oldest shoreline
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(2002) to the 2031 and 2041 predictions. In Region 1, the forecast distance is an average of
150.73 m in 2031 from the current shoreline in 2020, and 332.06 m in 2041 from the current
2020 shoreline.

Table 3. Forecast for the years 2031 and 2041 in the two regions of study, with the average distance in
meters from the first shoreline (2002) and the current shoreline (2020).

Regions

Average Distance in Meters from  Average Distance in Meters from
Forecast Year

2002 Shoreline 2020 Shoreline
Region 1 2031 447.6 150.7
& 2041 628.9 332.1
Resion 2031 2379 77.7
& 2041 330.1 169.9

3.3. PM10 Forecasting

We used the additional land presented in Figure 3 to forecast the future PM10 emis-
sions that could originate from this newly exposed land. As shown in Figure 4, the increased
PM10 levels due to the additional shoreline exposure within the study area (represented in
the model by changes to 2 km? in the input dataset) were the highest in grid cells within
5 km of the modified shoreline (with average and maximum increases of 1.5 ug m~3 and
8.2 ug m~3, respectively). However, these increases remained potentially impactful at
greater distances as well. For grid cells located 5-10 km away, the average and maxi-
mum increases were 0.68 ug m—3and 24 ug m~3, while for distances of 10-40 km, these
values were 0.4 ug m~3 and 1.5 ug m~3. Although these hourly increases are relatively
small compared to the total concentrations measured and modeled during this particular
dust storm (with daily average PM10 at nearby air quality monitoring stations exceeding
100 pg m~3), two important considerations must be noted. First, this case study examines
the impacts of changes to only a small section of the shoreline. Increased exposure will
occur to some extent across the entire Salton Sea shoreline, making these increases an
extremely low-end estimate for total increases over time. Second, dust emitted from the
newly exposed lakebed may have a unique composition, and therefore health impacts,
compared to the predominant dust sources in and around the Salton Sea region. While
the total dust suspended from these surfaces may represent a relatively small fraction of
ambient PM10, it may be disproportionately impactful on human health due to chemical
and biological contaminants from the Salton Sea [9] that are hypothesized as a source in
new research that is investigating potential factors contributing to respiratory health impact
in Salton Sea communities [19].

APM;; (hourly)

0-5km 5-10km 10-40 km =40 km
Distance from modified shoreline

Figure 4. Boxplots of the projected increase in PM10 concentrations in 2041 from a WRF-Chem model
that uses the increase in land area of a 2-square-kilometer area as calculated from the DSAS model.
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4. Discussion

Our community science imagery analysis showed that the north part of the Yacht Club
had an increase in land from 2002 to 2020 with an average of almost 300 m, and a rate of
change per year averaging almost 17 m. The south area of the Yacht Club saw an average
increase in land of 161 m, and an average rate of change per year of 9.38 m. The difference
between the two areas may be related to the different bathymetry of the lake as the southern
Region 2 in this study has a steeper incline than the Region 2 area north of the Yacht Club.

We separated the analysis of the rate of change into two different periods with the period
of 2002 to 2017 representing the period before and during the QSA and the 2017 to 2020 period
representing the time after the QSA mitigation waters were discontinued. The observed rate
of change is much greater during the period of 2017 to 2020 after the QSA, compared to the
rate of change for the 2002 to 2017 time period. The north part of the Yacht Club had an
average 38.44 m per year increase in land during the post-QSA 2017 to 2020 period, with
12.53 m per year for the 20022017 time (Table 2). Based on these observed changes, we can
see that there was a substantial increase in the rate of change in the post-QSA years.

Our shoreline-change DSAS analysis shows an increase in the playa exposed of over
150 m in the north region of the Yacht Club in 2031 and 332 m in 2041. For the south part
of the Yacht Club, the forecasts are 77.7 m for 2031 and 170 m for 2041. More study is
needed to determine how our forecast compares to the Imperial Irrigation District (IID)’s
hydrological model prediction of over 75 thousand acres by 2031 if no restoration measures
are taken [20]. This reduction in the shoreline will be exacerbated by the IID’s August 2024
System Conservation Implementation Agreement (SCIA) [21] that will cut an estimated
additional 700,000 acre feet from the inflows to the Salton Sea. Only one additional model
is recently available to note that an additional 13,000 acres will be exposed over and above
what would normally happen with the QSA.

Our findings align with recent research [22] that highlights the disproportionate impact
of pollution on disadvantaged communities near the Salton Sea. Their study found that
pollution levels began to rise around 2011, coinciding with the Imperial Irrigation District’s
water transfer to San Diego, the increased lakebed exposure, and the subsequent dust
pollution. Our research contributes to this understanding by similarly causally linking the
modeled playa exposure to heightened PM10 air pollution in vulnerable communities near
the shoreline. Our WRF-CHEM model can also serve as a source of variation to forecast
the timing of exposed playa and resultant PM10 exposure in a local context specific to the
North Shore community.

While more work is necessary to optimize atmospheric modeling in the region, the
WRE-Chem results offer some indication of possible air quality consequences that could
be expected from retreating shorelines in the region. The emissivity of the exposed playa,
especially under bombardment from external dust sources during strong wind events,
is one important source of uncertainty deserving additional attention. A full analysis
of wind direction and strength under diverse synoptic conditions is also necessary to
obtain a complete picture of the exposure risk magnitudes, spatial extent, and temporal
patterns. However, this case study suggests that the magnitude and spatial range of
ambient dust enhancement are both potentially significant for local communities, especially
when extrapolated to the full expected migration of Salton Sea shorelines. The 2 km section
of the Salton Sea included in this study represents a shoreline familiar to many community
members, but is only a 0.0095 fraction of the entire Salton Sea shoreline. Future work could
expand upon these methods to project the increases in PM10 dust across the full Salton Sea
perimeter. This type of community science initiative could be continued as a new relevant
method for communities to monitor the new unknown shoreline reduction that has begun
with the August 2024 implementation of the SCIA.

5. Conclusions

We used a community science balloon mapping method to collect data regarding the
shoreline reduction in the Salton Sea in a selected area around the Yacht Club, North Shore,
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CA. The community science method allowed us to build the capacity of local residents by
including them as stakeholders in the scientific process. The results presented in this study
demonstrate a pathway by which a community science program can actively monitor the
ongoing change in a lake shoreline with outputs that can be used in advanced predictive
models. The monitoring through the community science process allowed us to observe that
the restricted inflows during the QSA period and the much lower inflows during the post-
QSA period allowed the shoreline to recede a total of over 300 m in the northern Region 1
and over 160 m in the southern Region 2. These changes occurred from 2002 to 2020;
however, from 2017 to 2020, the yearly rate of change in the northern Region 1 has more
than tripled from that for the years 2002 to 2017. Similarly, the southern Region 2 studies
almost quadrupled the yearly rate of change from 2017 to 2020 (27.15 and 7.13 m). Our
future projections using the DSAS show that the 10- and 20-year shorelines will advance
another 150 m and 332 m, respectively, for Region 1 (Table 3).

Our study acknowledges that the DSAS model, while valuable for shoreline forecast-
ing, operates under certain assumptions that may not fully encompass the complexities
of shoreline change. Specifically, the model assumes a linear regression through historical
shoreline positions. This approach may not fully capture the influence of localized factors
like wind patterns, wave action, and erosion, which can significantly impact shoreline
dynamics. Additionally, while our analysis focused on a specific period (2002-2021) and a
relatively small area near the North Shore Yacht Club, extrapolating these findings to other
areas of the Salton Sea should be performed cautiously. The Salton Sea exhibits diverse
shoreline characteristics and varying degrees of human impact, which could influence the
rate and pattern of shoreline recession in different locations.

These observed and forecasted changes in the shoreline, and the additional WREF-
Chem projections of PM10, present the need for continued monitoring of the Salton Sea
shoreline in tandem with environmental health assessments and projections of dust impacts.
Without mitigation, the continued recession of the Salton Sea shoreline and the resulting
increase in PM10 concentrations pose significant risks to the health and well-being of
nearby communities. This could manifest as increased respiratory illnesses, such as the
increased asthma prevalence that the area is already experiencing [23] or more frequent
school absences that will occur with increased respiratory issues [24]. State and federal
agencies should consider current and potential health consequences when developing
strategies to address the challenges facing the Salton Sea.
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