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Abstract The popular beaches of the San Diego-Tijuana (US/MX) border region are often impacted by
untreated wastewater sourced from Mexico—via the Tijuana River Estuary (TJRE) and San Antonio de los
Buenos outfall at the Pt. Bandera (SAB/PTB) shoreline, leading to impacted beaches and human illness. The
US-Mexico-Canada trade agreement will fund border infrastructure projects reducing untreated wastewater
discharges. However, estimating project benefits such as reduced human illness and beach impacts is
challenging. We develop a coupled hydrodynamic, norovirus (NoV) pathogen, and swimmer illness risk
model with the wastewater sources for the year 2017. The model is used to evaluate the reduction in human
illness and beach impacts under baseline conditions and three infrastructure diversion scenarios which
(Scenario A) reduce SAB/PTB discharges and moderately reduce TIRE inflows or (Scenarios B, C) strongly
reduce TJRE in inflows only. The model estimates shoreline untreated wastewater and NoV concentrations,
and the number of NoV ill swimmers at Imperial Beach CA. In the Baseline, the percentage of swimmers
becoming ill is 3.8% over 2017, increasing to 4.5% during the tourist season (Memorial to Labor Day) due

to south-swell driven SAB/PTB plumes. Overall, Scenario A provides the largest reduction in ill swimmers
and beach impacts for the tourist season and full year. The 2017 tourist season TIRE inflows were not
representative of those in 2020, yet, Scenario A likely still provides the greatest benefit in other years. This
methodology can be applied to other coastal regions with wastewater inputs.

Plain Language Summary The popular beaches of the San Diego-Tijuana border region are
often impacted by Mexican-sourced untreated wastewater leading to beach advisories and human health
impacts. There are two principal ocean sources: the Tijuana River Estuary (TJRE) and San Antonio de

los Buenos outfall at Pt. Bandera (SAB/PTB). The recent US-Mexico-Canada trade agreement will fund
infrastructure projects to reduce untreated wastewater flowing into the ocean. Estimating project benefits
requires coupling models, which is challenging and has not previously been performed. We develop such
a model to estimate shoreline pathogen concentration and swimmer illness risk for the year 2017 for four
scenarios of baseline conditions and three infrastructure diversion scenarios which (Scenario A) reduce
SAB/PTB discharges and moderately reduce TIRE inflows or (Scenarios B, C) strongly reduce TJRE
inflows only. In the Baseline, the percentage of swimmers becoming ill is 3.8% over the year, increasing to
4.5% for the tourist season (Memorial to Labor Day) due to south-swell driven SAB/PTB plumes. Overall,
Scenario A provides the largest reduction in ill swimmers both for the tourist season and full year relative
to Scenarios B and C that only reduce TJRE inflows. This methodology can be applied to other regions
where wastewater enters the ocean.

1. Introduction

Recreational bathing in lakes and oceans contaminated with untreated wastewater leads to human illness
(e.g., Fleisher et al., 1996; Shuval, 2003). In the United States, an estimated 90 million annual cases of wa-
terborne illness (gastrointestinal [GI], ear, eye, respiratory, or skin) occur from recreational contact with
contaminated water, costing over $2 billion dollars per year (DeFlorio-Barker, Wing, et al., 2018). The US
Clean Water Act mandates wastewater treatment. Thus, urban runoff and rainfall associated stormwater
are the principal sources of pathogen pollution in most of the United States (USEPA, n. d.). In Southern
California, recreational contact with ocean water contaminated with urban runoff is associated with elevated
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health risk (e.g., Haile et al., 1999). The epidemiological study by Arnold
et al. (2017) showed that illness risk associated with coastal seawater
contact increases following rainfall events. In countries lacking strict
environmental regulations or enforcement, untreated wastewater can be
a significant pathogen source to coastal waters. The US/Mexico Pacific
Ocean border region, denoted the San Diego Bight (Figure 1) has popular
beaches such as the City of Imperial Beach (IB) (US) and Playas Tijuana
(MX) which are often under advisories (San Diego County, n. d.) due to
poor water quality from principally two untreated wastewater sources to
the ocean. With US-Mexico-Canada (USMCA) trade agreement funding,
the US EPA Border Water Infrastructure Program is developing infra-
structure projects to reduce human illness and beach closure impacts of
untreated wastewater sources to the San Diego Bight. The study goal is to
develop a coupled hydrodynamic, pathogen, and human illness model to
provide scientifically grounded estimates on the reduction of swimmer
illness risk and number of beach advisories for four proposed infrastruc-
ture scenarios.

The first untreated wastewater source is the binational Tijuana River
(ARCADIS, 2019), which flows into the Tijuana River Estuary (TJRE) and
subsequently reaches the coastal ocean at the TJRE mouth, ~2 km north
of the US/MX border. During dry weather, river flows in Tijuana (MX)
consist of a mix of treated and untreated wastewater which is diverted
to the International Wastewater Treatment Plant (ARCADIS, 2019).
However, with rainfall, diversion is often suspended due to issues with
Tijuana infrastructure allowing wastewater to enter the Tijuana River
(ARCADIS, 2019). Plumes from the TIRE can hug the shoreline or ex-

tend ~20 km offshore (Lahet & Stramski, 2010; Warrick et al., 2007) as

_11;.25 _11I7.2 _11|7.15 _11I7.1 >0 a mixture of runoff and untreated wastewater (Ayad et al., 2020). TIRE

lon (°) plumes can impact the entire San Diego Bight particularly during winter

when rainfall is more likely to occur (e.g., Kim et al., 2009). A second

Figure 1. San Diego Bight (US/Mexico border region) model domain as untreated wastewater source is at the shoreline of Pt. Bandera (PTB—

a function of latitude and longitude spanning Pt. Loma to south of Punta 10 km south of the border) serving as the outfall of the San Antonio de

Bandera (PB) Mexico with bathymetry shown in color. The untreated los Buenos (SAB) treatment plant. SAB/PTB shoreline discharge is esti-

wastewater sources at the Tijuana River Estuary (T.JRE) and the San mated at 40-52 MGD, of which at most 10 MGD are treated due to lack
Antonio de los Buenos outfall located at the shoreline of Punta Bandera

(SAB/PTB) are indicated as red dots. Point Loma and the US-Mexico of facility maintenance (ARCADIS, 2019). Informal reports and in per-

border are labeled. Orange triangles indicate the popular beach locations son author visits to SAB indicate that SAB treatment capacity was zero

of Playas Tijuana (PTJ), Imperial Beach (IB), Silver Strand State Beach, and that SAB is completely bypassed. SAB/PTB discharge to the ocean

and Hotel del Coronado (HdC).

shoreline is associated with elevated fecal indicator bacteria (FIB) levels

(Orozco-Borbon et al., 2006), adenoviruses and enteroviruses (Sassoubre

et al., 2012). Shoreline sampling from SAB/PTB northward demonstrates
that, for multiple digital PCR and DNA-sequenced microbial parameters, wave-driven surfzone currents
can transport SAB/PTB water up to 20 km northward (Zimmer-Faust et al., 2021), consistent with surfzone
dye studies (Grimes et al., 2020, 2021; Hally-Rosendahl et al., 2015) and models (Wu et al., 2020). The
two untreated wastewater sources result in poor shoreline water quality leading to advisories to regional
beaches (San Diego County, n. d.). Web based surveys (Brophy, 2016) indicate that regular bathers in IB
CA are more likely to have bathing induced-illness than occasional bathers. Although bathing in untreated
wastewater contaminated waters is well known to cause illness (e.g., Boehm & Soller, 2020), there are no
epidemiological studies of the human health impacts from these untreated wastewater sources.

The oceanic transport and dispersion of untreated wastewater is important for determining shoreline path-
ogen concentrations. Tracer released from small coastal inlets can be surfzone entrained or jet offshore
onto the shelf (Feddersen et al., 2016; Kastner et al., 2019; Olabarrieta et al., 2014; Rodriguez et al., 2018;
Wong et al., 2013). Surfzone tracer is often alongshore transported 10 km d=! (Grant et al., 2005; Grimes
et al., 2020, 2021), driven by obliquely incident breaking waves. Coupled wave and circulation hydrodynamic
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models can concurrently simulate the three-dimensional (3D) flow of estuaries, the breaking-wave driven
surfzone, and the shelf (e.g., Kumar et al., 2015, 2012; Olabarrieta et al., 2011; Wu et al., 2020). Hydrodynamic
models have previously been coupled to FIB (e.g., E. coli [EC] or Enterococcus [ENT]) models, particularly in
lake systems (e.g., Weiskerger & Phanikumar, 2020). For example, sunlight, temperature, and sedimentation
induced FIB loss was coupled to a two-dimensional (2D) hydrodynamic model to simulate EC and ENT in
southern Lake Michigan over a month (Liu et al., 2006). Using more complex 3D hydrodynamic models,
modeled and observed EC agreed well in Lake St. Clair during Summer 2010 (Madani et al., 2020). In marine
environments, 2D and 3D hydrodynamic models coupled to ENT models reproduce diel and tidal ENT fluc-
tuations inside Key Biscane FL (Feng et al., 2013) and effluent plumes near Waikiki HI (Johnson et al., 2013).
Beach swimmers become ill by ingesting pathogen-laden seawater. Dose-response quantitative microbial
risk assessment (QMRA) models can estimate the probability of swimmer illness due to pathogen exposure
for many pathogens including Salmonella, Campylobacter, Giardia, norovirus (NoV), and adenovirus (e.g.,
Boehm & Soller, 2020; Schoen & Ashbolt, 2010).

Here, we couple hydrodynamic (estuary, surfzone, shelf), pathogen (NoV), and QMRA models (Section 2)
to predict pathogen concentration and swimmer illness risk for the year 2017 in the San Diego Bight under
four infrastructure scenarios. Although untreated wastewater has a variety of pathogens which lead to hu-
man illness (Dorevitch et al., 2012), the model focuses on NoV as it contributes the most to swimmer illness
risk based on QMRA simulations (e.g., Boehm & Soller, 2020). The first scenario is a baseline representing
no infrastructure change. The other three scenarios reduce either flows into the TJRE or SAB/PTB dis-
charges to the ocean shoreline. For the four scenarios, the shoreline concentration of untreated wastewater
is examined over 30 km alongcoast and the number of ill swimmers at IB are simulated (Section 3). In the
Discussion (Section 4), we estimate the fraction of time that regional beaches would be under beach water
quality advisory for the four scenarios, contextualize the results, discuss the representativeness of year 2017,
and model limitations. Section 5 is a summary.

2. Methods
2.1. Hydrodynamic and Pathogen Model Background

The San Diego Bight model (15 x 36 km?) simulates the estuary, surfzone, and shelf circulation and un-
treated wastewater transport using the Coupled Ocean-Atmosphere-Wave-Sediment-Transport (COAWST)
model system (Kumar et al., 2012; Warner et al., 2010) by coupling the Regional Ocean Modeling System
(Shchepetkin & McWilliams, 2005) with the Simulating WAves Nearshore model (Booij et al., 1999). The
model spans the San Diego/Tijuana Border region including the San Diego Bay, TJRE, and the SAB outfall
at the shoreline of Punta Bandera (SAB/PTB) located at 32.446°N, 10 km south of the US/Mexico border
(see Figure 1). We have previously applied the COAWST model in the San Diego Bight, resolving the pro-
cesses leading to cross-shelf tracer transport that dilutes the shoreline (Wu et al., 2020). Here, only relevant
hydrodynamic model background is provided. A full model description is found in Wu et al. (2020) and ap-
plication is found elsewhere (Wu et al., 2021a, 2021b). The regional shoreline is relatively straight, except for
curvature to the north around Coronado near the San Diego Bay entrance and a broad 15 m depth shoal off-
shore of the TJIRE mouth. The horizontal grid resolution transitions from 100 m along the open boundaries
to 8 m approaching the TJRE mouth allowing the estuary and surfzone to be resolved. Following seasonal
rainfall, the model accounts for realistic freshwater inflows as well as untreated wastewater inflows where
the Tijuana River enters the TJRE. The model also accounts for continuous freshwater flows and untreated
wastewater flows released at the shoreline of SAB/PTB. These sources are described in Section 2.2. Three
one-way nested parent runs spanning from the California Current System to the south Southern California
Bight, provide ocean boundary conditions for the San Diego Bight model. The Coastal Data Information
Program provides wave boundary conditions. NOAA/NAM surface fluxes (wind stress, heat and precipita-
tion) are applied.

The San Diego Bight model evolves a passive tracer representing untreated wastewater concentration D
such that D = 1 is pure untreated wastewater. With only one tracer, we are limited to representing only one
pathogen. NoV is chosen because, based on QMRA models, it dominates swimmer illness risk from swim-
ming in untreated wastewater contaminated waters (Boehm & Soller, 2020), particularly for aged sewage
(Schoen et al., 2020). This is because of its abundance in untreated wastewater (Eftim et al., 2017), being
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Table 1 long-lived in seawater (unlike EC and ENT) with a median decay con-
Description of Tijuana River Estuary (TJRE) Freshwater Diversion Limits stant of ~ 0.1 d~' (10-day decay time-scale) based on data available to
and San Antonio De Los Buenos Outfall at the Pt. Bandera (SAB/PTB) date (e.g., Boehm et al., 2015, 2019), and its low infectious dose. Effects of
Wastewater Discharges to the Ocean Shoreline for the Four Modeling sunlight, turbidity, and sedimentation, which can be important controls
Scenarios on FIB fate (e.g., Weiskerger & Phanikumar, 2020), are not considered
Scenario TIRE diversion limit SAB/PTB wastewater input here for NoV. Thus, with specified source NoV concentration C,_ (copy
Baseline 2MGD (0.09m*s-))  Untreated 35 MGD (1.53 m*s-1) L"), the shoreline NoV concentration is C = DC_ . Values of C__are dis-
Scenario A 35MGD (1.53 m*s™1) Treated 10 MGD (0.44 m?s~1) cussed in Section 2.5.
Scenario B 100 MGD (4.38 m3s~!)  Untreated 35 MGD (1.53 m3s~1) The simulation is conducted from December 12, 2016 12:00 UTC to De-

Scenario C

163 MGD (7.14 m?® ™)

Untreated 35 MGD (1.53 m®s~1) cember 20, 2017 12:00 UTC and solutions are saved at 1-hr intervals.

Note. TIRE inflows beyond these limits are not diverted and enter the
TIRE. For SAB/PTB, treated wastewater is assumed to have 5% of the

Model output is analyzed from December 15, 2016 12:00 UTC up to De-
cember 15, 2017 12:00 UTC (denoted year 2017) allowing for 3 days of

NoV pathogen load of untreated wastewater (e.g., Pouillot et al., 2015; model spinup. Analysis is also performed comparing the tourist (dry) sea-
Sano et al., 2016). NoV, norovirus.

son, and wet season. The tourist season is defined as 22 May to 8 Septem-

ber, spanning 109 days from the earliest Memorial Day and latest Labor

Day Holidays, consistent with County of San Diego and City of IB CA
definitions. The wet season is defined as 1 October to 1 April (spanning 189 days), consistent with State of
California definitions.

2.2. Scenarios for Freshwater and Untreated Wastewater Input at TTRE and SAB/PTB

Freshwater and untreated wastewater are input into the model domain at the TIRE inflow and SAB/PTB
discharge locations (red dots in Figure 1). We have four modeling scenarios that represent a Baseline sce-
nario and three scenarios (A, B, C) where TIRE inflows or SAB/PTB discharges to the ocean shoreline are
modified. The three scenarios represent USMCA infrastructure proposals developed by the EPA and report-
ed in various stakeholder meetings to reduce pollution input to the coastal ocean (USEPA, n.d.). These sce-
narios differ in how much freshwater, including untreated wastewater, flows into the TJRE and how much
untreated or treated wastewater is discharged to the ocean shoreline at SAB/PTB as summarized in Table 1.

To represent model TJRE inflows in the Baseline, TJIRE freshwater input matches the volume flux Qf of the
International Boundary Water Commission (IBWC) flow gauge located ~ 4 km upstream in the Tijuana Riv-
er. Flows <2 MGD (0.09 m? s1) are assumed to infiltrate and not enter the TJRE, thus any Q;<0.09 m3s!
are zeroed out. Very high flow rates can lead to model instability. Thus, occasional episodic flows >3000
MGD (132 m3 s7!) are capped and distributed in time to maintain total volume entering the TIRE. Base-
line TJRE inflows <23 MGD (Qf < 1.01 m3 s7!) are assumed to contain 25% untreated wastewater (AR-
CADIS, 2019), thus untreated wastewater flux is Q, = O.ZSQj, Flows greater than 23 MGD are assumed to
contain 10 MGD (Q,, = 0.44 m* s™!) of untreated wastewater regardless of flow rate. These untreated waste-
water assumptions are based on analysis of the Tijuana wastewater infrastructure and how much capacity
exists within the system (ARCADIS, 2019). The assumptions are based on “normal” conditions and do not
consider catastrophic Tijuana wastewater infrastructure problems leading to untreated wastewater release
into the Tijuana River, such as occurred during winter 2017 (IBWC, 2017) and from November 2019 through
summer 2020 (IBWC-Data, n.d.). SAB/PTB (Figure 1) discharges between 40 and 52 MGD to the ocean
shoreline 10 km south of the border, of which 10 MGD to 0 MGD are treated (e.g., ARCADIS, 2019). Thus,
the Baseline model SAB/PTB freshwater discharge is chosen to be constant at 50 MGD (Qf =219 m*s™)
of which 35 MGD (or Q,, = 1.53 m®s™") is untreated wastewater, and the remaining 15 MGD are freshwater
(i.e., no pathogens). This spans the potential range of fresh and untreated wastewater discharges.

Three scenarios (A, B, C) modify the TJRE inflows and SAB/PTB discharges to the ocean shoreline as sum-
marized in Table 1 and are representative of potential USMCA-funded infrastructure projects. Scenario
A moderately diverts TIRE inflows up to 35 MGD (i.e., only flows > 35 MGD enter the TJRE) and reduces
SAB/PTB wastewater discharges to the ocean shoreline to 10 MGD (Q,, = 0.44 m?®s™) of treated wastewa-
ter. SAB/PTB is designed to use lagoon treatment with partial chlorination. Meta-analysis shows that NoV
reduction in lagoon treatment systems without chlorine is —1 log10 (Sano et al., 2016) and with chlorine
is —1.5 1og10 (Pouillot et al., 2015). Thus, treated wastewater is assumed to have a —1.3 1og10 reduction
in NoV (i.e., 5%) relative to untreated wastewater. Scenarios B and C only impact freshwater flows into
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Figure 2. Timeseries of Tijuana River Estuary (TJRE) inputs over the year 2017 (December 15, 2016 to December

15, 2017) for the four scenarios: (a) freshwater flux Qf (m? s71) and (right) million gallons per day MGD, (b) untreated
wastewater flux Q, (m?s), and (c) resulting source untreated wastewater concentration D. Colors indicate the
Baseline, Scenario A (35 MGD diversion limit), Scenario B (100 MGD diversion limit), and Scenario C (163 MGD
diversion limit) as indicated in the legend (see also Table 1). A scenario color is only shown if the diversion limit is
exceeded. Thus, a time-period with Scenario C inflows (darkest blue) also have identical inflows for all Scenarios.
However, a time period of Scenario A inflows, has identical Baseline inflows, but no Scenario B or C inflows. At the
bottom of all panels, magenta and yellow bars indicate the tourist season (22 May to 8 September) and wet season (1
October to 1 April), respectively. Yellow and magenta markers at the top of each panel indicate the time of the wet and
tourist season examples (Figure 4).

the TJRE by adjusting the TIRE diversion limits to 100 MGD and 163 MGD, respectively, but leave SAB/
PTB discharges identical to the Baseline.

The freshwater flux, the untreated wastewater flux, and untreated wastewater concentration entering the
TRIJE from the Tijuana River under the four scenarios are shown hourly in Figure 2 and yearly statistics in
Table 2. We discuss the Baseline first. During the early wet season (December 2016-March 2017), the Base-
line TIRE freshwater flux is nearly always above Q> 1 m3s~! and can be large, up to 100 m3 s~ (Figure 2a).
During the early wet season with consistently elevated Q> 1 m3 s71, Baseline untreated wastewater flux is
capped at 10 MGD (Q,, = 0.44 m3 s~1, Figure 2b), resulting in source untreated wastewater concentrations
that vary from D = 0.44 for weak Q,to D = 0.02 for the strongest Q, (Figure 2c¢). During the tourist (dry)
season, Qf is minimal with episodic short-duration events on average Q=02 m? s~! but up to 1 m3 s7!
(Figure 2a) and associated untreated wastewater flux from Q, = 0.05 m* s™* to 0.4 m* s™* (Figure 2b). In
the later 2017 wet season (October-December 2017), Qf and Q,, are similar to the tourist season except for
a large early November event (Figure 2). Over the year, the Baseline has nonzero hourly TIRE input 48%
of the time with net freshwater and untreated wastewater inputs totaling 94.6 x 10° m?* and 3.9 x 10° m?,
respectively (Table 2).
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Table 2

For the Four Scenarios, Tijuana River Estuary (TJRE) Freshwater and Untreated Wastewater Input Volume (m?), the
Percentage of Time TJRE Q, Is Nonzero, and the San Antonio De Los Buenos Outfall at the Pt. Bandera (SAB/PTB)
Untreated Wastewater Discharge Volume (Input) Over the Full Year December 15, 2016 12:00 UTC to December 12, 2017
12:00 UTC

Year TJRE input Baseline Scenario A Scenario B Scenario C
Freshwater (x10° m?) 94.6 93.5 79.8 76.0
Untreated wastewater (X10° m3) 3.9 3.6 1.2 0.9
Percentage time Q,> 0 49% 39% 12% 9%
SAB/PTB untreated wastewater input (x10° m?) 48.3 0.7 48.3 48.3

Note. The wet season provides >99.7% and >99.1% of the yearly total baseline TJRE freshwater and untreated
wastewater input, respectively. Scenarios A-C have zero TJRE input during tourist season.

‘We next examine the associated TJRE Qf and Q,, for Scenarios A, B, and C (Table 1). Scenario A (diverting
inflows <35 MGD) eliminates all TIRE inflows during tourist season and some of the weaker Qf flows dur-
ing late March through May (Figures 2a and 2b). The yearly percentage of time that Scenario A Qf > 0is
39% reduced from Baseline 49% (Table 2). However, because the early wet season Qf (and Q) are typically
strong, Scenario A reduces the net yearly TJRE freshwater and untreated wastewater input only 2% and 8%,
respectively, from the Baseline (Table 2). Scenarios B and C eliminate many times of nonzero Qf, particu-
larly in the early wet season, such that nonzero TJRE Qf only occurs 12% and 9% of the time, respectively.
However, Scenarios B and C still have a number of episodic strong (> 163 MGD) flow events associated with
strong precipitation that typically lead to low input D (Figure 2). Because TIRE Qf is typically episodic,
mostly <100 MGD with occasional events well over 163 MGD, the yearly freshwater input for both Scenar-
ios B and C are similar and reduced ~18% from the baseline (Table 2) as most of the yearly ins from a few
very large events. Because with our input assumptions Q,, is capped at 0.44 m? s~! (10 MGD), regardless of
Qf magnitude, Scenarios B and C yearly untreated wastewater inflows to the TJRE are similar and are re-
duced 69% and 77% from the Baseline, respectively. Note, overall SAB/PTB untreated wastewater discharges
are much larger than for those of the TIRE, and the Scenario A SAB/PTB input is less than the Scenario C
TJRE input (Table 2).

2.3. Shoreline Untreated Wastewater Concentration and Locations of Interest

Simulated shoreline untreated wastewater concentrations D are extracted over a 31 km alongcoast distance
from the southern model boundary northward, accounting for coastline curvature. With +1 m tidal varia-
tion, at each alongcoast grid point every 10-60 m, the most onshore location where the tidal water depth
was at least 1 m is used to represent the shoreline D. At the TJRE mouth, the shoreline is virtually extended
so as to not select locations within the estuary. Distance alongcoast is represented by y and is given rela-
tive to the City of IB Pier (located at 32.579°N). Specific locations of interest are are shown in Figures 1, 4
and 5, including SAB/PTB (y = —15.3 km), the TJRE mouth (y = —2.9 km), the US/Mexico Border, and four
popular regional beaches: (from south to north) Playas Tijuana Mexico (PTJ, y = —6.9 km), IB Pier, Silver
Strand State Beach (SS, y = 6 km), and the Hotel del Coronado (HdC, y = 12.1 km), located within the City
of Coronado.

2.4. City of IB CA Beach Attendance

City of IB monthly beach attendance records, compiled by lifeguards, were obtained for the years 2014-2019
(City of IB, pers communication). The monthly data were averaged over the six years and interpolated
to obtain hourly beach visitors such that the sum of hourly beach visitors equaled the yearly total beach
visitors of 2.4 million. Beach visitor variation within a week (intra-week) or within a day (intra-day) are
not included. Thus, beach visits are evenly distributed between day and night and throughout the week.
For other Southern California (Los Angeles County and Orange County) beaches that experience similar
weather and wave conditions as IB CA. Given et al. (2006) provide the monthly percentage of beach visitors
who swim which varies from 10% in February to 43% in August. This monthly fraction is also interpolated
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Norovirius to hourly and used to derive hourly IB swimmers N

10°

Illness Probability

108} ~

win 1Dtra-day or in-
tra-week N, variations are not included, as the scientific literature does
not provide information on how to distribute N_, = throughout the day or
week. However, N, = clearly varies with time of day, being elevated mid-
day, significantly reduced early morning and late afternoon, and largely
zero at night, and likely varies by day of week. The effect of intra-day var-

iations in N_ . are explored in Appendix A and do not affect the results.

swim

2.5. Estimation of NoV Illness Probability

We estimated the illness risk from NoV exposure with the methods in
Boehm and Soller (2020). The modeled untreated wastewater concentra-
.......... pl | | tion D has a 10 days e-folding decay time-scale (Section 2.1), consistent
| T with the median decay time scale for NoV (Boehm et al., 2019). NoV con-

1078

Untreated Wastewater Concentration D

10 1072 100 centration in source untreated wastewater C__ is represented by a ran-
dom variable with a logl0-normal distribution with a logl0 mean of 4
and standard deviation of 1.4 such that the mode is 10* copy L (Eftim

Figure 3. P! versus untreated wastewater concentration D showing et al., 2017). Swimmers are assumed to ingest a volume of water V (mL)
expected (mean) probability P', median probability Py, and the EPA drawn from a logl0-normal distribution with a logl0 mean of 1.2 and

threshold Py,

= 0.036 (USEPA, 2012) as indicated in the legend.

standard deviation of 0.68 (DeFlorio-Barker, Arnold, et al., 2018). For an
individual swimmer, the NoV dose u is given as

H= Csc DV (1)

where V is the volume of water ingested. From Teunis et al. (2008), the NoV probability of infection P is
a function of the dose v,

P =1 —, F1(0.04,0.09, —p), @

where |F, is the hypergeometric function. The conditional probability of illness given infection P is a
uniform random variable over [0.3, 0.8] independent of P™ (Teunis et al., 2008) such that the probability
of illness

Pill - Pilllianinf. (3)

At the City of IB, the number of hourly ill swimmers N, is calculated using estimates of the number of
hourly swimmers N, and the shoreline D from December 15, 2016 12:00 UTC to December 15, 2017 12:00
UTC. For a particular hour, each individual swimmer ingests a volume V of water randomly drawn from the
distribution described above. Conceptually, we expect that all swimmers at a particular location and hour
experience the same NoV concentration DC_ . Therefore, for a single swimmer we draw N, = 250 random
samples of C___ to obtain N, estimates of x, (a) and N, estimates of P (b), and P (c), where i € [1, ..., N .
We then draw N, samples from a uniformly distributed random variable on [0, 1], denoted R,. For each i, if
R < P,.i”, then 1/NB of a swimmer is considered ill, and we sum over all i. This acts as an ensemble average
over possible source NoV concentrations C_ . Results were not sensitive to increasing N_. This process is

src’

repeated for each swimmer within each hour to calculate hourly N;. Note, fractional hourly N, are possible.

As C__and V are independent random variables, the NoV swimmer illness probability P! for a value of D
has a probability density function with a mean and median. The probability density function of P! and its
dependence on D is estimated by drawing N, , = 10° independent random values of C_, V, and PUU'i™f, result-

ing in N, values of P" for each D. From this, we estimate the mean (expected) P! and median Pij,, illness

probability for each possible value of D (Figure 3), representing an ensemble over C__and V. From D = 1072
to D = 1, P varies from 0.2 to 0.3. At smaller values of D < 1072, P! decreases in a power-law relationship
of P ~ D*such thatat D = 1075, P = 2 x 107>, At D > 107, the mean P and median P, are the same,

indicating that the probability density function is effectively symmetric. However for D < 1072, ng% is small-

er than P such that P"/ Pl ~ 10 at D = 10~*and P"/ P}, ~ 100 at D = 10~%. This suggests that at very

low values of D, ill swimmer N estimated from P! will be biased high. This will be explored in Section 3.4.
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Figure 4. (a and b) Wet-season case example from January 3, 2017 10:00 UTC of modeled surface (a) Baseline and (b)
Scenario C untreated wastewater concentration D. (¢ and d) Tourist season case example from July 11, 2017 14:00 UTC
of modeled surface (c) Baseline and (d) Scenario A untreated wastewater concentration D. Red dots indicate locations
of Tijuana River Estuary (TJRE) and San Antonio de los Buenos outfall at the Pt. Bandera (SAB/PTB) sources. Blue
triangles mark specific beaches: Playas Tijuana (PTJ), Imperial Beach Pier (IB), Silver Strand State Beach (SS), and

the Hotel del Coronado (HdC). The dashed line marks the US-Mexico border. These example times are indicated in
Figure 2. For the wet season examples (a and b), the TJRE freshwater and untreated wastewater flux (averaged over the
preceding 48 hr) are Qf ={4.04,0.32} m*s~! and Q, = {0.44, 0.018} m* s, respectively for the Baseline and Scenario

C. For the tourist season examples (c and d), the TJRE freshwater and untreated wastewater flux (averaged over the
preceding 48 hr) are Q= {0.04, 0} m*s~* and Q,, = {0.01, 0} m? s7%, respectively for the Baseline and Scenario A. Note,
in wet season (a and b), Scenario A is very similar to the Baseline and Scenario B is similar with slightly elevated D to
Scenario C. In tourist season (¢ and d), Scenarios B and C are nearly identical to the Baseline.

Here, pathogen concentration limits for determining beach advisories are based on the concentration that
results in mean probability of GI illness Pl = 0.0036 (i.e., 3.6/100) (USEPA, 2012). At D = 1.06 x 107,
the EPA recreational water quality illness probability threshold P! = P = 0.036 is crossed (dotted line

in Figure 3).

3. Results
3.1. Example Wet and Tourist Season Untreated Wastewater Plume Events

Here, we show a wet season (winter) and tourist season (dry) San Diego Bight model examples to high-
light the untreated wastewater impacts from both TIRE and SAB/PTB sources and the effect of the source
reductions from the different scenarios (Figure 4). The wet season example (January 3, 2017 10:00 UTC)
has elevated untreated wastewater concentrations (D > 10~%) within 2-3 km of shore from south of PTJ
northward nearly to HAC (Figure 4a), sourced from the TIRE. The shoreline D varies from 1073 at PTJ to
around 3 X 10~* from IB to north of SS, and 3 x 10~° at HAC. At these D levels, P! exceeds the EPA threshold
everywhere but HAC. South of SAB/PTB, D is very high (>10~2) from the SAB/PTB source which is advected
south. In this wet-season example, Scenario C results in reduced D (Figure 4b) due to the reduced TJRE
inflow. Relative to the baseline, the shoreline D is reduced by factor 3-10 from PTJ to SS, corresponding to
P''that just exceeds the EPA threshold, and a factor of 1.5 at HAC. During the wet-season example, Scenario
A has no effect on reducing shoreline D and Scenario B results in a factor 2-3 reduction in shoreline D (not
shown).
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Figure 5. Shoreline untreated wastewater concentration D versus time and alongcoast distance from Imperial Beach
CA for the (a) Baseline, (b) Scenario A, (c) Scenario B, and (d) Scenario C. The San Antonio de los Buenos outfall at
the Pt. Bandera (SAB/PTB) and Tijuana River Estuary (TJRE) sources are indicated on the ordinate as circles. Other
alongcoast locations are indicated on the ordinate including Punta Bandera (PTB red), Playas Tijuana (PTJ, black),
the mouth of TJRE (magenta), Imperial Beach (IB) pier (yellow, dashed line), Silver Strand State Beach (SS, green),
and Hotel del Coronado (HdC, blue). The tourist (22 May to 8 September) and wet (1 October to 1 April) seasons are
indicated with magenta and yellow bars, respectively, at the bottom of each panel.

The tourist-season (dry) San Diego Bight model Baseline example (July 11, 2020 14:00 UTC) highlights the
impacts of the SAB/PTB source (Figure 4c). Untreated wastewater concentration D is elevated within 1 km
of shore along the entire shoreline from SAB/PTB to north of HdC. A strong and long-lived south swell
(waves incident from the south-southwest) led to strong northward surfzone currents advecting SAB/PTB
sourced D northward. The alongshore advection of nearshore SAB/PTB plumes is directly linked to the
angle and height of the incident surface gravity waves (Wu et al., 2020). During this dry-weather time, the
TIRE input is negligible. The shoreline D varies south to north from D = 7 x 10~3 at PTJ,to D = 2 X 1073
atIB,D =7 x 10*at SS, and D = 3 X 10~* and HdC. This corresponds to P! = 0.1 at PTJ to P! = 0.05 at
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HdC—all well above the EPA threshold—suggesting negative impacts to regional beaches. For this exam-
ple, Scenario A dramatically reduces (30-90x relative to the Baseline) D (Figure 4d) due to the significant
SAB/PTB source reduction. For example, Scenario A D = 10~*at PTJ, D = 2.2 x 10~ at IB, and D < 107> at SS
and HAC. At these D levels, PTJ P!is right at the EPA threshold and all other locations are below (Figure 3).
In contrast, tourist season Scenarios B and C have shoreline D nearly identical to the Baseline (not shown)
as they do not alter SAB/PTB discharge.

3.2. Shoreline Total Untreated Wastewater Concentration for All Four Scenarios

The wet and tourist season examples highlight the typical transport pathways of the TIRE and SAB/PTB
sources, and the effects of TJRE or SAB/PTB source reductions through Scenarios A-C (Figure 4). We ex-
amine next shoreline D from SAB/PTB to HdC over the full year (Figure 5) for the Baseline and Scenarios A,
B, and C (Table 1 and Figure 2). The Baseline (Figure 5a) highlights the seasonal difference in shoreline D
impacts from the TJRE and SAB/PTB sources. During the wet season, the region near the TJRE mouth has
consistently elevated D indicating it is the principal regional source from PTJ to HdC. The wet season TIRE
outflow is somewhat more likely to go south (due to more prevalent waves from the northwest) impacting
PTJ more strongly. Occasionally, weak TIRE-sourced plumes reach HAC at D ~ 10~ with a very short lived
maximum of 1073. During the wet season, SAB/PTB shoreline D is elevated but mostly flows southward.
During occasional south swell events, SAB/PTB sourced D flows northward, impacting PTJ to SS. Overall,
the dominant pattern changes in the tourist season (22 May to 8 September) when the SAB/PTB source (Fig-
ure 5a) drives many (x10) tourist-season events with elevated D flowing northward alongcoast from SAB/
PTB that last for days. These events propagate generally 8-14 km d~! (see sloping contours in Figure 5a), are
associated with south swell events, and dilute relatively slowly alongcoast, leading to significant elevated D
from PTJ to the HAC with shoreline D > 5 x 10~* and nearly always >10~* . During the tourist season, TJRE
Qf and Q, are minimal (Figure 2b), indicating that TJRE-inflow impacts are weak.

We next examine the shoreline concentrations for Scenario A (Figure 5b), which eliminates TIRE inflow
below 35 MGD and reduces SAB/PTB discharges to 10 MGD of treated wastewater (Table 1). During wet
season, the Scenario A shoreline D (Figure 5b) is similar to but somewhat reduced relative to the Baseline
(Figure 5a), due to the 20% reduction in TIRE sourced untreated wastewater. However, during the tourist
season, Scenario A (Figure 5b) is dramatically different from the Baseline (Figure 5a), with significantly
reduced shoreline D from PTJ to HAC due to the strong reduction in the SAB/PTB source. For example, in
Scenario A, the tourist season IB maximum shoreline D = 7 X 10~> almost 100X smaller than the Baseline.
Thus, Scenario A reduces tourist season D strongly, but has small impact during the wet season. Scenarios
B and C (which only reduce TJRE inflows Table 1 and Figure 2) have similar patterns (Figures 5c and 5d).
During the wet season, both scenarios clearly reduce shoreline D substantially relative to the Baseline (Fig-
ures 5c and 5d) as the average TIRE inflow Q,, is reduced 71% and 78%, respectively from the Baseline.
Three late (February and March) wet-season events have northward flowing SAB/PTB D that impact IB and
farther northward (Figures 5c and 5d). In contrast, the tourist season shoreline D for Scenarios B and C are
nearly identical to the Baseline (compare Figures 5c and 5d with Figure 5a), as TJRE inflow is negligible
and SAB/PTB discharge to the ocean shoreline is unchanged. Thus, Scenarios B and C do not reduce tourist
season shoreline D from PTJ to HAC.

3.3. IB CA Swimmer Illness Under the Four Scenarios

Throughout the San Diego Bight, shoreline D can be elevated anytime of year (Figure 5), suggesting swim-
mer illness risk at regional beaches. We now estimate the number of hourly ill swimmers N, at the City
of IB for the four scenarios from the hourly shoreline D and N, (Section 2.4) using the Boehm and
Soller (2020) methods (Section 2.5). During the wet season in the Baseline and Scenario A, IB D is always
>107° and often >10~* in 1-3 days duration events (Figure 6a). During the wet season, Scenarios B and C
have D reduced by a factor of ~5 and ~ 10, respectively. During tourist season, the Baseline and Scenarios
B and C are essentially identical with D > 10~* regularly in ~7 events of 3-10 days duration (Figure 6a).
Scenario A tourist season D is substantially reduced and only 1.5% of the Baseline, consistent with the SAB/
PTB discharge reductions. The hourly beach visitors (Section 2.4) varies from ~140 in January to ~700 in

July (Figure 6b). The N_ . varies from ~ 14 in January to ~300 in July (dashed in Figure 6b). The annual

swim
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Figure 6. Timeseries at Imperial Beach CA of shoreline (a) untreated wastewater concentration D, (b) hourly beach
visitors and swimmers N_, and (c) hourly ill swimmers N, for the four scenarios. Panels (a and c) colors correspond to
the four scenarios (see legend). The wet and tourist seasons are indicated with yellow and magenta bars at top of panels
(b and c). In panel (a), D is extracted along the dashed line in Figure 5. Note, during most of the tourist season, Scenario
B and C are nearly identical to each other (and to the Baseline) leading to indistinguishable lines. Similarly during the

wet season, Scenario A results in only slightly lower D and N, relative to the Baseline which is nearly indistinguishable.

swimmer total is 839,784 with 64% during tourist season, 17% during wet season, and the remaining 19% be-
tween (Table 3). During the tourist season when N_, is large, elevated D events (Figure 6a) result in large
Baseline N, (Figure 6c¢), often exceeding 20 and as large as 50, with variability linked to both D and N_
For example, when D > 10~*and N_, > 100, then N, > 10. During tourist season, Scenario A has substan-
tially reduced N, relative to the Baseline and Scenarios B and C (Figure 6¢). During early wet-season, N,
is generally small due to the reduced N, with Scenario C having the smallest N, (Figure 6c). During the
late wet-season, a few northward flowing SAB/PTB plumes result in three October N, events (i.e., N;; > 5

ill
that lasts 2-5 days) which are only reduced in Scenario A.

wim®

The estimated impact of untreated wastewater on human illness under the four scenarios is quantified
for the full year, wet season, and tourist season (Table 3). For the full year, the Baseline N,; = 34, 000 rep-
resenting 3.8% of N, . Scenario A reduces N, substantially over the full year so N, is only 0.6% of N, .
Scenarios B and C result in only small (%1000 or 0.1%) yearly reductions in N, relative to the Baseline. The
wet season has 17% of the yearly N, , and N, is 2.8% of N_, in the Baseline, which is reduced to 2.2%

and 2.1% in Scenarios B and C, respectively (Table 3). However, Scenario A results in the largest wet-season
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Table 3
Imperial Beach CA Hourly Swimmers N, and Ill Swimmers N, With Ill Swimmer Percentage in Parentheses Under
the Four Scenarios for the (Rows) Full Year, Wet Season, and Tourist Season

Full year Wet season Tourist season
Swimmers N, 893,784 153,747 568,152
N, (percentage) Baseline 34,271 (3.8%) 4,368 (2.8%) 25,750 (4.5%)
Scenario A 5,674 (0.6%) 1,882 (1.2%) 3,111 (0.5%)
Scenario B 33,172 (3.7%) 3,418 (2.2%) 25,706 (4.5%)
Scenario C 33,013 (3.7%) 3,241 (2.1%) 25,694 (4.5%)
P! Ny (percentage) Baseline 34,413 (3.9%) 4,418 (2.9%) 25,794 (4.5%)
Scenario A 5,763 (0.6%) 1,939 (1.3%) 3,131 (0.6%)
Scenario B 33,182 (3.7%) 3,454 (2.2%) 25,686 (4.5%)
Scenario C 33,055 (3.7%) 3,288 (2.1%) 25,685 (4.5%)
P Ninm (percentage) Baseline 11,829 (1.3%) 1,127 (0.7%) 9,687 (1.7%)
Scenario A 555 (0.1%) 355 (0.2%) 162 (0.0%)
Scenario B 11,526 (1.3%) 859 (0.6%) 9,668 (1.7%)
Scenario C 11,485 (1.3%) 822 (0.5%) 9,651 (1.7%)

Note. The middle rows have ill swimmers calculated from Nyim P (see Figure 6) and the percentage in parentheses.
The bottom rows have ill swimmers calculated from the median probability Ngyim (with percentage). Note that ill
swimmers are rounded to the nearest integer.

ill
PSO%

N,, reduction with N;; only 1.2% of N, , due to the three October N, events (Figure 6¢c). Although October
is within the wet season, it is often dry with negligible TIRE inflow (Figure 2a) and can have south swell
events driving SAB/PTB plumes northward alongcoast (e.g., Figure 4c). Tourist season has the majority of
N imp @a0d N i 4.5% of N, in the Baseline, which is essentially unchanged in Scenarios B and C. Scenario
A dramatically reduces N, during the Tourist season with N;;; 0.5% of N, = (Table 3). Overall, Scenario A
results in the smallest number of ill swimmers over the full year, tourist season, and wet season.
3.4. Representing Number of Ill Swimmers Using Mean and Median Illness Probability:
Sensitivity Analysis

The results of Section 3.3 allows for the calculation of hourly or daily N, /N_ . ., and if this exceeds
P, =0.036 (i.e., 3.6/100), EPA guidelines dictate posting a beach advisory (USEPA, 2012). In many cases,
N, data are unavailable precluding such a calculation. However, if N, is large enough such that the
full P! distribution is sampled, then N,; will be well approximated by P Nyyim, where P! is the mean P!
(Figure 3). However, as the P! distributions are skewed (Figure 3), N_ . may not be large enough, such that

using P! may create a bias. Here, we explore how well N can be estimated using P Nyin for the Baseline
(largest N ) and Scenario A (smallest N,).

Using the D-P! relationship (Figure 3), P! is estimated at IB from shoreline D for all four scenarios (Fig-
ure 7a). The Baseline mean illness probability P! varies from 5.8 X 1075 to 0.15, qualitatively similar to the
Baseline D. For the other scenarios, P! varies qualitatively similar to their respective D. During the wet
season, Scenario A P! is similar to the Baseline, but during the tourist season, Scenario A P! is reduced
by a factor ~ 10 relative to the Baseline. During the wet season, Scenarios B and C have reduced P except
during intermittent flows too strong to be diverted. During the tourist season, Baseline and Scenarios B and
C P are largely identical.

We next compare the N, against P! Nyin. The hourly N, is well represented by P! Nyin in both the Base-
line and Scenario A during both wet and tourist seasons (Figures 7b and 7c). Over the full year, the N,
and P" N, have squared correlation > 0.97 and root-mean-square error ~ 0.6 ill swimmer in both the
Baseline and Scenario A (Figure 7). When summed over the wet season, tourist season, or full year, the N,
and P" N are very similar in all four scenarios over wet season, tourist season, or the full year, deviating
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Figure 7. Timeseries at Imperial Beach CA of (a) mean norovirus illness probability P! for the four scenarios (legend)
and (b and ¢) number of hourly ill swimmers N, and P Nyyim (see legend) for (b) the Baseline and (c) Scenario A.
Yellow and magenta bars at the top of panels (b and c) indicate the wet and tourist seasons. In (a) during most of tourist
season, Scenarios B, C, and Baseline P! are nearly identical. Similarly, during the wet season, Scenario A and Baseline
P" are very similar and thus nearly indistinguishable. In the Baseline (b), the squared correlation ¥ = 0.99 and the root-
mean-square error (rmse) is 0.61 hourly swimmers over the full year between N, and P! Ny,. Similarly, for Scenario
A (c), the squared correlation r> = 0.97 and the rmse is 0.57 over the full year. For reference, using Ps‘g”/, Nyyim in (b and c)
yields r? of 0.62 and 0.39 and rmse of 4.6 and 4.6, respectively.

by no more that 0.1% of the total N,

swim

(Table 3). Thus, P Ny, well represents N, across all scenarios and

seasons.

Median illness probability Pij, also often is used in illness-risk studies (e.g., Boehm & Soller, 2020), and we

explore how well N, is estimated using Psig% Ngwim. As before, Psig% is estimated at IB for all four scenarios

using the D-PJ), relationship (Figure 3). For both Baseline and Scenario A, the N;; and P}, Nyim squared

correlation (0.62 and 0.39) and rmse (~ 4.6 ill swimmers) indicate P! is better than Pif for estimating N,

In addition, Psig% Niwim is biased low relative to N Over the wet season, tourist season, or full year (Table 3),
the Baseline full year Psig% Niwim only 1/3 of N, with analogous bias in other scenarios. The low bias in
Psig% Nywim 18 smallest during tourist season when N_. is largest. These results indicate that P! distribution
is well sampled even for N_. ~ 20 and that P! can be used to estimate the hourly N, /N_. . In contrast,
using Pi leads to biased low results.
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Figure 8. Beach impact fraction at the four beach locations for the four scenarios (legend) over the (a) full year, (b)

wet season, and (c) tourist season. Beach impact fraction is defined as the fraction of time that P" > P (Pl = 0.036,

corresponding to D = 1.06 x 10~*). The locations Playas Tijuana, Imperial Beach, Silver Strand State Beach, and Hotel
del Coronado are indicated in Figures 1, 4 and 5.

4. Discussion
4.1. Regional Beach Impacts Under the Four Scenarios

The EPA swimmer illness probability threshold P, = 0.036 is used to set recreational water quality cri-

teria (USEPA, 2012). We define the beach impact fraction as the fraction of time that P! > Pé‘ll,A. Here,
we evaluate the beach impact fraction at four popular beaches PTJ, IB, SS, and HdAC for the four scenarios
over the full year, wet season, and tourist season (Figure 8). For the Baseline (first bar, Figure 8), PTJ is
highly impacted at all three time-periods with beach impact fraction ~ 0.6. This is because PTJ is closest to
the dominant tourist season SAB/PTB source, which is downstream from the TIRE during the wet season
with predominant NW-incident waves. Baseline beach impact fraction is steadily reduced northward with
distance from SAB/PTB source but is still 0.35-0.44 at IB across seasons and even 0.26 at HAC during the
tourist season (Figure 8) with northward flowing SAB/PTB plumes (e.g., Figure 4c). In Scenario A (second
bar in Figure 8), tourist season beach impact fraction is dramatically reduced to 0.07 at PTJ and to zero at IB,
SS, and HdC. In the wet season, Scenario A results in small wet season reductions at all locations, primarily
from the October SAB/PTB plume events. During tourist season, Scenarios B and C (third and fourth bars,
respectively, in Figure 8) have nearly identical beach impact fraction as the Baseline. During the wet season,
Scenarios B and C reduce the beach impact fraction 1/2 to 1/3 relative to the Baseline depending on location.
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Table 4 Scenario A provides the largest reduction in beach impact fraction over
Wet and Tourist Season Average Flow Rates Q, and Percentage of Time the full year and tourist season, but not the wet season (Figure 8). This is
Flowing for 4 Years largely consistent with the N, metric (Table 3), where Scenario A provid-
Wet season TIRE Tourist season TIRE ed the largest reduction in all three time-periods. This difference is due to
weighting the N, metric by N_. and Fall having more swimmers than
Percent time Percent time January-March (Figure 6b)
Year Average Qf flowing Average Qf flowing Iy g ’
2016-2017 139.8 MGD 67% 0.1 MGD 2%
2017-2018 19.1 MGD 229% 0 MGD 0% 4.2. Contextualizing the Results
2018-2019  88.5 MGD 64% 3.5MGD 14% San Diego County performs weekly ENT sampling at IB and SS. During
2019-2020 139.4 MGD 73% 11.1 MGD 79% the 16-week long 2017 tourist season, the California single sample stand-

Note. The percent time flowing is the percentage of time that the

ard of 104 CFU/100 ml was only exceeded once at IB and not at all at SS

measured flow rate entering the TIRE is >2 MGD. Note, wet season is (San Diego County, n. d.). In contrast, the Baseline P"-based IB and SS
defined here continuously as (for 2016-2017) October 1, 2016 to April beach impact fractions during tourist season were between 0.42 and 0.33,
1, 2017, and tourist season is defined as May 22 to September 8. TIRE,  regpectively (Figure 8). Differences in ENT and NoV decay, particular-

Tijuana River Estuary.

ly under sunlit conditions, may explain the discrepant results. Daytime

surfzone ENT inactivations time-scales were estimated at 0.05 days (Rip-

py et al., 2013) consistent with daylight river and seawater experiments
of 0.025-0.23 days (Davies-Colley et al., 1994; Sinton et al., 2002). For SAB/PTB sourced untreated waste-
water advecting at 10 km d=! (Figure 5) to IB, ENT would be exposed to at least 0.5 days of daylight and
(assuming no night-time mortality) would be reduced purely from mortality a logl0 factor of —1 to —4.4
(0.11-4 x 1075). In contrast, with a 10-day decay time-scale, NoV is reduced a log10 factor —0.07. This ne-
glects effects of hydrodynamic dilution. This suggests that the current advisory posting methods based on
ENT might not be protective of swimmer health.

Our model results showing the effect of SAB/PTB plumes advecting northward are qualitatively consistent
with the digital-PCR and DNA-sequenced microbial parameters measured from SAB/PTB, PTJ, IB, and
SS during Fall 2018 south swell events (Zimmer-Faust et al., 2021). Human PCR markers, inferred to be
sourced from SAB/PTB, were often detected at IB and SS. In contrast, elevated co-sampled ENT was never
detected in IB and rarely at SS. The wet season Baseline N,;/N_ . = can also be contextualized with epidemi-
ological studies of increased illness risk in urban runoff (not untreated wastewater). At a beach (Mission
Beach—MB—CA) ~25 km north of IB, post rainfall exposure to ocean water with urban runoff increased
the illness rate 0.7% relative to no swimming exposure for dominant GI illness as well as fever, eye infection,
and wound infection (Arnold et al., 2017). During the wet season, IB NoV N, /N_. is 2.8% (Table 3), and
predominant NoV symptoms are GI with fever secondary. Although difficult to compare epidemiological
and our coupled model risk at different sites and time periods, their similar wet-season illness percentage
(with MB factor 4 smaller), suggests that our coupled model is simulating a reasonable N,/N,

swim®

4.3. Is the Year 2017 Representative?

The coupled San Diego Bight model applied in the year 2017 indicates that the SAB/PTB untreated waste-
water source is the leading cause of swimmer illness and beach advisories. Therefore, reducing SAB/PTB
discharges is expected to have the largest benefits in terms of coastal water quality and human health.
However, the year 2017 (December 15, 2016 to December 15, 2017) conditions may not be representative of
past or future conditions. Here, we examine the wet season and tourist season TIRE average inflow Qf and
fraction of time flowing over four years (Table 4) using Tijuana River Q,(e.g., Figure 2a). The tourist season
is defined as in Section 2 (22 May to 8 September). As multiple observation years are available, here we de-
fine wet season as 1 October to 1 April continuous, which differs from the Year 2017 wet season definition
(December 15, 2016 to April 1, 2017 and October 1, 2017 to December 15, 2017—see Section 2).

The 2016-2017 wet season had the largest TIRE average Q; of 139.8 MGD and flowed 67% of the time
(Table 4). The 2017-2018 wet season had much less TIRE average Qf (19.1 MGD) and only flowed 22% as
the winter was drier. The 2018-2019 wet season TIRE average flow rate (Q; = 88.5 MGD) was ~ 2/3 of the
2016-2017 wet season yet flowed at a similar rate (64%) as 2016-2017. The 2019-2020 wet season was most
similar to 2016-2017 with TJRE average Q; of 139.4 MGD and flowed 73% of the time. The large TJIRE Q,
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flows in 2016-2017 and 2019-2020 wet seasons are principally due to enhanced precipitation but is also par-
tially due to failure of wastewater treatment and river diversion infrastructure in Tijuana (e.g., IBWC, 2017).
Our model year 2017 wet season incorporated components of both the 2016-2017 (December 15, 2016 to
April 1,2017) and the 2017-2018 (October 1, 2017 to December 15, 2016) wet seasons and thus is largely rep-
resentative of the range of wet season conditions. In addition, the early wet season (December 15, 2016 to
April 1, 2017) is representative of the largest Qs flow conditions over the 4 years. How the untreated waste-
water inflow Q,, changes across these four wet seasons is unknown as it depends on Tijuana infrastructure,
although likely Q, is monotonic with Qr

The 2017 tourist season had low TJRE average Q; of 0.1 MGD and flowed 2% of the time, explaining why
SAB/PTB had much larger tourist season impacts (Figures 5, 6 and 8 and Table 3). However, the 2017 tourist
season is not representative of more recent tourist season TJRE inflows (Table 4). The 2018 tourist season
had even less TJRE flows, suggesting our tourist season conclusions apply. However, tourist season TJRE
inflows increased in 2019 and 2020 with average Qf of 3.5 MGD to 11.1 MGD, respectively, with 2020 flow
frequency increasing to 79% (Table 4). Aside from one small 2 mm precipitation event on June 20, 2020,
the year 2020 tourist season was dry (NCEI-NOAA, n.d.). Thus, the strong 2020 tourist season TIRE inflows
were due to ongoing (November 2019 through September 2020) Tijuana wastewater and river diversion in-
frastructure failure, indicating the TJRE inflow is largely untreated wastewater, that is, Q,, ~ Q The IB pier
is 2.9 km from the TJRE relative to 15 km from SAB/PTB (Figure 1). During the 2020 tourist season, a TTRE
Q,, 1/3 that of SAB/PTB would likely result in larger D and associated increases swimmer illness risk from
the TJIRE than from SAB/PTB at IB and farther northward. Note, SAB/PTB impacts would still be present,
similar to 2017. The 2019 tourist season also likely has significant yet intermittent TJRE impacts. Thus, our
2017 tourist season Baseline results may not be representative of other years or of the future. However, the
2020 TIRE tourist season Q,was almost always <35 MGD, suggesting that Scenario A, which diverts TIRE
inflows <35 MGD, is still the optimal scenario for improving shoreline water quality. These inferences as-
sume that tourist season net south swell energy does not vary substantially across years.

4.4. Limitations

The N, and beach impact fraction for each scenario are based on a cascade of inputs and coupled model
components. Each model component has been separately developed and tested (e.g., Boehm & Soller, 2020;
Kumar et al., 2012, and references therein). Yet, the many assumptions and choices here have limitations,
of which we enumerate a few. First, the hydrodynamics are wave-averaged and do not include stirring due
to transient rip currents (e.g., Suanda & Feddersen, 2015) which may dilute the shoreline more rapidly than
modeled. The TIRE source flow rates (Qf) are based on the IBWC flow gauge, but the flow of untreated
wastewater (Q,) was not measured and is likely more variable and complex than our simple assumptions.
In addition, TIRE untreated wastewater inputs downstream of the IBWC flow gauge (e.g., Goat and Yogurt
Canyons) occasionally occur with rainfall with unknown magnitude and are not included here. We only
model a single pathogen NoV whose data on surface water persistence is limited. The decay time-scale value
used herein represents the best estimate to date. Although NoV dominates risk when swimmers are exposed
to fresh or aged untreated wastewater contamination (e.g., Schoen et al., 2020), ill swimmers can be infected
by a range of pathogens (Dorevitch et al., 2012). More complex tracer modeling is required to include addi-
tional pathogens. The swimmer ingested water volume probability distribution (DeFlorio-Barker, Arnold,
et al., 2018) did not consider surfers whose exposure duration and thus volume ingested is likely larger
than a typical recreational swimmer. Both SAB/PTB and TJRE have the same time-stationary source NoV
concentration C__based on measurements of treatment plant inflow. We do not consider NoV decay during
the transit to the TJRE or SAB/PTB discharge locations. However,the decay is expected to be minor as the
transit time is likely <0.5 days (relative to the 10-day decay time-scale) for both sources based on Tijuana
wastewater infrastructure (ARCADIS, 2019). A real swimmer draws only one local NoV concentration,
whereas we ensemble average over the NoV source concentration C, _ distribution, which gives greater sta-
tistical reliability but may misrepresent sample variability. The N, only vary over a month (Figure 6b) and
not within a week or day. In Appendix A, we show that intra-day variations of N_ . do not affect the results

) does not change under the

swim
and discuss potential effects of intra-week variations. Swimmer behavior (N,
different scenarios, whereas a feedback between water quality and swimmer behavior might be expected.

swim
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For February, 10% of beach visitors become swimmers following Given et al. (2006). However, this may not
account for the nearly 100% likelihood of a surfer visiting the beach becoming a swimmer in winter months.

5. Summary

Here, we developed a coupled hydrodynamic, NoV pathogen, and QMRA swimmer illness risk model that
spans estuary, surfzone, and shelf. This model is applied to the San Diego Bight (US/MX border region)
which has two untreated wastewater sources to the ocean—the TJRE, whose mouth is 2 km north of the
border, and the SAB outfall discharging at the ocean shoreline at PTB (SAB/PTB), 10 km south of the bor-
der—that lead to human health and beach impacts. We simulate the year 2017 under four scenarios that
include a Baseline (no change) and three infrastructure diversion scenarios (A, B, C) that represent the
range of potential projects funded under the US-Mexico-Canada trade agreement. Scenario A strongly re-
duces the SAB/PTB source and moderately reduces the TJRE source. Scenarios B and C strongly reduce the
TJRE source only. Analysis is performed over the tourist season (late May to early September), wet season (1
October to 1 April), and over the full year. In wet season, the TIRE is the dominant source to the San Diego
Bight whereas SAB/PTB is the dominant source in tourist season.

The untreated wastewater has distinct wet and tourist season transport and dilution pathways in the San
Diego Bight. In particular, south swell events (consistent swell incident from the south) drive plumes of
SAB/PTB-sourced untreated wastewater north at rates of ~10 km d=%, that can impact the entire shoreline
of the Bight. These plumes are largely removed in Scenario A. Using beach visitor data, we simulate the
number of ill swimmers at IB CA under the four scenarios. In the Baseline, 3.8% of yearly swimmers are
estimated to become ill, increasing to 4.5% during the tourist season due to the south-swell driven plumes
from SAB/PTB. Scenario A leads to the largest reduction in ill swimmers. We show that using the mean ill
probability based on untreated wastewater concentration results in good estimates of ill swimmers, allowing
estimation of the fractional time that regional beaches are impacted. Under the Baseline, regional beaches
are significantly impacted with weaker impacts farther north, and Scenario A yields the largest reduction in
beach impacts overall. The 2017 tourist inflows may not be representative of other years, yet Scenario A still
provides the greatest benefit for other years. Although the modeling approach has limitations, it is the first
time hydrodynamic, pathogen, and human illness models have been coupled to predict human health and
beach impacts. This methodology can be applied to other coastal regions with wastewater inputs.

Appendix A: Effect of Daily Beach Swimmer Variation

To estimate N, (Section 3.3), hourly beach swimmers N_ . only varied monthly as the IB beach visitor data,

il swil
used to estimate N (Given et al., 2006), was compiled monthly. Beach visitor data was not broken down
to day of the week or hour of the day. Obviously more swimmers are present at noon than at midnight,
and there are likely more swimmers on a Tuesday than a Saturday. This is not considered in determining
N,;» as methods for distributing beach visitors intra-week or intra-day do not exist. In Section 3.3, intra-day
and week variations in N, were argued to not be important in determining yearly, wet season, or tourist

season number of ill swimmer N, as the random plume occurrence across day and night would average out
across the net number of swimmers.

We can test the effect of intra-day variations by applying a weight w(t) to the N___ time-series where w(f)

swim
incorporates a simple intra-day solar radiation variation of

W-lcos |2 M| = 6 < <18 h (A1)
w(t) = 12 h ,

0, otherwise

where ¢, is the decimal hour of the day and W is set so the daily integral of Equation A1 is one. This weight
has maximum swimmers at noon local (12:00) and no swimmers between 18:00 and 06:00. Note, Equa-
tion A1 does not include seasonal variations in day-length, nor are intra-week variations in N, - considered.
We define a new hourly swimmer timeseries Noyim(f) = w(f) Nowim(f) and use it within the illness risk model
to estimate yearly, wet season, and tourist season Ny, for the four scenarios.
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Over the full year, wet season and tourist season, the percentage of ill swimmers from Ny, (Table A1) based
on intra-day swimmer variations is essentially unchanged from N, that neglects intra-day swimmer vari-
ations (Table 3). The largest percentage difference between Ny and N, is 0.1%. Although within a specific
day N, and Ny differ, the seasonal similarity Ny and N, is because the duration of untreated wastewater
events is generally greater than a day (Figure 4). Most events though are shorter than a week and so in-
tra-week swimmer variations may yield weekly N, variations. But the 16 weeks of tourist season potentially
averages this out as well.

Table Al
11l Swimmer Ny, Percentage When Included Intra-Day Variations in Swimmer Number Niwim (Equation A1) at Imperial
Beach CA Under the Four Scenarios for the (Columns) Full Year, Wet Season, and Tourist Season

11l swimmers Ny, percentage of N,

wim

Scenario Full year Wet season Tourist season
Baseline 3.8% 2.9% 4.5%
Scenario A 0.6% 1.2% 0.5%
Scenario B 3.7% 2.3% 4.5%
Scenario C 3.7% 2.2% 4.5%

Note. These values should be compared to the N, percentages in Table 3.
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