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ABSTRACT OF THE DISSERTATION

Small River Plumes in the Surf Zone and Inner-Shelf: Climatic Variability, Transport, and
Fate

by

Sierra Michelle Byrne
Doctor of Philosophy in Oceanography
University of California San Diego, 2026

Professor Sarah N. Giddings, Co-Chair
Professor Mark A. Merrifield, Co-Chair

River plumes serve as major sources of terrestrial runoff into the coastal ocean,
carrying land-based and estuary-modified particles, sediment, debris, and pollutants.
Understanding river plume transport across temporal and spatial scales is important for
assessing impacts on ecosystem and human health. This dissertation investigates variability
in small river plume occurrence and transport from the low-inflow estuary (LIE) Los
Penasquitos Lagoon (LPL) in San Diego, California and has findings relevant to LIEs
globally, which are common but under-studied.

I show the occurrence of small river plumes in the far-field is influenced by climate
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patterns using 105 years of daily salinity measurements. Climate oscillations influence
precipitation which impacts the tendency for small plumes to transport significantly into
the far-field. This work illustrates that small, intermittent LIE plumes have a robust
impact on coastal ocean freshening when there is enough rainfall. With higher resolution
LPL plume observations collected during the Plumes in Nearshore Conditions (PiNC)
experiment, I specify when small plumes occur depending on river, tidal, and wave forces
using a reproducible parameter. I also show the variable nature of small plume far-field
transport within one winter. The surf zone can change far-field plume behavior and
control when and where plumes reach the inner-shelf. Once on the shelf, plumes following
rain events are driven alongshore in the direction of the wind with a speed enhanced by
buoyancy. To better resolve the processes around LPL and adjacent estuaries, a realistic
coupled wave-ocean model is run. I find that the surf zone is a common pathway for plume
coalescence, the interaction of two river’s plumes, between LIEs. When one LIE’s surf zone
plume reaches an adjacent LIE, the incoming plume can continue in the surf zone with
the local ebbing plume, or it can be forced offshore by the ebbing plume thus altering its
fate. Alternatively, an incoming plume reaching an adjacent LIE during flood tide intrudes
into the local estuary, impacting coastal dispersion and plume fate. Together, these
chapters advance knowledge about the response of small plumes to varying conditions in
the surf zone and inner-shelf, informing coastal transport of terrestrial materials including

pollutants.
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Chapter 1

Introduction

Rivers have an important impact on the ocean, discharging around 36,000 km?
of freshwater and more than 20 billion tons of solid and dissolved material each year
(Milliman, Farnsworth, 2013). Freshwater from rivers influences coastal circulation in the
ocean and alters transport pathways of important constituents along the coast (Banas et al.,
2009; Hickey et al., 2005, 2009; Giddings et al., 2014; Mazzini et al., 2014). River-derived
constituents, such as nutrients, larvae, sediment, and pollutants, reach the coastal ocean
(Roegner et al., 2002; Swieca et al., 2020) and open ocean (Sharples et al., 2017). The
impacts of river-derived and estuary-modified materials on the ocean can be positive,
neutral, or negative. Terrestrial nutrients can boost primary productivity and species
abundance in the ocean (Liu et al., 2009; Hickey et al., 2010; Vargas-Fonseca et al., 2016),
but can also cause harmful algal blooms and hypoxia in bottom waters (Cloern, 2001;
Rabouille et al., 2008). Pollutants and pathogens carried to the ocean can cause swimmer
illness in nearby beaches (Reeves et al., 2004; Feddersen et al., 2021). The transport of
land-based sediment into the ocean contributes to coastal sediment budgets that impact
hydrodynamics (Milliman, Syvitski, 1992; Syvitski, Milliman, 2007; Vundavilli et al., 2024).
To understand these diverse impacts, it is critical to study the occurrence, transport, and
fate of river waters in the coastal ocean.

The interaction of river freshwater with ocean water forms horizontally advecting



river plumes (Ryther et al., 1967; Wright, Coleman, 1971; Boicourt, 1973; Garvine, 1974).
River plumes from high discharge rivers are better understood than small river plumes
that originate from low-inflow (low discharge) estuaries (Horner-Devine et al., 2015; Fong
et al., 1997; Geyer et al., 2000; Wong et al., 2013). Plumes may be defined as large or
small based on a number of definitions. Plumes can be considered small if they: have low
incoming river discharge (e.g., from low-inflow estuaries; Largier, 2023), can stop formation
during flood tides, are not impacted by the Earth’s rotation (Cole, Hetland, 2016; Garvine,
1995), or are impacted by the surf zone (Wong et al., 2013; Rodriguez et al., 2018). Small
plumes can originate from smaller watersheds and/or regions with less rainfall or meltwater
input and hence lower streamflow input (Warrick, Fong, 2004; Largier, 2023). In this
dissertation, I explore small plumes that originate from low-inflow estuaries along the
southern California coast that meet all of the above definitions. Despite their size, small
plume systems are more numerous, can collectively impact a greater cumulative ocean
area when measured against a single large river of comparable watershed size (Warrick,
Fong, 2004; Mazzini et al., 2014), and can influence coastal ocean biogeochemistry and
ecosystems (Wetz et al., 2006; Vargas et al., 2006; Vargas-Fonseca et al., 2016).

Smaller rivers, estuaries, and their river plumes can impact coastal ecosystems. One
study shows that the distance between a surf zone location and the nearest estuary has
a greater impact than the wave conditions or degree of urbanization on the distribution
of fish species in the surf zone (Vargas-Fonseca et al., 2016). There is evidence of larvae
accumulation in the Maipo River plume front, impacting species distribution in the
nearshore (Vargas et al., 2006). Small rivers in southern California can contain nutrients
like nitrogen and phosphorus, e.g. from agricultural runoff, and have been shown to
influence nutrients and alkalinity in the coastal ocean (Rodrigues et al., 2009; Paulsen
et al., 2018; Howard et al., 2014; Ho et al., 2023). Small river plumes can also pose a
risk to human health due to their direct interaction with, and presence in, the surf zone

where swimmers and surfers recreate (Grant et al., 2005; Wong et al., 2013; Feddersen



et al., 2021). Fecal indicator bacteria are found in runoff in southern California coastal
watersheds and can enter the coastal ocean and surf zone (Reeves et al., 2004; Wong et al.,
2013). An example of this is the Tijuana River plume which is routinely polluted with
untreated wastewater and causes swimmer illness due to norovirus (Feddersen et al., 2021).
Thus, understanding small plume transport is critical for understanding how sediment,
nutrients, larvae, organisms, and pollutants move around the coastal regions and impact
human and ecosystem health.

A small plume discharging into the ocean can be retained within the surf zone if the
onshore-directed wave momentum is stronger than the offshore-directed river momentum
(Wong et al., 2013; Rodriguez et al., 2018; Kastner et al., 2019; Lou et al., 2025). The
resulting surf zone plume is subject to wave-driven dynamics including radiation stresses
and vertical mixing caused by wave injection of turbulent kinetic energy (Guza et al., 1986;
Feddersen et al., 1998; Feddersen, Trowbridge, 2005; Feddersen, 2012; Hally-Rosendahl
et al., 2014; Kumar, Feddersen, 2017; Spydell et al., 2019; Kastner et al., 2023). The
cross-shore gradient of the shear component of wave radiation stress can drive an alongshore
current within the surf zone (Bowen, 1969; Longuet-Higgins, 1970) that transports plumes
alongshore with a direction dependent on the local wave incidence angle (Rodriguez et al.,
2018; Kastner et al., 2019; Baldoni et al., 2022; Brasseale et al., 2023) and channel angle
(Wong et al., 2013). Alongshore convergence in surf zone velocity can create transient rip
currents, and bottom features can drive bathymetric rip currents, both of which export
surf zone waters offshore (Kumar, Feddersen, 2017; Hally-Rosendahl et al., 2015; Moulton
et al., 2017; Grimes et al., 2020). The surf zone tends to be vertically homogeneous due
to strong vertical mixing induced by wave breaking (Thornton, Guza, 1983; Feddersen,
Trowbridge, 2005; Feddersen, 2012; Kumar et al., 2012), although surf zone stratification
has been documented in the presence of a river plume (Kastner et al., 2023). While studies
of small plumes have increased in recent years (Pinones et al., 2005; Warrick et al., 2007;

Kniskern et al., 2011; Osadchiev et al., 2021; Romero et al., 2016; Baldoni et al., 2022;



Basdurak, Largier, 2022; Lemos et al., 2022; Vundavilli et al., 2024; Speiser, Largier, 2024),
only a handful resolve surf zone dynamics (Wong et al., 2013; Rodriguez et al., 2018;
Kastner et al., 2019, 2023; Lou et al., 2025). There is a need to understand how surf zone
processes impact the transport and eventual fate of small plumes.

The physics impacting large and small plumes differ. While small plumes often
interact with the surf zone, large plumes tend to be confined by jetties and structures
that limit their interaction with the surfzone (Wong et al., 2013; Hickey et al., 1998).
Moreover, strong discharge allows large plumes to form strong momentum jets that move
material offshore in the near-field. In large plume’s far-field, away from the influence of
river momentum, the dynamics are typically dominated by rotation, wind, and buoyancy
(Lemagie, Lerczak, 2020). Leading balances in a large plume’s far-field often involve
rotation, e.g. Ekman wind and geostrophic balances (Fong et al., 1997; Geyer et al., 2000;
Fong, Geyer, 2001; Toublanc et al., 2023; Yankovsky, Yankovsky, 2024), while small plumes
experience negligible rotational effects (Garvine, 1995; Warrick et al., 2007; Basdurak
et al., 2020). Instead, small plumes have been shown to have a far-field dominated by
direct wind forcing and advection (Pinones et al., 2005; Warrick et al., 2007; Kniskern
et al., 2011; Osadchiev et al., 2021; Romero et al., 2016; Basdurak, Largier, 2022; Lemos
et al., 2022; Vundavilli et al., 2024). The interaction, or coalescence, of multiple river’s
plumes occurs under different conditions for large and small plumes and can alter the fate
of coastal plumes by impacting their transport and mixing (Warrick, Farnsworth, 2017;
Saldias et al., 2012; Salcedo-Castro et al., 2020; Rosa et al., 2022; Vundavilli et al., 2024;
Collins, Macdonald, 2025). No prior studies detail surf zone impacts on far-field plume
dynamics nor potential for plume coalescence at and across the surf zone/ inner-shelf
interface.

This dissertation advances the field’s understanding of small river plume dynamics,
with specific contributions to understanding the occurrence and fate of small river plumes

under varying environmental and climate conditions across the surf zone and inner-shelf.



The following chapters investigate a variety of spatial and temporal scales of small plume
transport from the low-inflow estuary Los Penasquitos Lagoon, located in San Diego,
CA. Chapter 2 explains how small plume transport varies on decadal time scales, as a
result of climate oscillations, using 105 years of daily salinity measurements. Chapter 3
then zooms in on three case study plume events and uses high-frequency observations to
explain what drives their transport across the surf zone and inner-shelf. This chapter also
examines the conditions necessary for river plume formation to occur at low-inflow estuary
mouths and derives a reproducible parameter for this purpose. Finally, Chapter 4 uses a
numerical model to explain how the surf zone acts as a pathway for novel plume-to-plume

interactions and for inter-estuary connectivity within multiple low-inflow systems.



Chapter 2

Southern California winter
precipitation variability reflected in
100-year ocean salinity record

2.1 Introduction

Southern California precipitation, or lack thereof, occurs in extremity, resulting in
multiyear droughts with sporadic years of heavy rainfall and nearly the highest year-to-year
precipitation variability in the continental United States (Dettinger et al., 2011). Owing
to its lower mid-latitude setting on the eastern flank of the North Pacific High, heavy
precipitation occurs relatively rarely, but can carry high intensities (Beighley et al., 2003;
Modrick, Georgakakos, 2015; Cannon et al., 2020), sometimes on par with those observed
in climatologically wetter region of central California (Oakley et al., 2018). Climate
change is projected to exacerbate this pre-existing hydroclimate volatility by reducing
the frequency of low- to medium-intensity precipitation while increasing the intensity and
contribution of extreme storms (Gershunov et al., 2019). Above-average rainfall years are
critical for replenishing valuable water supplies to meet growing agricultural and direct
human consumption needs. Precipitation also helps to moderate wildfire risk (Cayan
et al., 2022), a costly consequence of dry foliage and long dry periods. In 2018 alone

during a severe drought year, California’s wildfires cost the US an estimated $148.5 billion



(Wang et al., 2021). The occurrence of extreme rain events and runoff can also have
devastating effects across southern California in the form of flooding (Corringham et al.,
2019; Committee on Natural Disasters, National Research Council, 1982; Liu et al., 2022),
debris flow (Campbell, 1974), and contamination of coastal waters (Reeves et al., 2004;
Aguilera et al., 2019).

The mean dry conditions in southern California result in local streams and rivers
having little outflow during most of the year. When heavy rain events do occur, primarily
during the winter season, outflow increases by orders of magnitude and plumes of freshwater
propagate into the coastal ocean (Warrick et al., 2007). In addition, non-point source
runoff delivers freshwater to coastal waters. Storm runoff is known to carry pollutants
through watersheds to the ocean, reducing local water quality, increasing fecal indicator
bacteria signals, and posing public health risks (Reeves et al., 2004; Aguilera et al., 2019).
Runoff and river waters also carry other accumulated properties or quantities, including
nutrients (important for biological productivity; Howard et al., 2014; Anderson et al., 2002)
and sediment (important for coastal morphology and sand budgets; Syvitski, Milliman,
2007).

Climate indices often are used to characterize atmospheric and oceanic patterns
favorable to wet or dry conditions over western North America (Ropelewski, Halpert, 1986;
Gershunov, Barnett, 1998; Cayan et al., 1999). In particular for the southern California
region, El Nino Southern Oscillation (ENSO) usually brings drought-like conditions in
the La Nina phase and a higher probability of intense rainfall during strong El Nino
years (Cayan et al., 1999). Other studies have considered the influence of the Pacific
Decadal Oscillation (PDO) on winter rainfall in the study region (Mantua et al., 1997;
Cayan et al., 1998; Shukla et al., 2015). Shukla et al. (2015) found that the negative PDO
phase increases the probability of drought favorable conditions in southern California over
the late winter months. PDO modulates ENSO teleconnections, including precipitation

(Gershunov, Barnett, 1998), and contributes to seasonal precipitation prediction skill in the



study region (Gershunov, Cayan, 2003). Negative PDO and ENSO phases have been linked
to increased fire activity in the southwestern US due to decreased precipitation (Westerling,
Swetnam, 2003). These climate phases impact the hydrology in the study region due to
the latitudinal shifts in the atmospheric pressure systems that are precipitation-bearing
versus precipitation-blocking (Cayan et al., 1999).

In this study, we utilize sea surface salinity data to investigate precipitation and
climate variability. Over a century of daily sea surface salinity measurements have been
recorded at the Scripps Institution of Oceanography Pier. The standardized collection
procedures (Carter et al., 2022) provide confidence that the salinity measurements are con-
sistent over time. This long record enables a unique 105-year investigation of hydroclimate
variation affecting the Southern California coastal region. Annual-averages of the pier
salinity record have been used to assess wind-driven upwelling (Di Lorenzo et al., 2008),
but freshwater spikes in the daily record have not been well characterized. In this paper, we
demonstrate the potential for using coastal salinity to infer runoff from heavy rain events
over the wet winter season when fresh salinity spikes are most prevalent. Here we use a
105-year daily sea surface salinity record to show that the El Nino Southern Oscillation
and Pacific Decadal Oscillation both have signatures in coastal sea surface salinity even in
a region which receives small total freshwater input (through either direct precipitation
or runoff). Specifically, we find that the freshest salinity quantile is a good indicator of
year-to-year variations in precipitation and runoff, highlighting the connection between
the coastal ocean and the influence of storm activity, or lack thereof, in correspondence

with known climate phase shifts.
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Figure 2.1. Time series of local sea surface salinity, precipitation, and streamflow. a)
Daily sea surface salinity (SSS) measurements from surface water samples at the Scripps
Pier, spanning 1916-2021. b) The correspondence between daily SSS (black), San Diego
Airport daily rainfall (blue, inverted y-axis), and Los Penasquitos daily streamflow (orange
bars, inverted y-axis) is illustrated for January-March of 2003 to highlight a typical winter
season.

2.2 Results and Discussion
2.2.1 Precipitation Influence on Surface Salinity

The daily SSS record from Scripps Pier (Figure 2.1a) exhibits spike-like fresh events
ranging from -5.6 to -0.3 psu (Practical Salinity Unit), contributing to a negative skewness

(-2.84) about a mean value of 33.58 psu. A blowup of the record during January through



March (JFM) for one year (2003 typifies average conditions) shows that the fresh SSS
spikes align with winter rain events that last for 1-5 days (Figure 2.1b). Within 1-3 days
following each rain peak, salinity at the pier drops abruptly by several tenths psu, and
slowly returns to near pre-event values after several weeks. Local streamflow exhibit a
near identical pattern to that of the precipitation over the events, with the streamflow
peaking within a day of the maximum rainfall (Figure 2.1b). The SSS, precipitation, and
streamflow measurements are recorded at locations within 20km of each other (see map
in Supplementary Figure 2.8). To quantify this relationship over the longer record, we
composite JEM SSS relative to streamflow anomalies, which confirms that, on average,
SSS drops for weeks following sizeable outflow events (Figure 2.2). Compounding effects
lead to variations in the timing and amplitude of the SSS response relative to a given
streamflow or precipitation level. This is evident in the 2003 record (Figure 2.1b) as the
largest rain event does not result in the lowest SSS response, but this largest SSS response
is the third event in ~ 1 month span.

Numerous factors influence ocean salinity in the study region. Coastal upwelling
increases SSS by vertical transport of deep cold salty water to the surface and peaks in the
April-July summer period (Schwing, Mendelssohn, 1997). Therefore, this work focusing
on winter freshwater events does not investigate upwelling-induced changes. During rain
events, atmospheric freshwater input lowers the salinity of the coastal ocean. An additional
factor that directly alters surface salinity is horizontal advection. It is unspecified in existing
literature whether offshore water mass advection variability influences the nearshore surface
waters of the study region. The SSS drops seen at Scripps Pier are sudden and extreme,
consistently corresponding in time with rain and streamflow spikes (Figure 2.1b and
Figure 2.2). This suggests that the most practical mechanisms for these SSS drops are
from precipitation directly, localized runoff during extreme events, and the precipitation-
driven streamflow increases and resulting freshwater plumes that propagate into the coastal

ocean. The connection between winter rain events and the SSS and hydrology of the
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Figure 2.2. Sea surface salinity preceding and following streamflow events of three
magnitudes. Sea surface salinity data shown 30 days prior and 30 days following Los
Penasquitos streamflow events of three categories, low flow <1 m3s~! (dotted line), medium
flow 1-10 m3s™! (dashed line), and high flow >10 m3s™! (solid black line).

nearshore coastal zone in the region has not been examined to our knowledge on yearly
to interdecadal time scales and will be a focus of this study. Interannual streamflow
variability in larger river systems due to precipitation has been shown to change coastal
ocean dynamics (Durocher et al., 2019; Déry, Wood, 2005). Our work shows that even
small, intermittent freshwater plumes have a robust impact on coastal ocean freshening in
the study region.

River plumes of this relatively fresh stormwater infiltrate the salty ocean waters

with a plume area dependent on the amount of rainfall (Nezlin et al., 2005). The fate of
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the plume depends on the relative strength of the discharge and the waves. Plumes during
relatively small discharge and large waves are trapped in the surfzone and travel along the
coast in the direction of the surfzone wave-driven currents (Wong et al., 2013; Rodriguez
et al., 2018; Kastner et al., 2019), whereas intermediate to large discharge can escape the
surfzone and travel along the coast depending upon the inner-shelf currents (Grimes et al.,
2020; Hickey et al., 2005). The direction plumes travel in the inner-shelf varies with wind
speed and direction, river discharge inertia, and buoyancy (Warrick et al., 2007). River
plumes over the shelf in southern California frequently travel southward along the coast
due to the relative timing of regional precipitation and wind patterns (Warrick et al., 2007),
which has implications for the study site located 7.5 km south of the Los Penasquitos
Lagoon and 12 km south of the San Dieguito River (see map in Supplementary Figure
2.8). The interaction of freshwater discharge plumes with the surfzone and nearshore is a
topic of active research. The SSS time delay relative to the peak rain/streamflow event
suggests that the southward advection of local river plumes/estuary outflows contribute to
the Scripps signal (Warrick et al., 2007). In addition, the SSS decay time likely reflects
advective-diffusive time scales of the plume.

The fresh salinity events at Scripps Pier can occur throughout the year but are most
prevalent during JEM (January-March), the three freshest months on average (Figure 2.3).
The JFM winter season also corresponds to seasonal highs in Los Penasquitos streamflow
and San Diego Airport rainfall. Approximately half the annual rainfall in the San Diego
Airport record occurs during JEM, consistent with estimates for the larger San Diego region
(Hydroclimate Report Water Year 2016, https://water.ca.gov). We focus the remainder of
our analyses on the JEFM winter season of high rainfall, highest streamflow, and lowest
salinity (Figure 2.3).

To represent the freshest winter salinity values, the 10% quantile of the JFM salinity
anomaly (hereinafter referred to as S55)o) is computed each year after removing the JFM

average for that year to de-emphasize background oceanic variability. Similar salinity
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Figure 2.3. Seasonal cycles of sea surface salinity, precipitation, and streamflow. Average
monthly values of a) SSS, b) accumulated precipitation at San Diego Airport (NOAA
NCEI), and ¢) Los Penasquitos streamflow (USGS). The red band highlights the wet
winter JE'M season.

values to 5SSy are obtained by subtracting the median quantile from the 10% quantile
for each JFM season. The 10% quantile of the remaining anomaly array is the selected
metric as it isolates the most extreme negative values for each year (see Supplementary
Figure 2.9 for explanation of quantile calculations).

The 5551, time series captures year-to-year freshening in the JFM winter season.

In years of low precipitation, SS5Sio (Figure 2.4a) remains relatively consistent at a near
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zero anomaly (0 to -0.2 psu). The strong correlations of 5SSy to precipitation and
streamflow (Supplementary Figure 2.9) further confirm that the 10% anomaly quantile
characterizes the local response of SSS to rainfall. As a check on the representativeness
and reliability of the Scripps 5551 time series, we compare it to a similar estimate of the
10% quantile from the Newport Pier SSS measurements (Supplementary Figure 2.10). A
strong significant (p < 0.05) correspondence between the S5, time series of Scripps and
Newport (r = 0.74) suggests that the rain-related coastal SSS signal is widespread (i.e.,
not just representative at this one location) and robust in the daily pier measurements
(i.e., not subject to changes in observers or methodology).

Together the 55957, streamflow, and precipitation highlight especially wet winters
(85510 < —0.35) against a background of otherwise dry conditions (Figure 2.4a,b). The
S5 S1p record particularly emphasizes consecutive dry years during predominantly negative
PDO phases (Figure 2.4a,c). A noteworthy feature in the S5, record is the negative
PDO phase of 1944-1977 (Figure 2.4c) when the precipitation and streamflow are weak
and the S55)¢ is nearly constant for 304 years. During the two extended negative PDO
phases, with the exception of 2005, the JFM-averaged precipitation anomaly remains
under 40 mm. In addition, multi-year droughts in excess of 3 years appear to be less
apparent in the first 25 years of the S5S5y record, prior to the 30-year long dry period.
While dry winters tend to occur sequentially, one low SSS/wet winter is rarely followed
by another. A potential source of this shorter-term variability in SSS;o/precipitation is
ENSO phase (Figure 2.4d).

The tails of the daily streamflow distributions (Supplementary Figure 2.11) highlight
differences in the number of large outflow events during fresh, moderately fresh, and salty
years. In salty years, the probability of rain events causing sustained high streamflow
is much lower than that of the freshest years. The fresh years that feature the largest
S5S10 anomalies (Figure 2.4a) correspond to generally higher chances of sustained intense

streamflow (Supplementary Figure 2.11). The distribution of streamflow highlights that
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heavy rain events occur less frequently in salty/dry years than fresh years.

To further explore the connection between Scripps Pier salinity and regional winter
precipitation patterns, we examine correlations between S557y and the Livneh gridded
precipitation product (Livneh et al., 2013) for 1917-2011. JFM-averaged precipitation
exhibits statistically significant correlations (|| > 0.20) with 5SS over a broad swath
of the southwestern US, with the highest correlations (up to r = —0.79) in the Southern
California region (Figure 2.5). The low S557¢/high rain winters appear to be indicative

of large-scale precipitation patterns that affect a large part of the Southwest region.
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Figure 2.4. The 55519 metric presented alongside winter precipitation and streamflow
anomalies and relevant climate indices. a) SSSyo (1917-2021). b) JFM-averaged precipita-
tion (blue, 1940-2021) and streamflow (orange, 1965-2021) anomalies with climatological
monthly averages removed, shown with flipped y-axes. ¢) 5-year smoothed JFM-averaged
PDO index values. d) JEM-averaged NINO3.4 index values.

2.2.2 Surface Salinity and Climate Modes

We next consider the extent to which Pacific climate modes can provide context

and a degree of predictability for the JFM precipitation and runoff captured by the S5 S
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Figure 2.5. Correlation of the S5S51g metric with US precipitation. Correlation coefficient
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Figure 2.6. Division of SS51o by relevant climate indices. Scatter of SS5Sy (1917-2021)
versus a) 5-year smoothed JEM-averaged PDO index and b) JFM-averaged NINO3.4 index.
¢) Scatter of JFM-averaged NINO3.4 index with DJF-averaged TNH index, colored by the
corresponding SS5Sy, for each year (1951-2021).

time series. For comparison with SS.S1g, the NINO3.4 and PDO indices are JEM-averaged.
The strongest ENSO teleconnections, linking the tropical and midlatitude conditions, occur

in JFM (Chapman et al., 2021). Correlations between 5SS, and PDO and ENSO indices
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are weak with r = —0.28 (p = 0.24), and r = —0.25 (p = 0.01), respectively. Despite
the low correlation with the PDO, multi-year periods of high S551o/low rain generally
correspond to negative PDO phases (Figure 2.4a,c). Scatter plots confirm that while
the linear correlations between 5551y and indices of the PDO (Figure 2.6a) and ENSO
(Figure 2.6b) are weak, there is a strong tendency for high SS5Sj/low rain winter seasons
during negative values of both indices (Cayan et al., 1998; Shukla et al., 2015; Gershunov,
Barnett, 1998; Gershunov, Cayan, 2003). The case for the PDO is slightly less obvious for
annual values, but with a 5-year smoothing to emphasize decadal polarity changes, the
relationship is tighter (Figure 2.6a).

JFM ENSO state provides a stronger constraint on year-to-year drought conditions
than the PDO, with only one low 5SS winter (in 1918) evident when the ENSO index
dips below -0.2, and none during strong La Nina events when the JFM-averaged index falls
below -1.0 (Figure 2.6b). Thus, La Nina-like conditions strongly favor below-average rain
levels for any given winter (Gershunov, Barnett, 1998), whereas multi-year drought periods
tend to fall within prolonged negative PDO phases. In contrast, wet winters occur during
positive PDO and ENSO phases (Gershunov, Barnett, 1998), but not consistently so as
high S5S)/dry winters are just as likely, and high index values do not ensure low 5SS
levels (Figure 2.6a,b). The wettest/lowest S.5S1y winters almost exclusively occur during
El Nino years, but not every El Nifo resulted in a wet year. Low SS550/wet winters
(55510 < —0.35) occurred during 17.1% (12.8%) of positive PDO (El Nino) years, but only
1.6% (3.5%) of negative PDO (La Nina) winters. High S.5510/dry winters (55519 > —0.20)
happened in 73.2% (76.6%) of positive PDO (El Nifio) years and in 91.9% (91.4%) of
negative PDO (La Nina) winters.

A recent study (Liu et al., 2018) notes that the Tropical Northern Hemisphere
pattern (TNH; Mo, Livezey, 1986) is highly correlated with California precipitation
variability, and suggests that a combination of ENSO and TNH indices (as opposed to

ENSO alone) provides improved predictability of precipitation. TNH is a prominent winter
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climate mode that reflects large-scale changes in the extent and location of the Pacific jet
stream (Mo, Livezey, 1986). Dry/wet years in southern California tend to occur during
TNH positive/negative phases. A strong negative 500-hPa geopotential height anomaly is
seen at TNH negative phases over the NE Pacific Ocean, and vice versa for positive phases
(Barnston, Livezey, 1987). Negative phase TNH conditions support cloud formation and
precipitation whereas positive phase TNH conditions reduce the winter storm landfalling
probability in California (Liu et al., 2018). A scatter plot of 5SS versus the NINO3.4 and
TNH indices confirms these tendencies, with low SS5S19 wet winters clustered primarily in
the lower right-hand quadrant of Figure 2.6c where El Ninio and negative TNH conditions
meet.
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Figure 2.7. Composite atmospheric conditions for three combinations of climate modes
and SS5S19 wet vs. dry winter groupings. Composites of JEM-averaged anomalies of NCEP
surface winds and precipitable water (1981-2021) for a) La Nina & PDO negative phases
with high SS5S¢/dry winters (n=13 yrs), b) El Nifio & PDO positive phases with high
SS5S1p/dry winters (n=6 yrs), and ¢) El Nino & PDO positive phases with low SS5So/wet
winters (n=4 yrs).

Composites of JFM-averaged surface wind and precipitable water anomalies il-

lustrate the relationship between climate phase and southern California precipitation.
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During La Nina and negative PDO phases (Figure 2.7a), the Aleutian low pressure system
over the northeast Pacific weakens (clockwise wind anomaly) with negative precipitable
water anomalies and average wind conditions over the western US. During El Nifio and
positive PDO phase wet years (Figure 2.7c), the Aleutian low strengthens and deepens
(anticlockwise wind anomaly) forcing the Northern Hemisphere Jetstream (NHJ) south-
ward, resulting in increased storm landfalls on the US west coast and significant positive
precipitable water anomalies (Li et al., 2016; Raphael, Mills, 1996). During El Nino and
positive PDO phase dry years (Figure 2.7b), the southeastern extent of the NHJ is located
more northwest when compared to rainy year conditions (Figure 2.7¢), pushing storm
landfalls north and causing negligible to negative precipitable water anomalies in the

southern California region.

2.2.3 Implications

The long-running salinity record from Scripps Pier reflects regional winter precipi-
tation and streamflow patterns influenced by both the PDO and ENSO. Over the past 70
years, the majority of low SSS7o/wet winters have occurred during positive PDO phases,
and more specifically when the NINO3.4 and TNH indices are positive and negative,
respectively. The 5557, time series especially highlights the occurrences of multi-year
drought conditions over the past century. In particular, during the prolonged negative PDO
phase between 1944-1977, SSSjy was persistently near normal (Figure 2.4b), indicating a
lack of heavy winter rain events.

The SS5S5;p observations suggest that a freshwater signal in the coastal surface
ocean that persists for multiple days requires a major rain event or a few smaller rain
events that result in substantial streamflow and runoff when averaged over the JFM season.
Large impact rain events can come in the form of atmospheric rivers (ARs). AR events
in the southern California region occur over a few days each year and can contribute

up to half of the annual precipitation accumulation (Gershunov et al., 2017). Based on

19



the AR Rank database, the 1978 to 1999 positive PDO phase featured 50% more days
with winter AR events in the southern California region compared to the 1944 to 1977
negative PDO phase (12 4+ 1.3% to 8 £ 1.1% respectively). AR events previously have
been shown to contribute more to the total water year precipitation during PDO+ and El
Nino years in southern California (Dettinger et al., 2011; Gershunov et al., 2017) when
compared to other years. In general, we find that mean JFM precipitation provides a
better correspondence with 5551y than time series based on AR Rank, as expected, due
to ARs providing only some of the precipitation to the region. This implies that not all
ARs lead to wet winters, as measured by the coastal ocean’s SSS response, and the sources
of precipitation that lead to low SS5S19 winters are variable.

As the climate changes, current projections are uncertain regarding how the climate
modes influencing the southern California region will be impacted (Portner et al., 2022).
The IPCC WGII Sixth Assessment Report (Portner et al., 2022) states with moderate
confidence that extreme El Nino and La Nina events may become more frequent, up to
twice as often, with increased teleconnection responses over the remainder of this century.
This would have a direct impact on the severity of dry winters and of the unpredictable
wet winters in southern California. A consensus on future PDO conditions under climate
change has not been reached (Portner et al., 2022). The US west coast may experience a
decrease in the frequency of non-AR related rain but an increase in extreme rain due to
ARs specifically (Gershunov et al., 2019).

The ocean salinity time series at Scripps Pier complements information provided
by nearby streamflow data and reinforces the detection of interannual and decadal winter
rainfall variations apparent in rain gauge data. The salinity record also provides a long-
term context for assessing the impacts of extreme precipitation events on the coastal zone,
even in a region of low total freshwater input, which has impacts on coastal pollution,
sediment, nutrient delivery, and beyond. Results here provide a more nuanced view of the

value of the coastal salinity record, in that event scale structure in the form of low SSS
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pulses (or lack of these) provides a gauge of the vital heavy precipitation events that dictate
the status of precipitation and water resources in the southern California coastal region.
Together the measurements highlight the strong influence that Pacific climate modes have
on regional precipitation and coastal hydrography. The 105-year length of this salinity
record provides a unique opportunity to isolate these decadal patterns in precipitation as
it scales with the coastal ocean response to these events. Our findings show that salinity
can be used to investigate the strong role that interannual to multi-decadal variation plays
in driving hydroclimate conditions in this region — multi-decadal periods of relatively dry
winters are common for the region and relief from drought periods may not occur until the
PDO shifts to a positive state. From revealing climate signals not shown in salinity data
previously, to bolstering proof that precipitation and resulting advection of streamflow
waters are the leading causes in coastal ocean freshening events, the implications for this
study increase the breadth of surface salinity records beyond the uses by oceanographers

alone.

2.3 Methods and Data
2.3.1 Salinity Data

Since 1916, daily water samples have been collected at the end of the Scripps
Institution of Oceanography (SIO) pier in La Jolla, CA. For the near-surface samples,
salinity has been measured with two consistent methodologies over time, initially by
titration (1916-1964) and now by inductive salinometer (1965-present). The current
collection and measurement procedures are described in the Shore Stations Program
Annual Reports (https://shorestations.ucsd.edu/). Here we analyze the year-to-year wet
season variability using the daily sea surface salinity (SSS) record spanning 1916 to 2021
for a total of 38,330 days of data. We also examine similar daily salinity measurements

collected at the Newport Beach Pier following the same methodology. Time series from
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both stations are part of the Shore Stations Program (Carter et al., 2022).

2.3.2 Precipitation and Streamflow

Daily and monthly precipitation accumulation data (1939-2021) for the San Diego
International Airport (~16 km southeast of the Pier) were obtained from the National
Oceanic and Atmospheric Administration’s National Center for Environmental Information
(NOAA NCEI). The Livneh daily near-surface gridded precipitation data (Livneh et al.,
2013) (1915-2011) spans the continental US in 1/16 degree resolution and is provided by
the Physical Sciences Laboratory (PSL), NOAA.

Daily streamflow time series from Los Penasquitos, the closest major stream to
Scripps Pier, is obtained from the U.S. Geological Survey (1965-2021). The stream feeds
into Los Penasquitos Lagoon, which discharges into the ocean ~7.5 km north of the Scripps
pier. Anomalies for Los Penasquitos outflow and monthly precipitation accumulation are
the JEM averages with JE'M mean climatologies removed.

An Atmospheric River rank system categorizes the magnitude of landfalling ARs
based on the maximum instantaneous vertically integrated water vapor transport (IVT)
and storm duration (Ralph et al., 2019). This work utilizes a retrospective analysis project
produced daily AR Rank dataset (1948 to 2020) for consideration of JEM AR events
(Gershunov et al., 2017).

2.3.3 Climate Indices and Atmospheric Variables

El Nifio-Southern Oscillation (ENSO) variability is characterized using the NINO3.4
SST index (1870 to present), obtained from the PSL, NOAA. NINO3.4 is calculated from
the HadISST1’s SST averaged between 5°S-5°N and 170-120°W (Rayner et al., 2003).

The Pacific Decadal Oscillation index (1854 to present), obtained from NOAA
NCEI, is computed using the ERSST Version 5 extended reconstruction of sea surface

temperature (Huang et al., 2017). The PDO index is smoothed using a convolution filter
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with a 5-year Blackman window (Oppenheim, 1999) to emphasize decadal variability.

The Tropical/ Northern Hemisphere pattern (Mo, Livezey, 1986) (TNH, 1950 to
present) index was provided by the NOAA NCEP Climate Prediction Center (CPC) and
accessed through Columbia University International Research for Climate and Society
Institute’s Climate Data Library. The TNH index is provided by the CPC with only
December through February values.

For atmospheric composites (Figure 2.7), surface wind (1948 to present) and
precipitable water data (1981 to present) were obtained from NCEP/ NCAR Reanalysis 1
(Kalnay et al., 1996) and NCEP Daily Global Analyses, respectively. NOAA PSL provided
access to both NCEP datasets. Precipitable water content over a given area denotes
humidity, which is positively correlated to rainfall (Muller et al., 2009).

All climate indices are averaged over the rainy season (JEM), with the exception of
TNH which is DJF averaged, and all are referred to without mention of this averaging for
the sake of brevity. For all correlations, significance is determined by a p-value < 0.05,

assuming every data point is independent unless otherwise specified.
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Figure 2.8. Map of the study region that includes where the data is recorded: salinity
record (at ‘pier’, marked with a star), Los Penasquitos streamflow (at ‘Q’, marked with a
diamond), and precipitation (at ‘rain’, marked with a triangle). The small red box denotes
where Los Penasquitos connects with the ocean and the blue lines depict the watershed
that drains into Los Penasquitos. Panel a. shows the greater California region with a pink
box around study site and panel b. is the zoomed in view of the pink box that shows the
data collection locations.
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Figure 2.9. Correlations of winter salinity anomaly quantiles with streamflow and precip-
itation anomalies. Correlation coefficients of streamflow anomaly (blue) and precipitation
(orange) to each quantile of January—March (JFM) salinity anomaly. Note the strongest
correlations in both cases is to the freshest quantile of salinity, and the weakest to the
saltiest. First, an array of JFM anomaly salinity values for every year is arranged so
that the quantiles bin the daily values from every JFM day for each year of the record.
This array is then put into 9 quantiles that divide the data points into 9 equally sized
groups in order from lowest to highest values for each year, where quantile 5 would contain
the 50% or median SSS values. Next, a correlation between each year of sea surface
salinity anomaly quantiles (SS5S,) with each year of the streamflow anomaly (one value
JFM-averaged per year) and with the precipitation anomaly (one-value JFM-averaged
per year) provides a correlation coefficient for how the time series line-up for each SSS,
quantile. This figure demonstrates what one may expect, the salinity anomaly quantile
with the freshest values correlating most closely with the rain and streamflow data, the
median/mean values having low correlation, and the highest salinity quantiles correlating
strongly inverse. With this study’s focus on salinity’s connection to precipitation we chose
the quantile with the strongest positive correlation (the 10% quantile) to continue our
analysis.
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Figure 2.10. Winter SS55}¢ timeseries at Scripps Pier and Newport Beach. The JFM
salinity anomaly from Newport Beach pier shows a similar pattern to that seen at Scripps
Pier. This data validates the Scripps Pier record findings, and suggests that the La Jolla
record likely reflects precipitation levels over a broader southern California coastal region.
This figure is included to emphasize the robustness in the salinity signals we see, where
most major rain events causing these features are widespread enough to impact the greater

southern California region.
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Figure 2.11. Probability density function of streamflow in salty to fresh S5S5q years.
Probability density function histogram of JEM Los Penasquitos streamflow daily anomaly
divided up by fresh years (blue; 5510 < —0.35 psu; n = 5 years/ 451 days), moderately
fresh years (pink; —0.35 psu < 5519 < —0.2 psu; n = 4 yrs/ 360 days), and salty years
(yellow; SSS19 > —0.2 psu; n = 48 yrs/ 4333 days) between 1965 to 2021. These fresh,
moderately fresh, and salty years are a way of visualizing what streamflow properties may
cause an 55957 value that is large, medium, or close to zero, respectively. These divisions
occur at SS5S7y values that were selected because of the expected frequency of each level
of events, and this figure verifies that streamflow magnitudes support these groupings.
The figure is included as a supplement to highlight that the probability is low for high
flow events to occur, and when they do, the SSS;y will drop in response and therefore
fall in the moderately fresh, or the freshest salinity groupings. The binning algorithm is
Sturges’ rule applied to optimize the number of groups the data is split into, to make
visual comparison easiest. Evenly scaled y-axis on top and log scaled y-axis on bottom
illustrate overall trend and the extreme tail respectively.
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Chapter 3

Processes impacting the fate of small
river plumes following storms

3.1 Introduction

Freshwater discharge to the coastal ocean from land serves an important role in both
hydrological and biogeochemical cycles (Syed et al., 2010). The interaction of freshwater
and ocean water forms horizontally advecting river plumes (Ryther et al., 1967; Wright,
Coleman, 1971; Boicourt, 1973; Garvine, 1974). Freshwater river plumes (hereafter referred
to as plumes) can contain a host of nutrients, larvae, land-based particles, sediment, debris,
and pollutants (Reeves et al., 2004; Milliman, Farnsworth, 2013; Aguilera et al., 2019).
Thus, understanding plume behavior is critical for assessing health impacts to beachgoers
and coastal ecosystems.

The dynamics that drive river plumes differ depending on the size of the system.
Plumes may be defined as large or small based on a number of definitions. For example,
plumes can be considered small if they: have low incoming river discharge (e.g., from low
inflow estuaries; Largier, 2023), can stop formation during flood tides, are not impacted by
the Earth’s rotation (Cole, Hetland, 2016; Garvine, 1995), or are impacted by the surf zone
(Wong et al., 2013; Rodriguez et al., 2018). In this study, we explore a small plume that
fits all of the above definitions. Small plumes can originate from smaller watersheds and/or

regions with less rainfall or meltwater input and hence lower streamflow input (Warrick,
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Fong, 2004; Largier, 2023). While many studies focus on large plume systems, small plume
systems are more numerous, can collectively impact a greater cumulative ocean area when
measured against a single large river of comparable watershed size (Warrick, Fong, 2004;
Mazzini et al., 2014), and can significantly influence coastal ocean biogeochemistry (Wetz

et al., 2006).

3.1.1 Large vs. Small Plume Dynamical Regions

Large plumes have dynamical regions defined by their physical drivers, but it is
unclear how these established regions translate to small plumes. The four regions used to
describe plumes are: the source region, near-field, mid-field, and far-field (Garvine, 1984;
Hetland, 2005; Horner-Devine et al., 2009, 2015).

The source region is where estuarine processes set plume properties at the river
mouth (Nash et al., 2009). In many large plumes, this source region is often continuously
active, always forming plumes (Garvine, 1984; Hickey et al., 1998; Horner-Devine et al.,
2009). In small systems with moderate to large tides, outflow can emerge during ebb
tide and cease on flood tide or when the estuary mouth is closed due to morphodynamic
processes (Pritchard, Huntley, 2006; Williams, Stacey, 2016; Orescanin, Scooler, 2018;
Harvey et al., 2023). Small plume systems such as those in low-inflow Mediterranean
climates can experience episodic precipitation that dramatically increases discharge over
a very short period (e.g., from 1 to 100 m?®/s over a day), generating plumes greater in
freshwater volume than an ebb tidally-pulsed one, but still very small compared to those
of large plume systems (Warrick et al., 2007; Rosa et al., 2022; Rojas et al., 2023; Collins,
Macdonald, 2025). No previous studies have explicitly explored the connection of these
processes to the formation conditions of small plumes in the source region.

After the source region is the near-field, where a plume initially expands and river
momentum dominates over buoyancy forcing (Hetland, 2005; Horner-Devine et al., 2015).

The near-field ends where frictional processes decelerate the outflowing water sufficiently
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that buoyancy takes over as the dominant driver of plume dynamics. The location of this
transition sets the scale of the near-field plume (Hetland, 2005). Near-field dynamics are
fundamentally altered for small plumes that directly interact with the surf zone, where
mixing and momentum imparted by wave-breaking become leading order processes and
plumes can become surf zone trapped (Wong et al., 2013; Rodriguez et al., 2018; Kastner
et al., 2018, 2019; Spydell et al., 2019; Lou et al., 2025). While some dynamic region
definitions are easy to translate to small plumes, a gap exists in the classification of surf
zone advected plumes, as they do not belong to any of the defined regions.

The mid-field is the transition zone between the near- and far-field. In large
systems, this is where Earth’s rotation can start impacting plume transport (Garvine,
1987). In small systems, buoyancy and wind have been shown to drive mid-field transport
(Basdurak, Largier, 2022). The last dynamic region is the far-field, defined by its lack of
river momentum. In large systems far-field dynamics are typically dominated by rotation,
wind, and buoyancy (Lemagie, Lerczak, 2020). Leading balances in a large plume’s far-field
often involve rotation, e.g. Ekman wind and geostrophic balances (Fong et al., 1997;
Geyer et al., 2000; Fong, Geyer, 2001; Toublanc et al., 2023; Yankovsky, Yankovsky, 2024),
while small plumes experience negligible rotational effects (Garvine, 1995; Warrick et al.,
2007; Basdurak et al., 2020). Instead, small plumes have been shown to have a far-field
dominated by direct wind forcing and advection (Pifiones et al., 2005; Warrick et al., 2007;
Kniskern et al., 2011; Osadchiev et al., 2021; Romero et al., 2016; Basdurak, Largier, 2022;

Lemos et al., 2022; Vundavilli et al., 2024).

3.1.2 Dynamics Influencing Small Plumes

Waves and surf zone processes can impact a small plume in a variety of ways.
We use the term ‘surf zone field (SZ-field)’ to highlight the dynamical plume regime
where distinct processes impact surf zone plume transport that do not fit within the

definitions of near-, mid-, or far-field regions. The SZ-field is influenced by wave-driven
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dynamics including radiation stresses, Stokes drift, and vertical mixing caused by wave
injection of turbulent kinetic energy (TKE) (Thornton, Guza, 1983, 1986; Feddersen et al.,
1998; Feddersen, Trowbridge, 2005; Feddersen, 2012; Hally-Rosendahl et al., 2014; Kumar,
Feddersen, 2017; Spydell et al., 2019; Kastner et al., 2023). The cross-shore (x-direction)

0Szz
ox

gradient of the normal component of wave radiation stress (£22£) can counter a plume’s
river flux in the near-field and, if strong enough, contribute to retention (trapping) inside
the surf zone and create a SZ-field (Wong et al., 2013; Rodriguez et al., 2018; Kastner et al.,
2019; Lou et al., 2025). Stokes drift can contribute to the retention of a surface plume
feature in the cross-shore (Lentz, Fewings, 2012; Kumar, Feddersen, 2017). Infragravity

waves have also been shown to modulate small plumes (Flores et al., 2022; Roco et al.,

2024). The cross-shore gradient of the shear component of wave radiation stress (8§;y)
can drive an alongshore (y-direction) current within the surf zone (vgz; Bowen, 1969;
Longuet-Higgins, 1970) that transports plumes with a direction depending on the local
wave incidence angle (Rodriguez et al., 2018; Kastner et al., 2019; Baldoni et al., 2022;
Brasseale et al., 2023) and channel angle (Wong et al., 2013). Convergence in surf zone
currents alongshore can create transient rip currents that export surf zone waters offshore.
The surf zone can also have bathymetric rip currents due to bottom features that channel
water to the inner-shelf (Hally-Rosendahl et al., 2015; Moulton et al., 2017; Grimes et al.,
2020). These, among other surf zone to inner-shelf exchange mechanisms, can force some
or all of a SZ-field plume to exit to the inner-shelf and the far-field. If a plume is polluted,
an understanding of the formation and persistence of the SZ-field will inform the extent
of health risks to beachgoers (Wong et al., 2013; Feddersen et al., 2021; Brasseale et al.,
2023). As previous studies focus on near-mouth surf zone freshwater plume impacts, there
is a need to understand the role of the SZ-field on the fate of small plumes.

Wind is shown in both models and in observations to influence small plume transport
in the far-field (Pinones et al., 2005; Warrick et al., 2007; Kniskern et al., 2011; Osadchiev

et al., 2021; Romero et al., 2016; Baldoni et al., 2022; Basdurak, Largier, 2022; Lemos
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et al., 2022; Vundavilli et al., 2024; Speiser, Largier, 2024). Wind advects small plumes in
the alongshore direction through the direct stress in the alongshore direction imparted at
the air-sea boundary. Cross-shore winds can also directly influence the cross-shore plume
extent (Romero et al., 2016). At times with relatively strong winds, even mid- to large
plumes can have an alongshore momentum balance dominated by alongshore wind stress
(Hickey et al., 1998; Kakoulaki et al., 2014). Surface-advected plumes respond relatively
quickly to dynamically changing wind conditions, like the quasi-rotational Maipo River
plume in Chile responding to diurnal wind variability with a 7 hour lag (Pinones et al.,
2005). Additionally, for a small system in the non-tidal Black Sea, a study shows plume
speeds respond linearly to changing wind speeds within 10-20 minutes (Osadchiev et al.,
2021). In our study region of southern California, small plumes following rain events
show far-field transport in the direction of wind forcing (Warrick et al., 2007; Kniskern
et al., 2011; Romero et al., 2016). Winds that accompany cyclonic storms in this region
typically blow northward before the precipitation, and then southward near the time of
peak discharge and for many hours following (Warrick et al., 2007; Kniskern et al., 2011).
Therefore, far-field transport of small plumes is expected to be southward in the alongshore
direction resulting from southward alongshore wind forcing at and after peak discharge in
the study region (Warrick et al., 2007). While wind and advection have previously been
shown to dominate in the far-field, no studies have considered the combined influences of

wind, buoyancy, and wave processes on the far-field.

3.1.3 Outline

In this paper, we explain how freshwater from small plumes transports through
the surf zone to the inner-shelf and far-field. The aims of this study are: to inform the
time-dependent formation of small plumes; assess the combined roles of wind, buoyancy,
and surf zone processes on far-field plume transport; and present a conceptual framework

that outlines the dynamic regions a small plume possesses under varying environmental
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conditions.

We use observations collected in Los Penasquitos Lagoon and across a ~ 10-km
alongshore stretch of the inner-shelf. The experiment study site and methodology are
described in Section 3.2 along with the details of data collection, processing, and quality
control. Three months of observations are presented and summarized in Section 3.3. Next,
in Section 3.4 we explore source region plume formation by introducing a dimensionless
parameter that distinguishes between two formation regimes. Then in Section 3.5, the
plumes resulting from the three largest storm events are each explored in detail. First, the
general plume behaviors and conditions are explained (Section 3.5.1), then the relative
contributions of the surf zone, wind, and buoyancy processes are detailed in Sections 3.5.2,
3.5.3, and 3.5.4 respectively. Generalized conceptual takeaways for small plume transport
are outlined in Section 3.6.1. The results are then discussed in the context of their:
applicability to ebb tide plumes (3.6.2), connection to a surf zone trapping parameter space

(3.6.2), and implications for plume mixing (3.6.3). Conclusions are given in section 3.7.

3.2 Data and Methods
3.2.1 Study Region

In this study we focus on Los Penasquitos Lagoon (hereafter referred to as LPL),
a small plume system located in San Diego, California (Figure 3.1). This system can
be described as a low-inflow estuary (LIE) (Largier, 2023), a bar-built estuary with a
constricted mouth, and an intermittently closed estuary (ICE) (Williams, Stacey, 2016;
McSweeney et al., 2017; Harvey et al., 2023). Los Penasquitos serves as an example for the
numerous estuaries that have similar classifications and dynamics across the globe (Largier,
2023; McSweeney et al., 2017). LIEs in Mediterranean climates have highly variable
and infrequent rainfall (Dettinger et al., 2011), often experiencing atmospheric rivers

(Gershunov et al., 2019). Southern California precipitation totals vary greatly year-to-year
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Figure 3.1. (a) U.S. west coast. (b) River watershed, contoured bathymetry, and
moorings. ‘Q’ (diamond) is the USGS gauge where Qe is recorded and O100-C is a
mooring maintained by the Ocean Time Series Group. ‘x’ denotes two northern river
mouths. (c¢) Zoom in of red box in (b) showing moorings deployed during study period
on the bathymetry (shading and gray contours). Moorings are colored darker blue to
the south, yellow to the north, darker purple going offshore along the mouth centerline,
and white inside of the estuary. Triangles mark moorings with ADCPs and top/bottom
salinity, circles mark moorings with ADCPs and bottom salinity, and the square marks
the Scripps Pier with mid-water column salinity only.
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and depend on climate oscillations like El Nino Southern Oscillation and Pacific Decadal
Oscillation (Ropelewski, Halpert, 1986; Gershunov, Barnett, 1998; Cayan et al., 1999). As
a result, the occurrence and far-field transport of rainfall-enhanced plumes also varies with
these climate oscillations (Byrne et al., 2023).

The study region’s coastline is oriented nearly north-south, with an average shore-
normal angle of 262° true north. The bathymetry is largely alongshore uniform except for
a submarine canyon located 6.5km south of LPL’s mouth. The canyon could indirectly
influence the propagation of a surface-advected river plume by modulation of the currents
near the canyon head, though these effects are not expected to change the results of this
study.

LIEs adjacent to LPL exist 4.6-km and 9.3-km to the north (San Dieguito and San
Elijo Lagoons) and 22-km to the south (Mission Bay). It is common for small plumes
from multiple rivers to coalesce (Arnau et al., 2004; Warrick, Farnsworth, 2017) which
impacts the total freshwater budget of a region and can modify plume patterns and extent
(Mazzini et al., 2014; Osadchiev et al., 2020; Salcedo-Castro et al., 2020; Rojas et al.,
2023; Collins, Macdonald, 2025). The freshwater plume(s) explored in this study during
certain conditions, is likely the result of not just LPL outflow, but with contributions
from adjacent LIEs. Plume coalescence in the study region is most likely to occur with
plumes from the two closest sources, San Dieguito Lagoon (SDL) and San Elijo Lagoon
(SEL) (shown with ‘x’ marks in Figure 3.1b) when southward currents are present. The
watersheds of SDL and SEL combined represent effectively 1.4x the area of LPL, thus it is
unlikely that they represent the primary source of freshwater offshore of LPL, but it is

reasonable that they contribute some freshwater to the region.

3.2.2 Observations

Observations were collected as part of the NSF-funded Plumes in Nearshore Con-

ditions (PiNC) experiment focused on tracking plumes exiting LPL, which included
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longer-term moorings, and dye tracer studies. For the three intensive dye release days,
there were a host of short-term in-situ and remote measurements taken that are not detailed
or used in this work. Rather, here we focus on the longer-term experimental components.
Instruments deployed over the winter (see Figure 3.1c) included five moorings at the 8-m
isobath (O), two moorings at the 4-m isobath (M), one mooring inside the estuary (E-C),
and one mooring at the 30-m isobath offshore of the mouth (O30-C). Moorings measured
surface and bottom salinity and temperature (using CTDs, conductivity temperature
depth sensors), and vertical velocity profiles (using ADCPs, acoustic Doppler current
profilers). The ‘O-’ and ‘O30-" moorings were deployed from Dec 12, 2022- Feb 21, 2023.
The 4-m depth moorings (M-N and M-S) were deployed for 1 month (Jan 09 - Feb 09, 2023)
and had an ADCP and bottom CTD. Additional near-surface salinity measurements were
used from the Scripps Pier at a depth of ~5-m as part of the Automated Shore Stations
Program (https://data.caloos.org/#metadata/120738 /station/data, mooring O-S3) and
at the surface of the Del Mar Mooring in 100-m water depth (operated by the Ocean
Time-Series Group, http://mooring.ucsd.edu/delmarl/, mooring O100-C).

The mooring naming convention (Figure 3.1) is as follows: ‘O-’, ‘M-’ and ‘E-’
denote ocean inner-shelf, mid-depth (near and sometimes within the surf zone), and estuary
moorings respectively. ‘-C’ is centered on the estuary’s mouth. ‘O-" are all near the 8-m
isobath, whereas O30 and O100 are deeper, at 30- and 100-m water depth respectively,
where 0100 is the Del Mar mooring. ‘-N’ is north of the estuary, ‘-S’ is south, with each
number ‘-S1’, ‘-S2’, etc. representing how many additional moorings away from the estuary
centerline it is. O-N and M-N (O-S and M-S) are ~ 500-m north (south) of LPL’s mouth.

The Scripps Pier is referred to as ‘O-S3’.

3.2.3 Data Processing

Velocity time series are rotated to be alongshore (v) and cross-shore (u) with respect

to the shoreline angle, low-pass filtered by convolving with a 30 minute Gaussian, and
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sub-sampled at 2 min intervals unless otherwise stated. Individual wave impacts on the
velocities are minimized by finding wave troughs, removing the surface layer bias by wave
orbital motion above those troughs, and by the aforementioned averaging scheme. Near-
surface inner-shelf velocities (v;g) refer to the shallowest velocity bin retained after quality
control, which is typically 1-2 m below the instantaneous water surface location. Depth
average inner-shelf velocities are represented here as ;5. The O-C ADCP was buried under
sediment from Jan 14-27, causing a data gap. Velocity from the in-estuary ADCP (@,) is
a temporally (10 minute) and depth-averaged along-channel flow as defined by a principle
axes analysis. Salinity (S) outliers are removed via a threshold of [£2| > 0.5 psu for CTDs
with a dt = 2 min and > 15 psu for CTDs with a dt = 30 sec. S measurements before
and after C'TD sensor cleaning inspections are checked and any offset corrected as needed.
CTDs sampling at 30 sec are subsampled to 2 min. Freshwater fractions (F =1 — S%) are
calculated using instantaneous surface salinity (S) and background salinity (S, = 33.3
psu) (Nash et al., 2009).

Alongshore surf zone currents are calculated from a balance of alongshore wave
forcing to bottom stress (Bowen, 1969; Longuet-Higgins, 1970; Thornton, Guza, 1986)
following simplifications discussed in Thornton, Guza (1986) and detailed below. This
uses a cross-shore gradient () of the shear component of wave radiation stress (S,,)
(Longuet-Higgins, Stewart, 1963, 1964). The alongshore bottom stress is simplified by
assuming no mean cross-shore flow, the alongshore current (vgz) is weak compared to
the wave orbital velocity (u,), and the small angle approximation applies. This gives an
alongshore bottom stress 7, ~ pcf%uovgz where ¢y is a drag coefficient and u, = a %,

with g as gravity, a as wave amplitude (a = i;), H, as significant wave height, and h

HT’TILS
2

as water depth. The wave amplitude equation results from a = , where H,,, is

root-mean-square wave height, and H,,,s = %, such that a = 5%. Equating the wave

forcing to bottom stress and solving for alongshore velocity gives the following equation
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for surf zone currents:
108, w 1

v = — .
52 P ox QCfa,/g/h

We use wave hindcasts from the Coastal Data Information Program (CDIP) wave

(3.1)

MOnitoring and Prediction (MOP) system to extract the quantities needed to calculate vsz
(O'Reilly et al., 2016). O'Reilly et al. (2016) calculate % (with units m?, hereafter referred
to just as S,,) using integrals of the second directional moment of a given incident wave
spectrum. The depth of wave breaking (h,y) is calculated from the 9.5-m depth hindcast as
(%)4/5 with v = 0.42 and wave group speed ¢, = v/gh (Thornton, Guza, 1982). At each
CDIP transect for each timestep a Hy and S, value are extracted from the depth closest
to hyp. The surf zone width (0z) is computed as the horizontal distance between h,,
and the 0.5-m isobath along each transect as determined by CDIP’s reference bathymetry.
Note the bathymetry is fixed and does not account for changing tides. For vgz, we assume
density is constant, ¢y = 0.003 (Feddersen et al., 1998), and that the gradient in S, is
constant between the depth of wave breaking and the shoreline. While here vgy is the surf
zone current estiamte near the point of wave breaking, there is cross-shore variability in
alongshore surf zone currents (Longuet-Higgins, 1970). This estimate is greater than a
mean current, but not necessarily reflective of the maximum current. To estimate vszmaz,
the maximum alongshore surf zone current, we invoke an empirical relationship derived
for a beach in Santa Barbara, CA from Guza et al. (1986): vgzmas =~ 64.15,, with S,,
in units of m? and velocity in m/s. Surf zone current estimates span from O-N to 700-m
south of O-S2; the presence of the canyon head interferes with hindcasts farther south and

are neglected in this study. Median S, values are presented for each case in Section 3.5.2

for comparison of relative wave conditions.
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Figure 3.2. (a) Qe from Los Penasquitos. (b) E-C depth-averaged along-channel
velocity o, where positive values indicate flow into the estuary. The dark gray shaded area
towards the record end is when the mooring was recovered and has no data. (c) Significant
wave height (H;, shaded) and S,, (line) from CDIP estimates at LPL’s mouth. Note that
here S;,, > 0 indicates northward surf zone velocities, vy, (d) Cross-shore (7,, dark purple)
and alongshore (7, light purple) wind stress. (e) Surface salinity from moorings (colors
match the icons on the map in Figure 3.1. (d) Depth-averaged alongshore velocities v;g
for the 8-m isobath moorings. Cases 1-3 are shaded across panels in light gray and red
shaded bars in panel (a) indicate periods of closed or choked estuary mouth conditions.
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3.3 General Conditions

Between Dec 01, 2022- Mar 01, 2023, the average river discharge from Los
Penasquitos Creek (Qpiver, measured upstream of tidal influence) is ~1 m?®/s but oc-
casionally peaks upwards of 50 m?®/s (Figure 3.2a). Qiver, as presented throughout this
paper, is multiplied by a factor of 1.58 as determined by Elwany (2011) for this watershed
to adjust for the ungauged watershed area between the upstream gauge location and where
the river reaches the estuary. The estuary velocity (v.) measured at mooring E-C is < 0.1
m/s during neap tides, and reaches 0.25 m/s during spring tides (Figure 3.2b). o, reverses
consistently on a tidal timescale responding to the mixed semidiurnal tides unless a large
rain event occurs or the estuary mouth closes, disconnecting the estuary from the ocean
(Figure 3.2b). Large rain events cause v, to exceed tidal velocities on numerous occasions
during the three months. The estuary mouth closes on February 6 and v, stagnates. The
mouth remains closed or choked (allowing some ocean exchange during large tide or river
discharge events) until the end of the study period (Figure 3.2b).

Inner-shelf currents are usually depth-uniform and stronger in v, the alongshore
direction. The five 8-m isobath ©;5 records typically range between +/— 0.3 m/s and
are coherent (Figure 3.2f). Prominent semidiurnal (period ~12-hr) oscillations are seen
across the winter, except a few occasions. The ~12-hr oscillation propagates northward
in our mooring array and is not in phase with the surface tide. This could be explained
by coastally trapped waves, which have been shown to induce M, semidiurnal variability
alongshore on the inner-shelf region in Southern California (Okun et al., 2025). High-
frequency variability in 975 on February 6th is caused by atypically large waves, with
up to 4-m sustained significant wave heights near LPL. This is the only occasion where
wave-driven currents contribute to the recorded v;g.

The average inner-shelf salinity is 33.3 psu with freshening events associated with

plume arrivals (Figure 3.2¢). Ebb tide plumes consistently reach the 8-m isobath (450-m
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offshore) near the estuary, whether that be north (O-N), centered on (O-C), and/or south
(O-S) of the estuary mouth (Figure 3.2e). Plumes following rain events exhibit lower
salinity pulses that extend farther offshore and alongshore. For ~5-7 days following a
storm, with the increased amount of freshwater in the estuary, plumes can reach the 30-m
isobath (O30-C, 1.7-km offshore).

During the study period, eleven winter precipitation events occur in LPL’s watershed.
Eight of these events result in river discharge < 16 m3/s. The winter precipitation
accumulation in water year 2023 is above average for the San Diego hydroclimate, with
400-mm total rainfall, compared to the average of 245-mm (https://www.weather.gov/
sgx/Cliplot). The three largest events are all land-falling atmospheric rivers. They cause
Qiver to peak at 73.8, 118.2, and 72.1 m?/s on January 1, 15, and 16 and will be referred
to as cases 1, 2, and 3 respectively (gray shaded regions in Figure 3.2). All three cases
disrupt the estuary’s tidal currents and generate outgoing v, of up to -0.38, -0.82, and
-0.99 m/s respectively that persist beyond a tidal cycle (Figure 3.2b). The estuary water
column is completely fresh (<1 psu) from top to bottom (which is <5-m deep) during
the majority of the times with estuary outflow and creates an active source region during
these cases. In contrast, the smaller discharge events reduce but do not entirely freshen

water at depth, and exhibit strong vertical stratification within the estuary (not shown).

3.4 Regimes of Plume Formation

*

3.4.1 Creation of Plume Formation Parameter ();,,

Low-inflow systems like LPL have a plume source region that turns on and off, not
consistently forming plumes. In order to model plume transport accurately, we must first
know when plumes occur. In this section, we quantitatively define two regimes of small
plume formation: the tidal regime and the river regime. The tidal regime is when plume

formation is tidally pulsed, and the source region is only active during ebb tide. The river
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regime is when plume formation can occur regardless of tidal phase, and the source region
is active over one or more full tidal cycles. These represent the extreme events for the
system with the highest outgoing freshwater flux.

To estimate when plume formation occurs in small river systems, the discharge

*
reg

* *

indicates it is non-dimensional. @,

regime parameter (Q7, ) is created where the
represents the ratio of outgoing river transport (Qiver) to the total volume transport

(Qtotar) at the estuary mouth:

Q:eg - Qriver / |Qtotal| (32)

Qriver 18 directly measured, upstream of tidal influences, at USGS-11023340 (see Availability
Statement) and represents the influx of terrestrial freshwater to the estuary. Qpopar iS
an estimate of volume transport at the mouth due to the pressure gradient between
offshore ocean and near-mouth estuary water levels (Figure 3.3a). The offshore water
level is primarily influenced by tides, and has a smaller contribution from wave setup
(see Appendix 3.A). The estuary water level oscillates primarily due to tides, but can
also increase from elevated river flow after rain events. Therefore, this approach for Qsota
generates an estimate inclusive of tidal, wave, and river contributions to the total volume
transport at the mouth. When @), is greater than or equal to 1 it indicates the river

regime, and when it is less than 1 it indicates the tidal regime. When Q¥ < 1, the

reg

river discharge is relatively low and the total volume transport is dominated by the tidal
contribution of Qyua, i-€., the source region is in the tidal regime. The source switches

to the river regime when the volume transport is dominated by river discharge (Q,iver)

*

and occurs at Q.

values around 1 when @),;,e, is close in magnitude to Qq1, hence a
threshold of 1 is taken to be the transition point between regimes. In the river regime,
plume formation can occur anytime during a tidal cycle because the river discharge has

the greatest contribution to the total volume transport (Q%., > 1) and the direction of net

*
reg
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transport is out of the estuary. In the tidal regime, plume formation only occurs during
ebb tide. The ()., parameter can be used to estimate the river discharge necessary to
shift a system out of the tidal regime, given the estimated opposing forces. If Q. is
applied to a mid-size or large plume system it would represent when the tidal or river
forcing dominates, but the tidal regime would not necessarily imply a stoppage of plume

formation at the source region as it does in small plumes.

*
reg

The parameter (0¥, is derived in detail in Appendix 3.A. The derivation of Qo
is done with publicly accessible data to ensure this approach could be used without
having an ADCP deployed within the estuary and may be applicable to other low-inflow
systems. Key components of the derivation include applying a pressure-friction momentum
balance to obtain the mouth velocity (v,eun) and thus the total mouth discharge (Qyotar)-

The momentum-based approach for the Q. estimate bolsters our understanding of the

prevalent dynamics in this LIE and encourages reproducibility of this approach to other

*

reg calculation include lagging Qpiver (Figure

systems. Other important details of the ()
3.3b), and accounting for the changing sill height at the mouth impacting the mouth
area to estimate Qo (Figure 3.3c). Here we show a comparison between the observed
value (Qiotar0), calculated by adjusting the upstream ADCP observed velocities to the
mouth, and Qe estimated from publicly accessible data using this momentum balance

which performs moderately well with an 72 = 0.61 and RMSE = 8.75 m®/s (Figure 3.3c).

The resulting Q. uses |Qoai| and is averaged to one value per tidal phase (Figure 3.3d).

reg

Parameter inputs are estimated using continuous, publicly available data and include
a nearby ocean tide gauge, wave information, estuary water level, and upstream river
discharge (sources listed in the Open Research Section). The following results do not

change if Qotai1,0 15 used in place of Qe in the calculation @), , see Supplementary Figure

:eg’
3.B.1.

The definition of @;,, is such that it can be greater than 1 during times where

*

reg T€AChes values

outgoing river discharge is competing with incoming tides and waves. @)
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Figure 3.3. (a) Water level in the ocean (7yceqn in black) and estuary (nestuary in gray).
(b) Qriver, With y-axis in log scale, lagged by 5.2 hrs to better match when river discharge
measured at the gauge reaches the estuary. (¢) Qo estimate is shown with a gray line
and Qqotalo 1s shown in black shading. (d) Q:eg, y-axis in log scale, averaged over each
ebb (light blue) and flood tide (dark blue). The dashed black line is @y, = 1 where
Qriver = |Qiotar|- (e) the maximum salinity deficit between the freshest surface salinity
from any ‘O-" moorings and O-S3’s near-surface salinity (84,maz). Instances where Qj,, > 1
and indicates a river regime are shaded in pink across all panels. Cases 1-3 are shaded
across panels in light gray. Note this time series is shorter than that on Figure 3.2 and

ends just before the first estuary closure on Feb-06.
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up to ~10 regardless of whether it is calculated with Qotar O Qotaro (Figure 3.3d and
Supplementary Figure 3.B.1) due to exceptionally low values of Qe With respect to
those of @ er- To prohibit parameter values from approaching infinity, a cutoff of
|Qtotar] > 0.15 m3 /s is required for the corresponding Q*,. to be included in the tidal phase

reg

averages shown in Figure 3.3d.

3.4.2 Parameter Implications

LPL exhibits both tidal and river regime plumes. Times of plume formation, i.e.
with an active source region, can be predicted with ();,,; plumes can form anytime when
., > 1 and only during ebb tides when @)%, < 1. LPL usually is within the tidal regime

reg reg
where the plume source region is only active on ebb tide (Q;., < 1, light blue dots under
the dashed line in Figure 3.3d). This is how the system predominantly operates since the
river contribution to the flow is small in the absence of rain events Q, e, < 1.5 m3/s, and
the tidal component can be as strong as ~ 30 m3/s (Figure 3.3b and c). Most rain events
can transition the system to the river regime where plumes can form over one or more full
tidal cycles (Qy., > 1). The river regime is often followed by a tidal regime with enhanced
freshwater volumes lasting for ~5-7 days (Figure 3.2¢).

The relative timing of river discharge and tides impacts when a plume will form.
Even small rain and discharge events can move this system into the river regime if they
occur during weak enough tides (see pink highlighted regions on Figure 3.3d). The river
regime even occurs occasionally when there is no precipitation (Figure 3.3d) because Qyotar
is nearly zero during an entire tidal phase (very weak neap tides and/or choked mouth
estuary conditions), and therefore even the background Q... is sufficient to produce a

plume. On the other hand, not all rain events cause a shift to the river regime especially

when they coincide with stronger spring tides. This emphasizes the necessity of having

*

reg O predict plume formation, and why a static ()., threshold

a dynamic ratio like @)

would not work for this purpose.
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The three case studies all occur during the river regime (shaded areas in Figure 3.3).
Case 1 reaches the estuary just as the large ebb tide begins. This timing, combined
with Qo Overestimating the observed volume transport, results in a short one ebb tide
point in the river regime. This contrasts cases 2 and 3 which are better estimated by
Qiotay in magnitude and result in multiple consecutive tidal cycles in the river regime as
would be expected. One limitation of this approach is the representation of incoming
freshwater volume transport with a lagged @Q),;.er, where the lag is fixed. The evolution
of freshwater through the watershed into LPL is not straightforward and the hydrologic
processes impacting this process are beyond the scope of this study. This highlights the
complexity of these systems and emphasizes their sensitivity to the precise timing of
discharge pulses to the mouth.

While @}, considers the relative influence of river, tidal, and wave processes on the
source region and shares some similarities with small plume trapping parameterizations
(Wong et al., 2013; Rodriguez et al., 2018; Kastner et al., 2019; Lou et al., 2025) and with
an analysis in Orescanin, Scooler (2018) to examine mouth morphology, it is not used
here to identify near-field plume trapping nor morphological change. A proxy for plume
presence on the inner-shelf (near-field escaping) is calculated as Sq maz = Smin — Sref Where
Smin 18 the freshest surface salinity from any of the 8-m isobath moorings and s,.s is O-S3’s
near-surface salinity (Figure 3.3e). Most river regime periods do see escaped inner-shelf

freshwater (larger s, mq: when Q. > 1), although there is not a consistent trend between

*
reg
*

reg

the magnitude of )., with that of s, q;. This emphasizes the importance of processes

that occur after the source region that influence plume trapping.
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Figure 3.4. Snapshots of data during cases 1, 2, and 3 (rows a, b, ¢) at 5, 10, 15, 20,
and 25 hrs (columns) after plume start. Black arrows show v;g near-surface velocity, red
arrows show vgz, and white markers show negative salinity anomaly from a 33.3 psu mean
at the surface CTDs. The salinity anomaly scales differ between row 1 and rows 2 and 3.
Wind is shown with thicker pink arrows in the bottom left corners. The scale for the wind
and velocity vectors (offshore, in the surf zone, and in the estuary) differ. All scale vectors
are shown in the last panel for case 2, except the estuary velocity scale which is twice that
of the offshore vectors, 0.4 m/s for the same black scale arrow shown. Tides are shown in
the bottom right corner of each map with y-limits of -0.33 to 2.21 m, and with the red
line denoting the snapshot time. Note that O100-C is not shown on this map and only
sees a salinity anomaly in case 2.

47



N case 1
— case 2
mmmmm case3

=
&, 30 4
iy ) 0100-C 0-8
Z 2 - 1
E (e) 030-C 0-51
B O-N 0-S2
22 | § 53 |
case 2 0-C 0-53

w
=
R

8 &
T

.

.
1
1
1
1
1
1
1
1
1
i
!
!

‘
1
]

L L On L

()
"case 3 7

-5 0 5 10 15 20 25
hours since start

)
)

Figure 3.5. Comparison of three case studies with discharge (a), estuary velocity (b),
and alongshore wind stress (c). Case 1 is shown with shading, case 2 with a solid line, and
case 3 with a dotted line. Salinity for cases 1-3 is shown in d-f, respectively, and colored
by mooring location. Hour zero refers to the start of plume formation for each case and
is denoted with a vertical red line. The end of case 2 (hours 22-27) is the same as the
beginning of case 3 (hours -5 to 0) because they occur sequentially. On panels (d)-(f) the
red dashed horizontal lines indicate 31 psu, note the differing y-axis limits between case 1
(d) and cases 2-3 (e-f).
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3.5 Case Studies: Plume Transport
3.5.1 General Conditions

We use low-salinity signals to track the three case study plumes through the study
region and create a picture of each one’s transport (Figure 3.4). These plumes dynamically
respond to varying environmental conditions, as seen in snapshots of the available data at
5 hr intervals for each case starting 5 hrs after the plume starts (Figure 3.4). Each case’s
start time (referred to as hour zero) is referenced to the start of the strengthening in the
outgoing estuary flow (0.) immediately following river discharge, denoting the beginning
of plume formation. Potential times of plume coalescence are calculated using stream
gauge data and maximum inner-shelf and typical surf zone currents, to provide a low-end
estimate for how long a plume from a northern estuary would take to reach any mooring
following its discharge.

Case 1 does not initially reach the inner-shelf at any of the near-estuary moorings,
aside from a quick pulse passing O-S. It moves southward in the surf zone and reaches the
inner-shelf via surf zone to inner-shelf exchange processes at multiple points southward
through the end of the domain, past O-S3 (Figure 3.4a, Figure 3.5d). Diluted plume water
that arrives at the near-estuary moorings around hr 7 could originate directly from LPL or
from San Elijo Lagoon coalescing with LPL’s plume. Case 2 moves straight offshore of the
estuary, reaching O30-C at the 30-m isobath and O100-C at the 100-m isobath. It travels
with a slight preference for northward transport but primarily moves offshore (Figure 3.4b,
Figure 3.5¢). Case 3, similar to case 1, does not immediately reach the inner-shelf. After
~b hrs it reaches the inner-shelf north of the estuary mouth at O-N, then proceeds to
move offshore and southward, ultimately reaching the southernmost mooring O-S3 (Figure
3.4c, Figure 3.5f). After 13-16 hrs, plumes from San Dieguito and/or San Elijo could
coalesce with that of LPL and contribute to the observed plume salinity signals. In all

cases, the freshwater content decreases with distance from the mouth due to spreading and
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mixing. All cases eventually move offshore despite predominantly onshore wind conditions
(Figure 3.4).

Table 3.1. Physical parameters for each case.

Parameter | Case 1 Case 2 Case 3
Ty (hrs) 21.8 26.8 25.3
maz (m3/s) | 73.8 118.2 72.1
sum - (m3) 960,085 2,674,272 3,257,069
Ve (m/s) 0.20 [0, 0.38] 0.40 [0.04, 0.82] 0.59 [0, 0.99]
Uy (m/s) 8.69 [5.6, 11.6] 3.95 [0.5, 10.7] 7.21 [2.1, 15.3]
D, (°) 283.8 [246, 303] 208.0 [3, 357] 257.7 [164, 330]
H (m) 2.7 1.6, 3.1] 1.8 [1.5, 2.2] 2.1 [1.5, 2.6]
T, (sec) 9.7 [7.1, 14.3] 14.1 [11.1, 15.4] 12.4 [11.1, 13.3]
D, (°) 265.6 [252.3, 270.7] | 258.4 [255.5, 261.5] | 261.6 [259.8, 263.5]

The average value is shown at the front, followed by the range (square
brackets). T is outflow duration, Q4F is maximum river discharge,

river
sum

sum is cumulative river volume discharged, v, is depth-averaged estuary
velocity, U, is total wind speed, D, is wind direction, H is significant
wave height, T, is peak wave period, and D, is peak wave direction.

Incident wave conditions vary between each of the three cases (Table 3.1). Case 1
experiences the largest waves with an average significant wave height (H,) of 2.7 m coming
from an average angle of 266°. Case 2 has the calmest waves with average H, of 1.8 m
from 258°. Case 3 has the most variable wave conditions during the time of formation,
with an average H of 2.1 m and direction of 262°. The shore-normal direction at the river
mouth is 262° but varies slightly along-coast. Coriolis is negligible in all three cases, as is
expected from low Q, low Kelvin number plumes (Warrick et al., 2007; Garvine, 1995).
The following sections delve into the impacts of waves (Section 3.5.2), wind (Section 3.5.3),
and buoyancy (Section 3.5.4) on the transport of these case studies. We show that these

three components can largely explain the behavior of river regime plumes in the far-field.

3.5.2 Surf Zone Impacts

Here, we designate whether a SZ-field exists for the three cases and show how

it controls the delivery of plume waters to the far-field. Specifically, we show that the
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Figure 3.6. Comparison of plume arrival speed (v, black stars) with the estimated
surface currents in the surf zone (vgz, blue box and whiskers and median vgzmaz, blue
diamonds) and those observed on the inner-shelf (v;g, red box and whiskers) between
each mooring pair for (a) case 1 and (b) case 3. Note the calculation of these box plots is
described in the text. Case 2 is omitted as it did not travel predominantly alongshore.

SZ-field can exist in place of, or in addition to, the near-field, and before the far-field for
small plumes. We can assess the role of the SZ-field in delivering plumes to the inner-
shelf in the far-field by comparing surf zone and inner-shelf currents to the plume speed.
Specifically, estimated alongshore surf zone currents (vsz and vgzma.) and near-surface
inner-shelf velocities (vrg) are compared to the plume speed (vsy) determined by salinity
front propagation. For v,,, when applicable, one value is calculated as the distance
between moorings divided by the time difference for the salinity to initially drop between
moorings (black star, Figure 3.6). Surf zone current estimation methods for vg; and
Vszmaz are described in Section 3.2.3. Because Lagrangian transport reflects an integration
of velocity along the path, we consider a range of velocities between each alongshore
mooring pair over multiple hours from the start of plume formation. For surf zone currents,
this range includes estimates from every 100-m transect between each mooring pair (vsz,
blue boxes and median vgzmaz, blue diamonds, Figure 3.6). An exception is between O-S2

to O-S3 which only has vsz and vgzma, estimates for the northernmost 700-m (of the

o1



total 2300-m). The range of values in vgz and vszme: do not account for buoyancy or
changes in bathymetry (which is measured by v;g). For inner-shelf currents, this v;g range
includes both moorings’ near-surface velocities when possible, or only one mooring’s when
two were not available (v;g, red boxes, Figure 3.6). Surf zone plume transport, before
its delivery to the inner-shelf, is confirmed if a plume’s arrival speed is faster than the
inner-shelf currents but equal to, or slower than, the surf zone currents.

The case 1 plume primarily transports in the SZ-field to the far-field. Its freshwater
first appears briefly at O-S ~2 hours after the outflow begins (for <2 hrs in duration;
Figure 3.5). Between hours 4-7, it arrives at O-S1, O-S2, then O-S3 after it is no longer
at O-S (Figure 3.4a). The arrival of case 1 to these southern moorings (O-S through
O-S3) is faster than the inner-shelf currents but it is similar to the speed of the surf zone’s
alongshore currents (vsz and vVszmaz)- Vs is roughly -1.3 m/s between O-S1 and O-S2,
and -1.8 m/s between O-S2 and O-S3. Only the surf zone, with vszma, up to -2.5 m/s
could be responsible for this rapid alongshore transport (Figure 3.6a). Even the smaller
pulse at O-S arrives with vs, = 0.29 m/s, which is well within the range of the surf zone
current speeds (vgz) but faster than the inner-shelf currents. S,, is also strongest at the
mouth during case 1, median S,, = 0.40 m?2, relative to the other two cases. The strong
wave forcing and the rapid vgy that result are sufficient to trap the plume and advect it
alongshore in a SZ-field.

After case 1 advects in the SZ-field away from the mouth into the far-field, it must
escape to the inner-shelf at multiple exit points. v;g between O-S2 and O-S3 is too slow to
explain a plume completely ejecting from the surf zone and only traveling on the inner-shelf
(Figure 3.6a). The large magnitude of vy, suggests this case at least partially continues
with a SZ-field past mooring O-S2 and ejects from the surf zone again nearer to O-S3. It
is also worth noting that the salinity deficit observed over the inner-shelf is less for case
1 than the other two cases (note the different y-axes on Figure 3.5d compared to e and

f). This could be due to a relatively lower freshwater input (Table 3.1) or it could be a
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result of its SZ-field transport because the surf zone is a location of significant mixing
due to gradients of wave momentum flux and of wave energy flux (Thornton, Guza, 1983,
1986; Feddersen, Trowbridge, 2005; Feddersen, 2012; Hally-Rosendahl et al., 2014; Spydell
et al., 2019; Kastner et al., 2023). While plume mixing is not a focus of the present work,
implications for mixing based on these observations are discussed in Section 3.6.3.

Case 2 plume transport is not significantly altered by wave processes; this case
appears similar to what is predicted by models that ignore surface gravity waves, or have
very small waves relative to the river discharge. If it has a SZ-field, it is small and results
in minimal impact on the overall plume transport. The case 2 plume forms during the
weakest and least variable wave conditions. With a lower S,, = 0.3 m? coupled with the
highest river discharge, as well as relatively low S,, < 0.02 m? and hence near zero surf
zone alongshore currents (Figure 3.4b); it is unlikely that waves influence the transport of
the plume in this case. If some amount of freshwater advects in the surf zone, it would
move north in the estimated direction of wave-driven flow (Figure 3.4b). Case 2 is not
shown in Figure 3.6 given that the plume transport is predominantly in the cross-shore
direction and surf zone currents are not important to its transport.

The case 3 plume advects via the surf zone and/or inner-shelf; vy, between all
mooring pairs can be explained by either the inner-shelf or the surf zone currents (Fig-
ure 3.6b). The case 3 plume forms when the surf zone has fast northward alongshore
currents (Figure 3.4c). A component of the plume likely travels north within the surf zone
outside of our sampling domain. The plume first arrives at O-N ~5 hrs after the plume
start, suggesting it could experience northward surf zone transport before moving offshore
~b hrs later (Figure 3.4c). The wave conditions rapidly change to favor southward surf
zone flow, creating a much more variable S,, than case 2 and an 5,, that decays to zero
as it switches sign and then continues to grow in strength. As a result, median vsz,q
appear near zero (Figure 3.6) despite having medians in each direction that are close to

the whisker limits. This weakening and then lapse in surf zone alongshore currents, plus
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the weaker S,,, could suggest the plume is initially trapped and advecting in the surf
zone, but later directly escapes to the inner-shelf from the mouth. This plume could also
shift directions once on the inner-shelf, initially exiting the surf zone north of the mouth
(moving northward) but later switching to move southward on the inner-shelf. This could
bring older plume water to the south from LPL or cause coalescence with plumes from
the two northern estuaries. It is uncertain whether this is true or if a near- and mid-field
plume form at the mouth when conditions slacken. While the latter is more likely since the
plume moves farther cross-shore than may be expected from a surf zone ejection (~1.7-km
to 030-C, Figure 3.4c), the exact pathway is unknown. This highlights the complex and
dynamic spatial and temporal distribution of small plumes; plume waters can advect via
various paths within different dynamic regions, especially as conditions change.

These results show that waves and surf zone processes impact transport of small
river plumes through a SZ-field into the far-field. Knowing the surf zone conditions in the
near-field is useful for anticipating a plume’s initial behavior, but if a plume has a SZ-field,
the wave conditions along the entire trajectory are necessary to explain its ultimate fate
(case 1). Conditions can also change during the time of plume formation (case 3), hence
a plume with a SZ-field may also develop a prototypical mid-field near the mouth later
on, or vice versa. This shows how the far-field can be reached through either a near- and
mid-field, and/or through the SZ-field and elucidates the variable spatial distribution
of small plumes. Models that do not include wave processes could not have accurately
described the transport of two of these case studies. Additionally, models must properly
represent surf zone to inner-shelf exchange processes to anticipate the timing and strength
of plumes within the surf zone and in the far-field. This echoes previous findings (Wong
et al., 2013; Rodriguez et al., 2018; Kastner et al., 2019; Lou et al., 2025) that the surf
zone is important for small plumes near the mouth, and we add that understanding the

entirety of the SZ-field is critical to predicting the fate of small plumes.
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3.5.3 Wind Impacts

Once a plume reaches the inner-shelf, wind becomes important. Strong winds can
drive ambient inner-shelf currents that are coherent over the full water column in the
direction of wind forcing due to the direct stress (Lentz, Fewings, 2012). Storm events
are often associated with strong winds in the study region. Cases 1, 2, and 3 had average
wind speeds of 8.7, 4.0, and 7.2 m/s, respectively, during the time of plume formation
(Table 3.1) but often change during each case (Figure 3.5¢). Small plumes have been
shown to respond to direct wind forcing, as opposed to Ekman wind dynamics, due to a
minimal contribution of Coriolis to these transient plumes (Warrick et al., 2007; Romero
et al., 2016; Basdurak et al., 2020; Basdurak, Largier, 2022). In this section, we explore
the role of direct wind forcing on the inner-shelf transport of the three case studies. First,
we compare observed plume behavior to the strength and direction of wind forcing. Then,
we estimate wind-driven alongshore current speed and compare to observed plume speeds.

Case 1 has entirely southward wind and the plume moves southward (Figure 3.4a,
Figure 3.5¢). While this plume primarily moves in the surf zone, the inner-shelf currents
are southward such that any freshwater exiting the surf zone would continue a southward
trajectory along the inner-shelf. The case 2 plume forms during relatively weak and
variable winds that are directed offshore at times (Figure 3.5¢). As a result, the alongshore
inner-shelf currents are weak and the resulting plume is not primarily moving alongshore,
but instead quickly travels cross-shore (Figure 3.4b). Case 3 has winds to the north that
promptly reduce and then change direction to southward ~4-8 hours after the plume start
(Figure 3.5¢). This case follows the same path on the inner-shelf, initially going north of
the mouth but then switching to southward propagating (Figure 3.4c).

Next, we consider how much of each plume’s speed is explained by alongshore
wind. An estimate for how much of the observed alongshore inner-shelf velocity could be

explained by the alongshore wind (vynq) is computed assuming a balance between surface
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Figure 3.7. Cases 1-3 observed near surface (vsg, black) and near bottom (vrgp, gray)
inner-shelf velocities compared to the estimated vying (magenta) and vying + Vpuoy (blue
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Vertical red lines denote hour 0 of each event. Horizontal gray bars at the top show hours
-5 to 27 as plotted in prior figures. Note O-C was buried during cases 2-3 and velocity
data is unavailable.
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stress and bottom stress (Whitney, Garvine, 2005). This gives the equation:

Pair @
Pocean CD

« Vi, (3.3)

Vwind =

where p is density, (g is the drag coefficient between the air and sea, C'p is the bottom
drag coefficient, V,, is the alongshore wind speed (measured at 8.2-m above the water
surface, see Open Research Section), and vy;,g is the resulting depth-averaged wind-driven
current speed. Constant values are used for pu;, = 1.225 kg/m?, pocean = 1025 kg/m3,
Cho = 0.00125, and C'p = 0.003. We take Cp to be a constant value derived in prior
literature (Feddersen et al., 1998), and show that the resulting vy;,q compares well with
the observations. However, the role of bottom friction is stratification dependent and
therefore dynamic in time (MacDonald, Geyer, 2004). If our approach is altered to use
the MacDonald, Geyer (2004) estimate of interfacial drag (Cp = 0.0005), or to use the
relationship between wind and plume front speed from Osadchiev et al. (2021), the resulting
Vwindg 18 2.2- 2.5x larger than that of Figure 3.7 but the interpretation of the results does
not change. We will continue with the commonly used Whitney, Garvine (2005) approach
using C'p = 0.003 for the calculation of vyng-

Figure 3.7 shows estimates for v,,;,4 in the magenta lines on each panel compared to
observed near surface (vrg in black) and near bottom (v;gp in gray) inner-shelf velocities.
If the entire water column is wind-driven with no plume, both v;s and v;g; are close
together and nearly equal to vyinq. Before the arrival of each plume, vrg and vrgy closely
track the estimates for v,;,q in all cases, indicating a wind-driven ambient current and
that Cp is reasonable (Figure 3.7). Once the plume arrives, in cases 1 and 3 we see a
deviation of vrg from vyg, indicating vertical shear (Figure 3.7). In these cases, vrgy
continues to track closely with v,,q, While v;g is larger in magnitude, suggesting the full
water column is wind-driven but that the surface plume speed (here represented by v;g)

has an additional component not explained by wind.
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Case 1 has strong northward winds before the plume begins forming. During this
time, estimates of v,,;,q match well to the inner-shelf currents at each mooring (Figure 3.7a-
e). Note vrg and vrg, are close together implying a well-mixed water column. As Warrick
et al. (2007) showed, southern California low-pressure systems typically have a northward
wind preceding a plume, and then a southward wind when the plume is forming. vy;nq
sharply jumps at the start of January 1 when the winds switch southward and v;g and
vrs,p respond by gradually decreasing, passing through zero, then generating southward
vrs. At the far-field moorings (O-S1 and O-S2) vynq remains approximately equal to the
near-bottom velocities while the plume is present. This suggests a wind-driven ambient
flow that the plume is traveling within. The surface has a higher velocity and cannot
be entirely explained by vyi,g. Case 3 (Figure 3.7f-j) features similar trends to case 1,
an ambient wind-driven flow sets the direction of propagation but cannot match those
observed within the surface plume layer. Case 3 forms while the winds are still northward
(as opposed to case 1 winds which switch to southward before its formation begins). As
a result, the far-field plume in case 3 switches directions from northward to southward
coincident with the winds (Figure 3.4c).

Case 2 occurs with weak alongshore winds (hence a weak v,;,4) and weak inner-shelf
alongshore currents (Figure 3.7fh). As a result, vy,q and vys and vrg, correlate very well
during this time when they are all near zero, with a slight northward direction. In this
case, the lack of alongshore or onshore wind (combined with the weak waves) results in a
weak ambient flow alongshore and contributes to a predominately cross-shore transport.
The weak, variable, and occasionally offshore-directed winds promote a relatively large
cross-shore plume extent (Figure 3.2d; Romero et al., 2016). Case 2 occurs just one day
before case 3, as did the corresponding rain event. This emphasizes how the timing of
one storm with respect to another and the timing of winds relative to river outflow may

influence the wind patterns and hence the plume transport.
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3.5.4 Buoyancy Impacts

Wind forcing can explain much of the inner-shelf velocities when the plume is not
present and it indicates the direction of alongshore inner-shelf plume movement, but cannot
fully explain the observed propagation speeds. This section will consider the contribution
of buoyancy-driven flow to plume transport. Although not always considered a dominant
driver of small plumes, we find buoyancy explains a significant portion of the observed
transport.

Buoyancy forcing spreads a plume outward, often radially (Garvine, 1984). While
cross-shore plume propagation is important, due to data limitations, here we focus on
the buoyancy acting in the alongshore direction. To examine the impact of buoyancy on
transport, first a plume depth (h,) must be found. Vertical shear squared (5% = %2 + %2)
is calculated at each mooring (Figure 3.8) using the cross-shore and alongshore velocities
measured at each discrete depth (0.25 m spacing). There is strong vertical shear on the
inner-shelf when a plume is present (Figures 3.7 and 3.8). This is not due to strong
winds; the strongest water column shear is only seen in the presence of plumes and when
wind-driven inner-shelf flow is nearly depth-uniform (see smaller pre-plume shear when
winds are strong; Figure 3.8). The surface-intensified buoyant flow associated with a
plume, due to the density difference between the plume and the ambient water, creates the
observed strongly sheared layer (Figure 3.8). The quality controlled depth of maximum
vertical shear (S?) is used to estimate plume depth (h,) at each mooring (black lines
overlaid on S? in Figure 3.8). Upper and lower bounds for the plume depth are found
using the width of the maximum shear peak at each time step.

The three case studies show different behaviors in plume depth. The case 1 plume,
which arrives to the inner-shelf moorings from an energetic and wide surf zone, is able
to mix all the way to depth at initial arrival at all moorings (Figure 3.8). Although the

plume does not initially reach moorings O-N and O-C as it quickly moves southward in
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Figure 3.8. Vertical velocity shear squared (S?) for case 1 (left column) and cases 2 and
3 (right column). Top panels of each subplot show surface salinity (black) and bottom
salinity (gray), when available, and the bottom panels show the vertical profile of S?
for each mooring. Horizontal dashed red lines mark 31 psu on each salinity panel for
inter-comparison. Plume depth (h,) is plotted in black over the shear. Vertical red lines
mark hour 0 for cases 1-3 (from left to right). Horizontal gray bars at the top show hours
-5 to 27 for each case as plotted in prior figures.

60



the surf zone, it does reach the inner-shelf moorings closer to the estuary mouth ~ 3
hrs after reaching O-S1 and O-S3 (Figure 3.5d). The case 2 plume is shallower than the
nearest-surface velocity measurement recorded, limiting the possible plume depth bounds
to a range between near surface (0.05 m) and the depth of the top velocity bin (1-2 m,
time dependent). The case 3 plume starts shallower than the velocity measurements on
the inner-shelf at moorings O-N and O-S, producing a range of possible depths between
the near-surface and top velocity bin. It then deepens and has the most strongly sheared
plume base of any of the three cases across all moorings (max ~ 0.03 s72, Figure 3.8).
Near bottom salinity (gray lines, Figure 3.8) show fresh anomalies that correspond with
times when the maximum shear (and h,) reaches the bottom of the water column during
cases 1 and 3, additionally supporting the use of the plume depth estimates from shear.
Potential mechanisms for the differences in initial plume depth and strength of shear at
the plume base between cases 1 and 3 are explored in Section 3.6.3.

Using the calculated plume depth and density anomaly, the contribution of buoyancy
to the plume propagation speed is computed by vpyuey = \/g’_hp where ¢’ is reduced gravity
(¢ = g%) with Ap being the difference between plume density (p) and ambient seawater
density (po). An upper bound on Ap is found by assuming pg is equal to the highest
salinity from that mooring (a constant value across time). A lower bound on Ap assumes
po i1s a moving average over the prior 2 hrs from that same mooring. Instantaneous density
from each mooring is used for p. A range of vy, is calculated using the upper and lower
bounds of both plume depth and of Ap.

We examine the contribution of buoyant gravity current propagation, using the
alongshore wind direction as the direction of gravity current propagation. The bounds
of Upyoy are combined with v,,,q and then averaged with a running mean over 30-min to
represent a flow driven by both wind and buoyancy (blue shading in Figure 3.7). Buoyancy
is added in the direction of wind forcing to represent an ambient wind-driven alongshore

flow that is enhanced by an alongshore component of the gravity current. The case 1
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plume speed is well described by a combination of wind-driven and buoyant propagation
speeds (Figure 3.7a-e, black lines and blue shading overlapping). Even the well-mixed
plume waters reaching the near-estuary moorings (£ =~ 0.01 — 0.03 at O-N through O-S)
contributes significantly to the inner-shelf surface velocity because of the large plume
depth. Case 2 has little alongshore movement as it primarily propagates cross-shore, and it
travels at least 5.2-km offshore (to mooring O100-C). This case has the most rapid arrival
of salinity to the inner-shelf, likely due in part to the minimized role of the surf zone.
To investigate the role of buoyancy in its cross-shore transport we look at vy, between
cross-shore oriented moorings O-C, 030-C, and O100-C and compare these values t0 Vpyoy
estimates. Case 2 has a vy of 0.18 m/s between O-C and O30-C, and 0.08- 0.13 m/s
between O30-C and 0100-C, and a vpyey of ~0.07- 0.17 m/s between O-C and O30-C, and
0.15- 0.37 m/s between 030-C and O100-C. This vy, assumes a range of h, =1 —5m
between O-C and O30-C, and of = 1 — 6 m between O30-C and O100-C, where exact
depths are unknown. These estimates come from temperature and salinity data (not
shown) that bound case 2 h, shallower than 2 m at O-C, shallower than 6 m at O30-C,
and shallower than 7 m at O100-C. The plume in case 3, like case 1, is well described
bY Uwind + Vbuoy ON the inner-shelf except for when the currents change direction from
north to south (Figure 3.7). This mismatch around 0 m/s may be an artifact of this
approach handling changes in direction too sharply, because in reality there is a spin-up
time associated with the development of v,;,s. Once the plume is moving southward, this
approach works well and again matches a realistic range of speeds. Despite only having a
freshwater fraction F' =~ 0.02 — 0.03 by the time the plume reaches moorings O-S1 and
0-S2 in case 3, the plume depth has increased causing it to maintain a notable buoyant
speed.

These results suggest that buoyancy is an important dynamic in the far-field
transport of these case study plumes. The wind-driven inner-shelf sets the direction that

the plume will travel and transports the plume, while buoyancy contributes additional
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Figure 3.9. Schematic representation of observed plume transport for cases 1, 2, and
3. The black dashed lines indicate the surf zone edge. The dynamic regions present
in each case are labeled. Asterisks indicate an uncertain but potential dynamic region.
Arrows indicate current velocities, arrows with cross-hatching indicate prominent wave
conditions, and the wind symbol indicates prominent wind conditions. Gray icons and
lighter shading show early plume movement in cases 1 and 3 before conditions change.
In case 1, rip currents likely exist at multiple points along the surf zone, but only 2 are
shown for simplicity. Additionally, rip currents may remain active for longer periods of
time than illustrated here.

speed (Figure 3.7). This emphasizes the importance of buoyant forcing in these small
plumes in the far-field, and emphasizes that plumes can be clearly identified at very low
freshwater fractions. We add to the findings of Basdurak, Largier (2022), that show
buoyancy is important in limited cases (low or rising tide with weak northward winds), to
explain that buoyancy contributes to far-field transport under a diversity of wind and tide
conditions. Future studies could investigate the magnitude of buoyant contributions to
plume speed using higher resolution observations to narrow the gravity current estimation’s

uncertainty.
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3.6 Discussion
3.6.1 Conceptual Overview & Dynamical Plume Regimes

In this study, we look at the dynamics behind both the occurrence and the transport
of small plumes. The occurrence of small plumes in low-inflow systems is typically driven

by tides. However, after sizable rain events, plumes can form regardless of tidal phase. We

*

reg that defines how strong of river discharge is needed to produce

create the parameter ()
a plume given the tide and wave conditions. These are labeled the tidal and river regimes,
respectively. The tidal regime only has an active source region during ebb tide whereas
the river regime has an active source region for one or more full tidal cycles.

Once a plume forms, it can have a number of dynamical regions (Garvine, 1984;
Horner-Devine et al., 2015). These regions are distinguished as areas of the plume where the
governing dynamics are distinct. However, small plume regions are not always categorized
clearly into this existing framework. Through three case studies, we show that not every
small plume will have the same dynamic regions and moreover, these plumes are clearly
impacted by the surf zone. While previous work (Wong et al., 2013; Rodriguez et al., 2018;
Kastner et al., 2019; Lou et al., 2025) has looked at the near mouth surf zone properties
to determine if a plume is surf zone trapped near the mouth, we instead consider the
influence of the surf zone on plume transport with implications for its ultimate fate. We
investigate the SZ-field dynamical plume region, which encompasses the conveyor belt
of surf zone currents that move plumes alongshore, mix them vertically, and can deliver
them to the inner-shelf/ far-field away from the mouth. In case 1, SZ-field processes play
a critical role in far-field plume fate, spreading the plume alongshore more quickly than
otherwise possible and likely contributing to mixing. This surf zone region has dominant
dynamics that differ significantly from the near- mid- or far-field as previously defined by
Garvine (1984). The SZ-field likely has a momentum balance dominated by gradients in

the wave radiation stresses and by bottom stress, and it can be influenced by wave-driven
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processes such as Stokes drift and strong vertical mixing (Feddersen et al., 1998; Lentz,
Fewings, 2012; Spydell et al., 2019). The role of buoyancy, channel mouth bathymetry/
angle, wind, and river momentum in the SZ-field is unknown and the subject of future
work.

The different dynamic regions present in the three case studies illustrate the strong
event-by-event variability in the transport of even the most strongly forced small plumes
from this period. The case 1 plume has a SZ- and far-field (Figure 3.9). The case 2
plume has a near-, mid-, and far-field. Lastly, the case 3 plume has all four regions, with
the dominant transport pathway changing over time with the wind, wave, and discharge
conditions (Figure 3.9). The schematics in Figure 3.9 simplify the cases down to their main
transport pathways, but it should be noted that the spatial structures of these plumes are
often more variable and inhomogeneous than portrayed here.

Once a plume is in the far-field region on the inner-shelf, the transport is influenced
by winds and its own buoyancy. Typically, winds are strong following a rain event and
dominate the inner-shelf alongshore currents that advect river regime plumes (Warrick
et al., 2007). When alongshore winds are strong, the far-field transport is in the direction of
wind forcing. When alongshore or onshore winds are weak, the far-field plume transport is
primarily cross-shore and is influenced by buoyancy. Unlike large plume systems, rotational
effects including Ekman wind balances are not dominant in small plumes on these shorter
spatial and temporal scales (Garvine, 1995).

Ultimately, the precise timing of the river discharge exiting the mouth with regards
to the tide, wind, and waves will influence both plume formation and transport. Small
plumes dynamically respond to changing conditions, following the dominant direction set
by waves (in the SZ-field) and by wind (in the far-field). A component of plume speed in
the far-field is due to a buoyancy-driven frontal propagation speed in the direction of the
ambient current. In situations with weak ambient inner-shelf currents in the near- and

mid-fields, the buoyancy will enhance propagation in the direction of river momentum
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until the river momentum is no longer felt, and then it will spread the plume radially

(Pritchard, Huntley, 2006; Yuan, Horner-Devine, 2013; Horner-Devine et al., 2015).

3.6.2 Applicability to Other Systems

Implications for Tidal Plumes

While this study investigates transport of the typically energetic river regime of

small plumes, the results have implications for the more weakly-forced tidal regime as

*

reg Darameter and see that

well. We distinguish when the tidal regime is present via the )
it occurs with a range of environmental conditions. It features a tide-dependent source
region that produces plumes only during ebb tide. In the context of the drivers explored
in this study, this regime has weaker buoyancy forcing than the river regime and a plume
can coincide with energetic waves and/or strong winds, or neither of those. The three case
studies presented here from the river regime provide insight into how the tidal regime may
behave in a range of conditions.

In general, weaker buoyancy (due to the smaller quantities of freshwater per plume)
means a tidal regime plume will not travel as far or as fast as river regime plumes. If
the waves are energetic and/or obliquely incident even with weak winds, the plume could
behave like case 1, rapidly transporting in the surf zone then feeding out to the inner-shelf
via rip currents or surf zone diffusion. If the alongshore wind is energetic but the waves
are weak, the plume could behave like the inner-shelf component in case 3, dynamically
following changes in wind conditions as it moves alongshore. If both the wind and waves
are weak, the plume could behave similar to case 2 with a predominantly cross-shore or
radially spreading bulge. This behavior is dependent on how strong the buoyant forces
are in competition with the wave radiation stresses (as is explored in various previous
studies; Wong et al., 2013; Rodriguez et al., 2018; Kastner et al., 2018, 2019). In the
likely case where the strength of the forcings from buoyancy, waves, and wind are a similar

strength (and are weak), various other factors can alter the transport of the tidal regime.

66



12

2
wave 10

momentum
flux
dominates

river flux

dominates
10 |

10!

[=>]
- » weoe
AR

S(l,,"l(l.lf (psu)
Qtotato (m?/s)

%

10°

'S
- NeP e o

% e

107!

102 100 102

S A

mouth

22
—u—
pBLsz Q1 ,

Figure 3.10. Performance of the Rodriguez et al. (2018) parameter space in showing the
tendencies for LPL plumes to be river momentum dominated (escaped) or wave momentum
flux dominated (surf zone trapped). The y-axis is a proxy for inner-shelf plume presence
Sa,maz, the maximum salinity deficit between the freshest surface salinity from any ‘O-’
moorings and O-S3’s near-surface salinity. One scatter point, colored by estuary mouth
discharge, Qotai 0, is shown for every 10 min of data, and only for times of estuary outflow.
Note the log-scale Qotq1,0 color bar used to highlight smaller events.

It can be altered by the bathymetry, presence of engineered structures (Kastner et al.,
2019), and channel angle (Wong et al., 2013). The background surf zone to inner-shelf
cross-shore exchange mechanisms (without plumes present) can be overlapping and difficult
to generalize to one process (Grimes et al., 2021). Hence, understanding this exchange
when weakly buoyant plumes are present likely requires a complicated combination of
processes. The strength and timing of the ebb tide combined with the strength and timing
of diurnal winds, internal tides, and other factors that drive inner-shelf flow must be taken
into account. This absence of strong forcing makes generalizing the drivers of transport

for small plumes in the tidal regime significantly more challenging.
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Parameter Space Comparison

In this section, we explore the trapping versus escaping conditions of LPL’s winter
plumes by using an existing parameter space defined by Rodriguez et al. (2018). Their
non-dimensional scaling is calculated as posﬂ%% where [ is seafloor slope, L, is the
surf zone width, A,,eun is the cross-sectional area at the mouth, and Qtoar,0 is the observed
volume transport out of the mouth. Calculations and values for 3, Apoun, and Qrotaro are
explained in Appendix 3.A. Here vyoun,o and hence Qoo are smoothed over a 30 min
running average and are also set to zero when the 30 min average water depth at the sill

(hsiy) is < 0.1 m. The sill is located close to the estuary mouth and hence hgy represents

water depth at the estuary mouth. The surf zone length is calculated as L, = % where

« is tide dependent beach slope, and v = fiz with h,, as the depth at the offshore surf
zone edge. Values for this are taken from the CDIP wave information at LPL’s mouth
(MOP line 590). We compare this parameter to the maximum salinity deficit (s maz), &
proxy for plume presence on the inner-shelf (Figure 3.10). While we do not have surf zone
salinity measurements, nor measurements right near the river mouth, we use 5,44, as a
proxy for inner-shelf plume presence. When s, mq. is large (small), there is more (less)
freshwater on the inner-shelf indicating an escaped (surf zone trapped) plume.

The Rodriguez et al. (2018) parameter space seems to delineate when LPL plumes
are trapped versus escaped (Figure 3.10). Rodriguez et al. (2018) cite a transition between
wave momentum flux (trapping) and river flux (escaping) dominance at a parameter value
of 1 (Figure 3.10). The greatest s, mq: values occur when the scaling <1 and river flux
dominates, indicating plumes that escape from the surf zone. The opposite is true for
trapping conditions; a scaling >1 corresponds well with when the sg 4, Proxy indicates
no/low freshwater presence on the inner-shelf. However, a limitation of the Rodriguez et al.
(2018) scaling is that it did not collapse for different values of Hy; however, further analysis

of that work has suggested a few ways to collapse their results. Despite this limitation,
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this parameterization shows promise to collapse different sites to one parameter space,
providing a clear direction for future research. Additional future work could investigate
these and other observations and models in the context of different parameter spaces that
consider near-field plume length (Wong et al., 2013; Kastner et al., 2019; Lou et al., 2025)

and explore the potential usefulness of Q)*. . as an indicator of surf zone trapping. Future

reg
observations that include the SZ-field, near-field, and the far-field regions across a range of
plume formation regimes would also be greatly helpful in understanding the connections

between the SZ-field, trapping/escaped conditions, and the ultimate far-field plume fate.

3.6.3 Plume Mixing

Although not a focus of this study, these plumes are turbulent and the role of
mixing and eddy diffusion is important. While some turbulence measurements may be
possible with our dataset, they are very limited in spatial/temporal extent. Nevertheless,
there is a qualitative difference between the far-field plume’s vertical structure from the
surf zone advected case 1 versus the likely inner-shelf advected portion of case 3.

Case 1 has a less defined plume base and the vertical shear has a similar magnitude
from top to bottom of the water column at times in the far-field (Figure 3.8), suggesting
the plume is arriving relatively well mixed to the inner-shelf. When the shear reaches the
seafloor, there are low (but detectable) concentrations of freshwater present at the bottom.
This happens right at the beginning of the plume in case 1 and appears pulse-like in time.
This same pulse-like structure and inhomogeneity is seen in the salinity at the far-field
moorings (Figure 3.5d). The salinity oscillates ~0.5-1 psu (out of a total anomaly of ~1
psu) on a timescale of roughly 20-45 minutes which suggests this plume is highly variable
in space and time (Figure 3.5). Rip currents can have very low-frequency pulsations on
the order of 15-30 minutes (Bruneau et al., 2009), which provides a possible explanation
for the inhomogeneity observed in case 1; it continually pulses with rip currents out of the

surf zone into the far-field creating salinity oscillations of a similar frequency to those of
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the rip currents.

This contrasts the southward propagating far-field plume of case 3, which has a
well defined maximum shear layer that does not reach the bottom or oscillate in its initial
stages (Figure 3.8). The estimated total volume of freshwater in case 1 was 30% that of
case 3 (Table 3.1) which could influence these stratification differences. Case 3 plume
stratification is stronger and more consistent as the plume propagates past each mooring.
This same trend is present in the salinity at the far-field moorings; when the plume arrives,
initially the salinity drops, then it maintains a near constant value, and eventually it
increases as time goes on, with minimal higher-frequency oscillation (Figure 3.5f). The
salinity for the case 3 plume is less variable in time than the case 1 plume in the far-field
at O-S1 and O-S2 (Figure 3.8).

The comparison of these two far-field plume structures may provide insight into
the potential role of the surf zone or of varied freshwater inputs on plume mixing. Case
1 transports in the SZ-field to the far-field and contains significantly less freshwater by
volume than case 3. The primary southward transport for case 3 likely happens on
the inner-shelf from a near-and mid-field at the mouth directly, although it is possible
the far-field is reached through SZ-field export at any point in the domain. If a plume
transports in the surf zone, i.e. has a prominent SZ-field region, and then ejects via rip
currents or other surf zone processes (like case 1), it may arrive to the far-field deeper, less
concentrated, and well-mixed. Whereas a plume that enters the far-field through a near-
and mid-field (possibly case 3) may experience less initial turbulence which could result
in a plume that has a more defined plume base and is more horizontally homogeneous
in the far-field. Plumes that advect southward from San Dieguito or San Elijo Lagoon
could coalesce with LPL’s plume in case 1 after ~hr 7 near the estuary, which could have
contributed to the inhomogeneous plume structure. While plume coalescence impacts the
freshwater budget of a region and can introduce variability in far-field plume properties,

the conclusions of this study are valid regardless of the river source.
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Differences in plume structure suggest that a plume’s fate may be impacted by
whether the primary alongshore transport is in the SZ-field or the far-field because of both
mixing and transport processes. However in the present study with limited data, we cannot
disentangle the variable total freshwater fluxes from the surf zone’s influence on far-field
plume structure. Therefore, this hypothesized role of the surf zone’s impact on overall
plume mixing and vertical structure is an area for future research, as is a comprehensive

freshwater budget accounting for plume coalescence.

3.7 Conclusions

In this study, we show that the drivers of both small plume formation and transport
need to be understood in order to properly predict the fate of small plumes. We illustrate
how variable conditions impact whether a plume source region is activated or not depending
on the timing of discharge with tidal and wave forcings. Once formed, a plume can enter
the surf zone or go directly to the inner-shelf. We show the necessity of understanding a
plume’s SZ-field, the region impacted by surf zone dynamics, as it can influence not just
the near-field plume, but also the far-field transport and eventual fate of small plumes.

To our knowledge, this study is the first observational evidence that small plume
transport following a storm can be described by regional waves and winds, and with a
direct contribution from the plume’s buoyancy. The variability seen in transport across
three case studies emphasizes the dynamic nature of these plumes. Differences in the
timing, direction, and strength of wind and wave forcings associated with storms can alter
a plume’s trajectory and eventual fate. This emphasizes the importance of considering
the time-evolution of these drivers in order to explain where a plume transports and why.
Properly predicting a river regime plume’s transport will rely on accurately representing
the strength and timing of the winds and waves with respect to the precipitation and

discharge.
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(TRNERR, http://torreypines.trnerr.org/) and Los Peniasquitos Lagoon Foundation. Salin-
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OPS, https://tidesandcurrents.noaa.gov/waterlevels.html?id=9410230) and the National
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and made available by NOAA NDBC (https://www.ndbc.noaa.gov/station_history.php?
station=sdbcl). Wave information is from a buoy-driven spectral refraction model, created
and made available by the Coastal Data Information Program (CDIP, http://thredds.cdip.
ucsd.edu/thredds/catalog/cdip/model/MOP _alongshore/catalog.html). Wave hindcasts
used for surf zone current calculations can be found here: https://thredds.cdip.ucsd.edu/

thredds/catalog/cdip/model /misc/PiNC/surfzone/catalog.html.
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3.A (), Derivation and Calculation

*

regs We first use an approach based on the

To estimate Qo and ultimately @)

assumption of frictional control in the inlet channel to calculate v,,ousn:

An hgy

Umouth = —9 E

(3.4)

r

where g is gravity, An is the difference in water level between the estuary nestyary and the
ocean Neean, Ax is the cross-shore distance between the estuary and ocean measurements,
hsin is the water depth at the sill, and r is a linear friction coefficient. The sill is located
at or near the estuary mouth. This equation is the result of a depth-averaged momentum
balance between a barotropic pressure gradient and linear friction. Water depth at the
sill is calculated using hgi = Nestuary — dsitr, Where the estuary’s sill height dg;; is found
by connecting the lower low water minima of 7espuery (Harvey et al., 2020). Flow into
the estuary is blocked once the offshore tide drops lower than the sill height, creating a
disconnect between the estuary and the ocean (Williams, Stacey, 2016). Velocity vpoun is
directly proportional to hg;; which appropriately causes v,0un — 0 as hgy — 0. Equation
3.4 does not account for hydraulic effects, which are likely present, particularly during
high discharge events. This approach follows on the work of Williams, Stacey (2016) and
Orescanin, Scooler (2018).

To calculate A7, Nestuary is used directly from its source and 7ogeqrn is comprised of

two parts:

Nocean = Mtide + Nwave (35)

where 74 is the water level due to barotropic tidal wave propagation measured directly by
a nearby tide gauge (7.5-km south of the mouth) and 7,4, is water level elevation increase
due to wave setup (Figure 3.3a). Wave setup is the increase in water level due to breaking

waves that generates cross-shore gradients in wave radiation stress (Longuet-Higgins,
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Stewart, 1963, 1964; Stockdon et al., 2006). Calculation of 7,4, from setup follows the
Dalinghaus et al. (2022) parametrization fuepe = 0.3558/2HS*Li/* where 3 is the ocean
bottom slope in the surf zone, Hy is the deep water wave height, and Lg is the deep
water wave length. In this study period, f = 0.014 according to bathymetric survey
measurements from January of 2023 and Hy and Lg are time dependent and sourced from
the CDIP wave hindcasts computed at 25-m depth for a transect at the estuary mouth
(O'Reilly et al., 2016). The Dalinghaus et al. (2022) formula provides the best correlation
(r? = 0.65) to wave setup calculated from in-situ pressure sensors deployed at LPL over
the study period (data not shown), improving upon the Stockdon et al. (2006) estimate
which had an r? = 0.43.

The role of friction varies between ebb and flood tide, especially during times of
estuary-ocean disconnect once the offshore tide is lower than the sill height and ocean
water does not enter the estuary mouth. Our approach estimating velocity across all tidal
phases for these bar-built systems adds to the work of Williams, Stacey (2016) and creates
one continuous time series of flow that is the result of a pressure gradient-friction balance.
This is possible because of the introduction of linear friction with a ﬁ dependence and
with a time varying linear friction coefficient (1) that captures the increased frictional
effects that occur during ebb tide. While Williams, Stacey (2016) use quadratic friction,
linear friction with the above modifications performs just as well on average across the
study period. The strength of the frictional coefficients could change across the winter
as the estuary dynamically changes to improve Qa0 but there is no clear functional
relationship and hence it would not be reproducible without in-situ data. For the sake of
simplicity and reproducibility, and because the difference was not statistically significant,
we use linear friction with one coefficient for ebb and another for flood tide for this analysis.
Linear friction coefficients of » = 0.0011 m/s for flood tide and r = 0.0019 m/s for ebb tide

are found using a linear regression of the estimated and observed velocity. The average of

the flood and ebb r (0.0015) is close to the linear friction coefficient » = 0.0016 m/s used
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by Whitney et al. (2014) in their work in the eastern Long Island Sound, a large estuary
with a large sill.
The estimate of vy, is turned into Qo (total volume transport between the

LIE and the ocean) by:

Qtotal = Amouthvmouth (36)

where A,,,un is the time-varying mouth cross sectional area calculated as A,oun =
hsitr * boutn, Where by,oun is the width of the mouth and is taken as a constant. It is worth
noting that while the maximum estuary mouth width is fixed (constrained by a bridge), the
actual estuary width near the mouth does change over the tidal cycle and throughout our
observational period due to morphological changes, however not in a predictable manner.
Moreover, hg;; is not representative of the cross-sectionally changing water depth. Thus,
this simplification in the calculation of A,,pun (both in hgy and byeuwn) is likely a source
of error in this calculation.

For validation and comparison, the observed Qiotal,0 is calculated as A,outh Umouth,o-
Observed estuarine velocity (mooring E-C), ©., is adjusted to represent the velocity at
the sill by assuming that discharge at E-C is equal to discharge at the mouth: vyouth0 =
66% where hpo and bge is the water depth and width respectively at E-C. As with
near the mouth, hgc is time varying while bgo is fixed, although a fixed bgo is more
reasonable at E-C where the channel is closer to rectangular and experiences minimal
morphological changes. Comparison of Qtar With Qorar0 gives a statistically significant
correlation 72 = 0.61 with RMSFE = 8.75 m?/s (Figure 3.3c). The inclusion of wave setup
slightly improved the correlation and RMSE of the calculated Qo4 to the observed Qyotai.o
and greatly reduced the mean offset between 7,ceqn and 7estyary from 0.2 m to 0.06 m.

Qriver (Figure 3.3b) is measured upstream of tidal influence and represents only the
freshwater input due to river flow. For this parameter calculation, an average lag of 5.2

hrs is applied to Qe to match when river discharge measured at the gauge reaches the
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estuary. This lag is determined by taking the average time between the initial arrival of
the 3 cases between Q). upstream and v, at mooring E-C. The true lag time changes by
multiple hours between events and reflects the complex hydrology impacting the freshwater
arrival to the estuary from its upstream sources.

We expect that @)}, could be useful for other estuarine dynamics of interest such as
mouth sediment accretion/erosion and possibly stratification. Similar approaches have been
used to investigate sediment erosion/accretion at LIE mouths with sills that can experience
mouth closure (Orescanin, Scooler, 2018). Our approach is similar to Orescanin, Scooler
(2018); however, we use a linear friction ~ pressure gradient balance (Williams, Stacey,
2016) to find volume transport at the mouth. We also use a wave setup parametrization
to find Anyae and add the wave contribution to the volume transport. These approaches

could be compared and evaluated for their use in finding drivers of sill erosion/accretion,

including identifying mouth closures and breaches. This approach can be calculated in

*

reg could be used almost predictively to find the start time of

near real-time, meaning ()
beach water quality alerts when the plume source region activates as the system transitions

into the river regime, or with ebb tide in the tidal regime.

3.B  Supplementary Information
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Figure 3.B.1. (a) Water level in the ocean (7)yceqn in black) and estuary (Mestuary in gray).
(b) Qriver, With y-axis in log scale, lagged by 5.2 hrs to better match when river discharge
measured at the gauge reaches the estuary. (¢) Qo estimate is shown with a gray line
and Qqotalo 1s shown in black shading. (d) Q:eg, y-axis in log scale, averaged over each
ebb (light blue) and flood tide (dark blue). The dashed black line is @, = 1 where
Qriver = |Quotal|. Circles show Qy,, as in main text using |Qtotat|, Whereas squares show
Qr., calculated with [Qyotaro|- (€) Maximum salinity deficit between the freshest surface
salinity from any ‘O-" moorings and O-S3’s near-surface salinity (Sqmaz). Instances where
Qrey = 1 (using |Qrorar|) are shaded in pink across all panels. Cases 1-3 are shaded across

panels in light gray.
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Chapter 4

Surf zone influence on inter-estuary
connectivity and river plume
coalescence from low-inflow estuaries

4.1 Introduction

Terrestrial freshwater influences ecological and biogeochemical processes in estuaries
and in the ocean, through river plumes, by carrying dissolved and particulate matter,
debris, sediment, larvae, nutrients, and pollutants (Garvine, 1974; Grant et al., 2005; Syed
et al., 2010). This outflow can shape coastal ecosystems, from the surf zone to regions
kilometers offshore (Vargas-Fonseca et al., 2016; Roegner et al., 2002; Swieca et al., 2020).
For example, the Columbia River plume has increased prey fish concentrations compared
to surrounding offshore waters (Swieca et al., 2020). Even near smaller rivers, estuaries
and their river plumes can impact coastal biology. For example, one study shows that the
distance between a surf zone location and the nearest estuary has a greater impact than
the wave conditions or degree of urbanization on the distribution of fish species in the
surf zone (Vargas-Fonseca et al., 2016). There is also evidence of larvae accumulation in
the Maipo River plume front, impacting the species distribution in the nearshore (Vargas
et al., 2006). Small rivers in southern California have been shown to influence nutrients

and alkalinity in the coastal ocean (Paulsen et al., 2018; Howard et al., 2014; Ho et al.,
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2023). Thus, understanding these connective pathways between estuaries and the coastal
ocean is critical for informing sediment, nutrient, larval, and pollutant transport in the
coastal regions.

Small estuaries and their outflow are understudied compared to large ones, despite
their ability to host important ecosystems, and their significant influence on coastal
ocean hydrodynamics, geomorphology, and biogeochemistry (Milliman, Syvitski, 1992;
Warrick, Fong, 2004; Wetz et al., 2006; Sutula et al., 2021). Here we are specifically
investigating small low-inflow estuaries (LIEs) (Largier, 2023) which occur globally in
Mediterranean climates with highly variable and infrequent rainfall, including the study
region in southern California, USA (Dettinger et al., 2011; Largier, 2023; McSweeney
et al., 2017). Intermittently closed estuaries (ICEs) (Williams, Stacey, 2016; McSweeney
et al., 2017; Harvey et al., 2023) are a subset of LIEs which are defined by intermittent
disconnection of the estuary with the ocean due to sediment accretion at the mouth
(Williams, Stacey, 2016; Orescanin, Scooler, 2018; Harvey et al., 2023). The study region
contains three estuaries that are considered both LIEs and ICEs (Harvey et al., 2023).
While these small, low-inflow estuaries have an important but spatially and temporally
limited impact on the coastal ocean, multiple small rivers can collectively impact a greater
cumulative ocean area when measured against a single large river of comparable watershed
size (Warrick, Fong, 2004; Mazzini et al., 2014). Thus, understanding the transport, mixing,
and fate of small river plumes from these systems collectively is critical to understanding
an important source of freshwater flux into the ocean.

In regions with multiple small rivers, the interaction of different plumes is more
common than in larger river watersheds (Warrick, Farnsworth, 2017). This is referred to as
plume coalescence, and it can alter the fate of coastal plumes (Warrick, Farnsworth, 2017;
Saldias et al., 2012; Salcedo-Castro et al., 2020; Rosa et al., 2022; Vundavilli et al., 2024;
Collins, Macdonald, 2025). Inner-shelf plume coalescence in small plumes can occur when

direct wind forcing drives adjacent plumes to intersect (Vundavilli et al., 2024; Romero
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et al., 2016). In larger plumes, wind impacts are often rotational such that plumes will
transport in the Coriolis deflected wind direction (Geyer et al., 2000; Fong, Geyer, 2001),
as opposed to small plumes that transport in the direction of wind forcing directly (Warrick
et al., 2007; Osadchiev et al., 2021; Basdurak, Largier, 2022; Lemos et al., 2022; Vundavilli
et al., 2024; Byrne et al., 2026). Thus, the drivers of inner-shelf plume coalescence vary
with the sizes of the plumes involved. Warrick, Farnsworth (2017) outline scenarios where
unique hydrologic, geographic, or oceanographic conditions can increase the chances of
plume coalescence. These include coastlines with angled inflow, irregular river mouth
spacing, rotational plumes, wind or currents, and variable watershed sizes. In this study,
we introduce the surf zone as a new pathway by which there can be plume coalescence
that alters plume fate.

River plumes can transport alongshore and consequently intrude into adjacent
estuaries (Roegner et al., 2002; Wong, Lu, 1994; Sousa et al., 2014; Iglesias et al., 2024). This
connectivity between estuaries specifically occurs in large river systems with consistently
strong outflow (100-1000+ m3/s) and smaller neighboring estuaries, such as the Columbia
River plume intruding into nearby estuaries (Roegner et al., 2002; Banas et al., 2004;
Giddings, MacCready, 2017), the Minho River plume intruding into the Rias Baixas (Sousa
et al., 2014; Des et al., 2019), the Douro Estuary plume intruding into the Ave Estuary
(Iglesias et al., 2024), and the Delaware River plume intruding into the Indian River Inlet
(Wong, Lu, 1994), but this has not been documented on coastlines with only low-inflow
estuaries. River plumes, in both large and small rivers, can contain elevated levels of
larvae and plankton (Vargas et al., 2006; Axler et al., 2020), nutrients, etc. Thus, plume
intrusion into an adjacent estuary can have implications on the transport of one estuary’s
biota, nutrients, sediment, or pollutants to an adjacent estuary (Roegner et al., 2002). In
this study, we show that there can be plume intrusion in small LIEs from adjacent LIEs
and elucidate the conditions that drive this inter-estuary connectivity.

Small river plume transport also differs dynamically from that of large plumes
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because of the influences of the surf zone (Garvine, 1995; Wong et al., 2013; Horner-Devine
et al., 2015). A small plume discharging into the ocean can be retained within the surf
zone if the onshore-directed wave momentum is stronger than the offshore-directed river
momentum (Wong et al., 2013; Rodriguez et al., 2018; Kastner et al., 2019; Lou et al., 2025).
This differs from large river plumes that are mainly unaffected by surf zone processes, often
outflowing farther offshore than the surf zone (Hickey et al., 1998). Large plumes have
been more rigorously studied than small plumes, and only recent literature is beginning to
investigate the transport and fate of small plumes (Wong et al., 2013; Rodriguez et al.,
2018; Kastner et al., 2019; Osadchiev et al., 2021; Basdurak et al., 2020; Basdurak, Largier,
2022; Lou et al., 2025; Byrne et al., 2026). While our understanding of near-field processes
is increasing, there remains a gap in understanding the fate of surf zone plumes. Recent
observations find that the surf zone can transport plumes multiple kilometers alongshore
and then export them to the inner-shelf (Byrne et al., 2026), but the exact pathways for
this are largely unexplored. Bathymetric rip currents are one mechanism for cross-shore
transport of a surf zone plume to the inner-shelf (Kumar, Feddersen, 2017; Bruneau
et al., 2009; Moulton et al., 2017; Lou, 2025). In the present study, we introduce another
mechanism where surf zone plume export occurs due to the interaction with an adjacent
estuary.

In this work, we explore both the role of the surf zone on estuary and plume
connectivity, and the role of adjacent estuaries on altering the transport and fate of
far-field surf zone plumes. We use 14 months of output from a two-way coupled ocean
and wave model to investigate dynamics that are difficult to measure observationally
due to the temporally and spatially-varying nature of both the surf zone and of river
plumes from LIEs. We show that the surf zone plays a role in plume coalescence and in
establishing inter-estuary connectivity in small plumes. Further, we explain how the fate
of a surf zone plume is altered by the presence of an adjacent estuary mouth during both

flood and ebb tide by either pumping the plume inside the estuary or by forcing the surf
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zone plume offshore at the mouth. The model used and relevant methods are detailed
in Section 4.2. The full record’s spatial and temporal trends in plume impact (Section
4.3.1) and plume coalescence (Section 4.3.2) are explored in detail. Next, two types of
surf zone coalescence behaviors near estuary mouths are described in Section 4.3.3. Then,
the cross-shore structure of a surf zone and inner-shelf plume in the far-field following
surf zone coalescence are presented in Section 4.3.4. Lastly, the occurrence and behavior
of a plume intruding into an adjacent estuary is shown in Section 4.3.5. The results are
synthesized and contextualized in the discussion sections that follow. The role of the surf
zone in plume coalescence is discussed in Section 4.4.1, followed by implications of results
on far-field surf zone plume interactions (Section 4.4.2). Then the importance of the surf
zone for connecting adjacent estuaries is discussed in Section 4.4.3. Implication for coastal

water quality are explored in Section 4.4.4. Conclusions are given in Section 4.5.

4.2 Materials and Methods
4.2.1 Numerical Model

Here we employ a high resolution, realistic, 3D regional ocean numerical simulation
which telescopes inward via nested grids from the Southern California Bight to very
fine resolution in order to resolve small LIEs and the surfzone focusing on the coastal
region around Los Penasquitos Lagoon (LPL) in San Diego, CA (Figure 4.1). The three
parent grids (LV1, LV2, and LV3) use the Regional Ocean Modeling System (ROMS) to
simulate ocean circulation (Shchepetkin, McWilliams, 2005) with spatial resolution that
varies from 2 km to 600 m and then 200 m respectively (Figure 4.1a). The parent run
set-up is described in Wu et al. (2020) and Pan et al. (2025). The highest resolution
LV4 run, the focus of this study, includes surface gravity waves through a coupling of
ROMS with the Simulating Waves Nearshore model (SWAN, Booij et al. (1999)) via the

Coupled Ocean-Atmosphere-Wave-Sediment-Transport modeling system (Kumar et al.,
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Figure 4.1. (a) COAWST model domains for LVs 1-3 in white boxes and LV4 in pink box.
(b) Zoomed in LV4 domain, with labeled features and contoured bathymetry. Example
surf zone (purple) and inner-shelf (yellow) boxes, that are used in the percent plume area

calculations presented in Section 4.3.1, are illustrated here for June 10, 2019 at 5:00 UTC.
Note the different colorbars between (a) and (b).
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2012; Warner et al., 2010). LV4 is a stretched grid with the highest resolution (<8m)
focused near LPL stretching out to ~110m at the offshore domain edges (Figure 4.1b).
Due to this stretched grid, this study will focus primarily on processes occurring near LPL
where the resolution is the highest. The details of the LV4 run are described in Pan et al.
(2025) with some key highlights included below.

LV4 is two-way coupled with ROMS and SWAN at a 12 minute interval; SWAN
receives ocean currents and water levels from ROMS, and ROMS receives wave-modified
currents from SWAN due to the simulated surf zone vortex force and wave breaking within
SWAN (Pan et al., 2025). The LV4 grid has 15 vertical s levels with enhanced resolution
near the surface and the bed to capture plumes and the bottom boundary layer. The run
spans June 1, 2019 through September 29, 2020 with hourly output. SWAN simulates wave
conditions for 25 frequencies between 0.04 and 0.29 Hz, including wind wave generation,
using boundary conditions provided by the Coastal Data Information Program’s (CDIP)
wave spectra model (O'Reilly et al., 2016). The open ocean boundary forcing for LV1
(including tides) and the atmospheric forcing for all levels is described in Pan et al. (2025).

Freshwater enters into the LV4 domain in 6 locations. This includes San Elijo
Lagoon (SEL), San Dieguito Lagoon (SDL), Los Penasquitos Lagoon (LPL), Mission Bay
through Tecolote Creek and Rose Creek, and the San Diego River (SDR), listed from north
to south (Figure 4.1b). The timing and strength of river discharge is the only difference in
LV4 runs between the present study and Pan et al. (2025). River discharge (Qiye) from
upstream river gauges are retrieved for SDR, LPL, SDL, and SEL, and scaled by a ratio
of the watershed area downstream of gauge compared to the total watershed area. Qe
ranges from 0 to 150 m3/s, where positive represents freshwater flow into the estuary.
Values over 150 m?/s, which only occurs once in two of the six rivers, is re-distributed
over a longer period of time to avoid numeric instability. Tecolote and Rose Creek are
ungauged so the SDR Q)¢ is scaled down to their respective watershed sizes to represent

their discharge. SDL’s incoming @), is complicated by the presence of the Lake Hodges
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dam upstream. The total discharge received in SDL is a combination of watershed-scaled
discharge from the Santa Maria river, the dam’s regular leakage, event blow-offs, and
prolonged water releases (see Availability Statement for data sources). Passive dye tracers
are input for LPL (dye 1), SDL (dye 2), and SEL (dye 3) at the location of river input with
an initial concentration of 1. The dyes are used in this analysis to differentiate freshwater
sources.

Prior studies have validated these numerical simulations for LVs 1-3 (Wu et al.,
2020) and for LV4 (Pan et al., 2025). For the LV4 run with the same wave and atmospheric
forcings as ours in Pan et al. (2025), the SWAN wave height, period, and direction match
bulk wave parameters well with root-mean-square error of 0.1 m, 1.7 s, and 9° respectively.
ROMS modeled ocean conditions match the ocean tides at the Del Mar Mooring located at
the 100-m isobath offshore of LPL (Pan et al., 2025). Compared with observations at this
mooring, the near-surface and sub-surface sub-inertial velocities are weaker. The model’s
semi-diurnal velocity shows similar values but the diurnal velocity is much weaker (Pan
et al., 2025). Lastly, the modeled buoyancy frequency (N?) agrees well with the mooring
at the surface, but is less temporally-variable and is only ~ 80% of the observed values
at depth (Pan et al., 2025). The validation from Pan et al. (2025) is applicable to the
current study because the two model runs are executed identically, with the exception of
river outflow. The river plumes in these model runs do not reach the 100-m isobath where
this validation mooring is located, thus the validation performed in Pan et al. (2025) is
applicable here. Model runs in a similar LV4 domain focused on the Tijuana River Estuary
nested within the same LV1-3 parent grids, and with the same wave coupling and scaled
horizontal resolution, have been validated and utilized in numerous studies lending further

support to this modeling approach (Wu et al., 2020, 2021a,b,c; Feddersen et al., 2021).
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4.2.2 Coordinate Systems and Velocity

The LV4 grid has coordinates of (£,7), and the grid itself is angled ~ 9° from
true north. To get alongshore and cross-shore velocities, average local shoreline angles
are calculated. All horizontal velocities presented in this study are alongshore (v) or
cross-shore (u) and have been rotated from (£, 7) to a shorenormal coordinate system (+z,
pointing onshore, and +y, 90° counterclockwise of that) at each respective location. All
cross-shore (u) velocities are Lagrangian and include both the Eulerian cross-shore velocity
and the Stokes velocity, both rotated to shorenormal, which drives a surface-intensified
flow due to waves (Kumar et al., 2012). Cross-shore (u) velocity is positive onshore and
alongshore velocity (v) is positive 90° northward of u. Surface cross-shore and alongshore
velocities are reported as usf. and vs¢., and depth averaged velocities are reported as u
and v. If quantities are with respect to shorenormal, they will be referred to as cross-shore,
but if values are taken along one 1 value spanning multiple £ values they will be referred
to as grid line transects. The grid line transects presented are not expected to differ
notably from cross-shore transects at the same given location because 7 is within ~ 10°
of shorenormal in the focused study region. Note, because n is later used to describe sea
surface height, we will refer to the (£,7) grid coordinates as (x,y) for the remainder of

this paper.
4.2.3 Stratification

Stratification is inferred following the buoyancy frequency squared. This is calcu-
lated as: N2 = —p%% where g is gravitational acceleration, py is reference density, and %

is the density gradient (p) with depth (z). The N? presented here is calculated using the

density gradient between the top and bottom of the water column.
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4.2.4 Surf Zone Quantities

The maximum wave height at each grid line in the domain in the nearshore region
is used to identify the surf zone’s offshore edge for each time step. The surf zone length
(Lsz) is found as the distance between the surf zone edge and the shoreline location,
the last water cell along the grid line before the land mask applies. Wave quantities are
computed at each model run time step to force the physics; bulk properties are saved
hourly while other quantities are not saved to output. Wave radiation stresses reported in
this study are recalculated with bulk values using the following formulas. The cross-shore
wave radiation stress (S,;) is the onshore-directed depth-integrated wave momentum
calculated as S,, = FE [n (cos?6 +1) — %] and is reported in units of m? after dividing
by density times gravity (pg) (Longuet-Higgins, Stewart, 1964). Wave direction (0) is
relative to the shore normal, and wave energy (E) divided by pg is £ = %HS where Hg
is significant wave height (Feddersen, 2004). The ratio of group speed to phase speed
isn = % (1 + %), where h is water depth and k is wavenumber (Longuet-Higgins,
Stewart, 1964; Longuet-Higgins, 1970). The along-shore wave radiation stress (S,,) is the
shear component of the wave momentum calculated as S;, = E - nsin 6 cos 0.

The cross-shore gradient of S, drives alongshore surf zone currents important for
plume transport (Thornton, Guza, 1986; Guza et al., 1986; Rodriguez et al., 2018). Surf
zone currents in the model are calculated with full directional wave information (Kumar
et al., 2012). Comparing the maximum modeled surf zone currents in this work with near-
wave breaking surf zone currents calculated following the simplified physics approach in
Byrne et al. (2026) for the same time as model output shows decent agreement but with
lower extreme values in this model (Supplemental Figure 4.11). The wave conditions in
Byrne et al. (2026) range to higher wave heights than those seen in the modeled time

frame in this study, adding to the difference in surf zone current magnitude between these

studies. A similar comparison that investigates average surf zone currents compared to
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the COAWST model shows good agreement in a 1D perspective (Brasseale et al., 2023).

4.2.5 Estuary Volume Transport (Qoun)

The volume transport in and out of an estuary’s mouth is calculated as

vz rn(y,t)
Qmouth(t) = // U:c(y, Z, t) dA = / / Uq;(y, 2, t) dz dy (41)
A() vy J—h(y)

where here u, is velocity in the x direction which is coincidentally normal to the estuary
mouths, and A is the mouth’s cross-sectional area which is evaluated between two y grid
points (y; and o) and the full water column from —z to n. Outflow from the estuary
to the ocean is denoted as negative (,.oun in line with the ocean velocities that are also

negative moving offshore.

4.2.6 Dye as a Plume Tracer

Three passive dye tracers are used to track the relative contribution of three adjacent
estuaries to the observed freshwater content. Dye 1 is from LPL, dye 2 is from SDL,
and dye 3 is from SEL with concentrations C, Cs, and C3 respectively. If total dye
concentration (C'= Cy 4+ Cy + C3) equals one in a grid cell then it is entirely freshwater, if
it equals zero then it is entirely saltwater. This is because the contribution of freshwater
from sources other than the three estuaries is minimal to the region of interest (north of
La Jolla Cove, see Figure 4.1). We consider a plume to be present at a location when the
water properties are <99% their background value, which is when any dye has C > 0.01.
Plume coalescence is identified when any grid cell has more than one dye (i.e. more than
one river source) with C' > 0.01 at a given time. Note that C' > 0.01 is equivalent to a
freshwater fraction, F' = (S, — 5)/S,, of F' > 0.01 where S is salinity and S, is background
salinity (Nash et al., 2009). We use C instead of F' in the following analysis to enable

comparison between river sources.

89



To compare different location’s dye content we calculate the depth-integrated dye
content (C”) and the surface average dye content (Cyy.). First, the threshold of C' > 0.01
is applied to each respective dye. C" is calculated as the depth integral of dye from the
static sea floor location (—h) to the oscillating free surface (n) that includes ocean and

wave influences

n(@,yt)
C'(z,y,t) = / C(z,y,z,t)dz (4.2)

7h(:13,y)
and surface dye concentration (Cyy.) is calculated in the upper 1-m (Azgs.) of the water

column as

1 n(xvyzt)
Csge(z,y,t) / C(z,y,z,t)dz . (4.3)
7

T Dz Joyn-aen

When more than one dye is present in a given cell, each dye has the 1% threshold applied
independently, and then the respective concentrations are added together (C} + Cy + Cj)
before they are integrated to get C' and Cly.. To investigate each plume separately, these
same calculations are followed instead using either C;, C5, or C3 in place of the total dye
content C'. These produce C] and Cisy. for dye 1, C%) and Csygy. for dye 2, and C% and
Csssc for dye 3. We use C' as a proxy for freshwater content, and Cf, Cj, and C} to look
at the relative contributions of each river source. Note that C’ has units of kg/m? whereas
Csfe has units kg/ m3. However, the concentration and total freshwater content in the
upper 1-m are mathematically identical such that Css. can refer to a concentration or
total plume content in units of kg/m? or kg/m3.

To find a percent plume coverage, a focused subdomain is selected that spans from
4-km north of SDL to 4-km south of LPL (see example in Figure 4.1b). One box bounds
the surf zone between the shoreline and surf zone edge. The inner-shelf box is bounded by
the surf zone edge to 2 additional Lg; offshore. Percent plume coverage is computed by
the horizontal area within the surf zone or inner-shelf that a plume is present at or above
the 1% threshold at any depth, compared to the total horizontal box area.

Areas with active mixing of two plumes can be distinguished from areas with mixed
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plumes using methods derived in Li et al. (2026). The present study’s approach investigates
when and where coalescence occurs using a binary system, but future work should apply

the Li et al. (2026) methods to investigate patterns in production and mixing extent.

4.2.7 In-Estuary Plume Extent

The distance an incoming plume travels into LPL is found by taking a manual
transect through the main channel and the side channel (see Figure 4.8a). Any time an
adjacent estuary’s dye is present in LPL, it begins the start of a plume intrusion event.
The distance the plume travels in-estuary is the farthest upstream point, at any depth,

where incoming dye C' is greater than or equal to the 1% threshold.

4.3 Results

4.3.1 Freshwater Input to the Ocean

91



Figure 4.2. 14-months of model results showing (a) upstream discharge (Qier) and
(c) discharge at the mouth (Qmoutn) for Los Penasquitos Lagoon (pink), San Dieguito
Lagoon (blue), and San Elijo Lagoon (cyan), (b) onshore (S,,, black fill) and alongshore
(Szy, pink line) wave radiation stress offshore of Los Peniasquitos Lagoon, (d) stratification
(N?) near the 15-m isobath offshore of LPL in LV3 with no rivers (purple), and for
LV4 with rivers at the 10-m, 20-m, and 30-m isobaths (darker shades of gray farther
offshore), (e) plume area coverage in the surf zone (purple) and the inner-shelf (yellow)
with inset subpanel (ee) showing the joint probability density function of surf zone vs.
inner-shelf plume coverage. The cross-panel shading highlights events discussed in future
sections including surf zone coalescence continuation (pink) and export (blue) cases
(see Section 4.3.3), far-field sample events that follow surf zone coalescence (green; see
Section 4.3.4), and estuary intrusion events into LPL (purple; see Section 4.3.5). The right
column displays a zoom-in of April 2020, indicated by the gray box in the left column.
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Temporal Trends

Over the 14-months of model simulation, each of the three watersheds have similar,
but slightly varied, incoming river discharge (Qier; Figure 4.2a). The study region has
the largest waves, and the strongest cross-shore wave radiation stress (S,,) in winter from
November to February (Figure 4.2b). The alongshore wave radiation stress (S,,) at the
LPL mouth has the strongest values in winter and switches directions between promoting
northward (5;, > 0) and southward (S, < 0) surf zone currents (Figure 4.2b). All three
estuaries have elevated incoming Q... and stronger outflowing @Q,,oun following rain
events (Figure 4.2c). The average incoming river discharge (Q, i) is 0.61, 0.28, and 0.54
m?/s for LPL, SDL, and SEL respectively. SDL receives elevated @, and discharge out
of the estuary mouth (positive values of Qe and negative values of Qoun, Figure 4.2c)
in April due to increased discharge from an upstream dam.

River plumes form on every ebb tide or following heavy precipitation events
(Qmouth < 0 when Qe spikes), and cease formation on flood tides when Qnoun > 0
(Figure 4.2a,c). As described in Byrne et al. (2026), small plume formation follows two
regimes, a tidal plume regime where outflow (Quoun < 0) occurs only on ebb tides during
low discharge conditions, and a river-driven plume regime where outflow can persist across
one or more tidal cycles when river discharge is large enough. During this study period,
there are a few times when the mouth transitions to the persistent storm-driven plume
regime, but more frequently it is in the tidal plume regime (right column of Figure 4.2c).

Inner-shelf stratification is higher due to river plumes in winter and spring (Figure
4.2d), although there is significant spatial variation. In the coarser LV3 parent grid, which

2 and

has no river freshwater input, the inner-shelf N2 ranges from 2.3x 1075 to 1.6 x 1073 s~
follows a seasonal cycle with maximum values in summer (July to August) and minimum
in winter (December to January) (Figure 4.2d). The river freshwater inputs in LV4 alter

this cycle. While the summer N? in LV3 and LV4 follow closely, they diverge significantly
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in the winter rainy season in accordance with the Q,;.,. Surface intensified low-density
river plumes cause the inner-shelf stratification to increase to values up 1.4 x 1072 s72
during the otherwise low-to-moderate stratification seasons. The elevated stratification
returns to base level (that of LV3) after the plumes mix out (Figure 4.2d). The impacts
of river plumes on stratification are highest near the coast and near the estuary mouth
where plumes are most common; impacts decrease with distance offshore (Figure 4.2d).
Despite this offshore decay, events that occur in quick succession reach a more stratified
shelf, whereas the first events after longer breaks in outflow events propagate into less
stratified background conditions. This has implications for plume transport and mixing
because they depend on vertical and horizontal density gradients.

Percent plume coverage highlights how much area a plume occupies within a
subregion of this domain that spans from 4-km north of SDL to 4-km south of LPL in
the surf zone and on the inner-shelf (shown for an example time in Figure 4.1b). Plumes
occupy anywhere between 0 to 100% of the inner-shelf and 0 to 96% of the surf zone,
with averages at 3.6 and 3.7% respectively (Figure 4.2e). After Qe spikes following
rain events, the percent plume coverage increases in both the surf zone and inner-shelf
(Figure 4.2e). Following the initial rain event pulse, the elevated freshwater content in the
estuaries is pulsed out tidally and the plumes continue to cover more area than pre-storm
(Figure 4.2e). The surf zone and inner-shelf percent area coverage generally track each
other closely, suggesting the co-occurrence of surf zone and inner-shelf plumes in both
time and space (Figure 4.2ee). It is more common for a surf zone plume to exist with
no inner-shelf plume than vice versa (values along the bottom row in Figure 4.2ee). The
relationship between surf zone and inner-shelf plume percent coverage is slightly skewed
(values above the 1:1 line in Figure 4.2ee), such that the inner-shelf plume often occupies

a slightly larger relative area than the corresponding surf zone plume.

Spatial Trends
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Figure 4.3. Maps of percent plume occurrence (column 1: a-f) and plume coalescence
(column 2: g-1) under different conditions (rows). The conditions include: all time (a, g),
low discharge (b, h), moderate discharge (c, i), high discharge (d, j), smaller waves (e, k),
and larger waves (f, 1). The dashed purple line represents the mean surf zone edge. Note
the variable colorbar limits across the panels. The number of hours the representative
condition is true is displayed in each row’s label. 1 km scale bars are included as black
lines in lower right corner of each panel. Bathymetry contours are shown at 25, 50, 75,
and 100 m.
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River plumes from LPL, SDL, and SEL collectively impact an area that extends
cross-shore up to the 100-m isobath and greater than 20-km alongshore from the northern
model boundary to the headland of La Jolla Cove (Figure 4.3a). Near the mouth of LPL,
where this study will focus, plumes are present more than 10% of all time. There is an
equal chance that the plume is on the inner-shelf just offshore of the mouth at LPL, or
that it has traveled a relatively equal distance in the surf zone in either direction (Figure
4.3a). The plumes north of LPL often export to the inner-shelf south of the SDL or SEL
estuary mouths and have an equal likelihood to be present on the inner-shelf and in the
surf zone at a given latitude, except near the estuary mouths. Using the Q.- and Hy
near our focus estuary (LPL), percent occurrences can be made to visualize how often,
under different discharge and wave conditions, plumes are present. With low discharge
(Qriver < 1 m3/s), plumes have a limited alongshore and cross-shore extent (Figure 4.3b).
With moderate (1 < Qpiver < 5 m3/s) and high discharge (Qriver > 5 m3/s), there is
greater than a 40% chance of plume presence between SDL and LPL in both the inner-shelf
and surf zone, and an average percent presence around 30% on the full alongshore strip in
the region (Figure 4.3c and d). When waves are smaller (H; < 0.9 m), there is an equal
distribution of percent plume presence, ~5% in the far-field and upwards of 10% at the
mouth offshore of LPL (Figure 4.3e). When waves are larger (H; > 0.9 m), there is a
higher chance of both surf zone and inner-shelf plume presence than in the case with small

waves (Figure 4.3f).

4.3.2 Patterns of Plume Coalescence

Due to the overlapping spatial influence of the plumes, as seen in Figure 4.3a,
plume-to-plume interactions or coalescence is likely to occur. Plume coalescence occurs
for less than 1% of the 14-months of study (Figure 4.3g). In general, there is a similar
likelihood that plumes will coalesce in the surf zone and on the inner-shelf. The surf zone

has not previously been considered a pathway for plume coalescence, but we show that it
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is just as common as inner-shelf coalescence across time in the domain (Figure 4.3g). The
plumes from LPL, SDL, and SEL often coalesce when they are all moving north or when
they are all moving south, thus coalescence is most common north of the northern estuary
or south of the southern one. This is true on the inner-shelf and in the surf zone. South of
LPL, there is a distinct gap at the surf zone edge where no coalescence occurs. We explore
this more in Section 4.4.4. There is also ‘coalescence’ detected inside of LPL and SDL.
This will be referred to as plume intrusion into an adjacent estuary and is discussed in
Section 4.3.5.

Under low discharge conditions (Q,ier < 1 m?/s), there is no plume coalescence
(Figure 4.3h). Under moderate discharge (1 < Qiver <5 m3/s), plume coalescence occurs
in both the surf zone and inner-shelf, most commonly at LPL and farther south (Figure
4.3i). In this case, coalescence occurs up to 10% of the time. Under high discharge
conditions at LPL, coalescence is the most common, occurring between 10-20% of time in
both the surf zone and inner-shelf (Figure 4.3j), mostly towards the north. It is likely that
coalescence at, or following, high discharge conditions can occur south of LPL but is not
seen in this data due to the limited number of rain events. With smaller waves (H; < 0.9
m), there is coalescence at and south of LPL, mainly on the inner-shelf (Figure 4.3k).
Meanwhile with larger waves, coalescence is most common at and south of LPL in the

surf zone (Figure 4.31). In both wave cases, there is inner-shelf and surf zone coalescence

north of LPL.

4.3.3 Surf Zone Plume Coalescence Near-Mouth

Surf zone coalescence often begins near one estuary’s mouth when an incoming
plume travels from a farther estuary and a local plume is discharging from an adjacent
estuary (Figure 4.4). The two plume roles will be referred to with these titles, the ‘incoming’

and ‘local’ plume respectively throughout this paper. When river plumes coalesce in the

surf zone at an estuary mouth, two behaviors can result: the incoming plume can be
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Figure 4.4. Snapshots of surface salinity (background color) and dye (contoured) for LPL
(pink) and SDL (blue) for 3 continuation (row 1) and 3 export coalescence examples (row
2). Snapshots show the third hour after the coalescence example starts. The dashed line
denotes the surf zone edge. The near-mouth transect regions EN (purple), EC (yellow),
and ES (red) are lightly marked from the shoreline to 3Lgz. The first panel is an earlier
stage of what becomes event 1 and the last panel is an earlier stage of what becomes event
2 discussed in Section 4.3.4. These maps are zoomed in to the region around LPL.
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Figure 4.5. Comparison of grid line transects for 3 continuation (pink) and 3 export
(blue) cases showing the temporal and spatial median of the transects north of LPL (EN,
dotted line), at LPL’s mouth (EC, solid line), and south of LPL (ES, dashed line). Shown
for the incoming dye’s depth integrated concentration (a), the local dye’s depth-integrated
concentration (b), the surface cross-shore (c) and alongshore (d) velocities, and the depth-
averaged cross-shore (e) and alongshore (f) velocities. Dashed black vertical lines denote
the surf zone edge. Solid black lines mark zero velocity on panels c-f. Shading around the
median lines corresponds to the 25% to 75% quartile boundaries for the three examples
for all transects within the region.

forced out of the surf zone by the local plume (export cases; Figure 4.4 row 2) and/or the
incoming plume can continue alongshore in the surfzone with the local plume (continuation
cases; Figure 4.4 row 1). We investigate how these behaviors differ using three cases for
each behavior when the incoming SDL plume coalesces with the local LPL plume (Figure
4.4 and Figure 4.5). The frequency of occurrence of export cases is difficult to glean in
Figure 4.3 because, while the coalescence begins in the surf zone at the mouth, the offshore
export will appear similar to inner-shelf plume coalescence. However, the behaviors are

easily differentiable when looking upstream (EN, dotted lines), directly at (EC, solid lines),
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and downstream (ES, dashed lines) of the local estuary mouth (Figure 4.4) as in Figure
4.5. Along grid line distance is normalized to surf zone lengths (Lgyz), where 0-1 is the surf
zone and 1-3 is a portion of the inner-shelf. Here the EC region is centered on the mouth
of LPL spanning 150m north and 150m south, EN is north of the estuary starting from
150m north and spanning 300m up to 450m north, and ES is south of the estuary starting
from 150m south and spanning 300m down to 450m south (Figure 4.4). Grid line transects
are taken for every y index in those ranges from the shoreline (x=0) to 3 surf zone lengths
(x=3Lgz) offshore, using time-dependent locations for both bounds. For each example
within a behavior, all transects are converted onto this uniform distance coordinate system.
Each example lasts 5 hours (see shading in Figure 4.2 that marks the examples). The data
presented in Figure 4.5 are the grid line normalized profiles of median values across all
transects in a region (EN, EC, or ES) for all 5 hours of all 3 examples for a given behavior
(continuation or export), with the 25% to 75% quartile boundaries shaded.

Export cases are characterized by an incoming plume that does not pass the estuary
mouth and instead moves offshore with the local plume (Figure 4.4 row 2; shown in blue,
Figure 4.5). Continuation cases are when an incoming plume continues past the estuary
mouth along with the local plume within the surf zone (Figure 4.4 row 1; shown in pink,
Figure 4.5). The far-field plume of the incoming plume has both surf zone and inner-shelf
components by the time it reaches the local estuary (Figure 4.4), as also seen in the highly
correlated surf zone and inner-shelf plume area percent (Figure 4.2ee). The incoming and
local plumes retain a similar amount of freshwater across EN, EC, and ES in the surf zone
and inner-shelf in the continuation case (pink lines in Figure 4.5a and b). The export
cases have the most incoming plume water at EN, less at EC, and none at ES in the surf
zone (blue lines in Figure 4.5a). ES has an inner-shelf incoming plume but of a lower
concentration than that of EN or EC, implying the plume has either mixed and/or been
redirected farther offshore than 3Lg; (Figure 4.5a; Figure 4.4 row 2). However, in the

continuation cases the amount of incoming freshwater on the inner-shelf does not change
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significantly when passing the local estuary, suggesting the local outflow has little effect
on the structure of the incoming plume (Figure 4.5a).

There is no northward plume transport across these examples, i.e. no local dye
north of the estuary in all cases (Figure 4.5b). Export cases typically have more local
plume freshwater in the surf zone and inner-shelf near the estuary mouth (EC) compared
to the continuation cases which have less surf zone freshwater and none on the inner-shelf
(Figure 4.5b). This suggests that the export cases have stronger river discharge and more
local freshwater than continuation cases. In the export cases, there is a reduction in local
surf zone freshwater between EC and ES because of the offshore plume export which likely
directs more water offshore past 3Lgz consistent with the trend in the incoming plume
(Figure 4.5b). In the continuation cases, the freshwater content from the local estuary is
relatively constant from EC to ES across the surf zone and inner-shelf (Figure 4.5b).

The continuation cases have stronger surf zone velocities, alongshore (Figure 4.5¢
and f) and cross-shore (Figure 4.5¢ and d), compared to the exporting cases. EN has
stronger surf zone velocities compared to EC and ES across all cases (Figure 4.5 c-f). All
continuation case velocities are strongest mid-surf zone, consistent with a typical cross-surf
zone velocity structure (Guza et al., 1986). The continuation cases have onshore and
southward surfzone velocity, including at the river mouth, and a weakly onshore inner-shelf
and southward inner-shelf flow (Figure 4.5 c-f). The surf zone depth-averaged cross-shore
velocities in the exporting cases are weakest and occasionally offshore or near zero at EC
(Figure 4.5¢). Despite having a surface-intensified onshore Stokes velocity, there is offshore
surface plume velocity in the exporting case across the inner-shelf for most of EC and ES
(Figure 4.5¢). The surface alongshore velocities at ES are the weakest velocity in the surf
zone and the strongest on the inner-shelf in the export cases (Figure 4.5d). Both of these
facts allude to there being a weak surf zone with more energetic offshore and southward

surface flows on the inner-shelf during the export cases.
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4.3.4 Far-Field of Surf Zone Plume Coalescence

event 1 - 2020-04-21 23:59 event 2 - 2020-04-26 13:59
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Figure 4.6. Snapshots of surface salinity (background color) and dye (contoured) for
LPL (pink) and SDL (blue) for 2 events in the far-field region after 2 coalescence events
(shown in Figure 4.4). The dye contours are shown between 0.01, 0.1 and 1 kg/m3. The
dashed line denotes the surf zone edge. The far-field transect locations used here and
throughout this study are shown from the shoreline to 2Lgz in light red.

We investigate the cross-shore structure along grid lines of two case studies, event
1 with coalesced LPL and SDL surf zone plumes and a SDL inner-shelf plume that follows
after a continuation case, and event 2 with only LPL and SDL coalesced inner-shelf
plumes that follows after an export case. The structure of coalesced plumes is explored in
this section, and the connection to previous literature regarding surf zone to inner-shelf
exchange is explored in Section 4.4.2. The two events are each averaged over a range of

far-field transects (red lines in Figure 4.6) for 5 hours, starting at April 21, 2020 21:00
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Figure 4.7. Grid line transects averaged over 2 events each lasting 5 hours, starting at
April 21, 2020 21:00 UTC for event 1 and April 26, 2020 11:00 UTC for event 2. Each
event has far-field transect averaged values of salinity with density contours overlaid (a,b),
total concentration C' with LPL (C}, pink) and SDL (Cs, blue) 1% threshold contours
overlaid (c,d), cross-shore velocity u (e,f), alongshore velocity v (g,h), vertical velocity w
(i,j), and turbulent kinetic energy TK E (k,1). The dashed black line shows the position of
the surf zone edge.
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UTC for event 1 and April 26, 2020 11:00 UTC for event 2. Event 1 occurs following
a continuation case (Figure 4.4 first panel) and event 2 occurs following an export case
(Figure 4.4 last panel).

In event 1, there is a 0.2 kg/m? density difference between the plume at the surf
zone edge and a surface stratified inner-shelf plume, and a difference of 1.0 kg/m? from
the inner surf-zone to the outer surf zone (Figure 4.7a). The inner-shelf plume originates
from SDL and has mixed to a depth of 4 m (Figure 4.7c). The surf zone has a pronounced
horizontal density gradient and little stratification due to strong vertical mixing (Figure
4.7a,c). The surf zone plume is a mix of the more concentrated local LPL and the more
diluted incoming SDL (Figure 4.7c). The cross-shore velocity structure has onshore velocity
at the surface and offshore velocity at depth in the surf zone (Figure 4.7¢), which follows an
expected wave driven flow with return flow at depth called undertow (Shepard, 1936). The
onshore velocity is weaker at the plume base on the inner-shelf (Figure 4.7e). The plume
layer (< 4 m depth) has southward surf zone and inner-shelf velocity, with the strongest
velocities at 0.25 Lgz and the weakest at Lgy (Figure 4.7g). The vertical velocities are
downward in the surf zone and upward on the inner-shelf (Figure 4.71). At Lgy, there is
upward velocity at the surface but downward at depth.

In event 2, the wave driven flow is weaker than event 1 in both the cross-shore and
alongshore (Figure 4.7f,h). In the cross-shore velocity, there is a weaker onshore surface
flow and more pronounced undertow that extends just past the surf zone edge, which
carries the denser surf zone offshore at depth (Figure 4.7f). Similar to event 1, there is a
band with weak cross-shore flow at a depth similar to the undertow on the inner-shelf.
While event 1 has peak alongshore surf zone currents mid-surf zone and weaker inner-shelf
shelf currents (Figure 4.7g), event 2 has no alongshore flow mid- surf zone and the strongest
alongshore velocities on the inner-shelf (Figure 4.7h). The turbulent kinetic energy in
event 1 (Figure 4.7k) is stronger than in event 2 (Figure 4.71), consistent with stronger

waves in event 1.
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remains in LPL longer than one flood tide.

While near-mouth surf zone coalescence occurs when an incoming plume meets a

local ebbing plume, sometimes an incoming plume reaches an adjacent estuary during
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flood tide. In these cases, the incoming plume will tidally pump into the local estuary
(Figure 4.8a). There are fifteen occasions when the SDL plume intrudes into LPL and
16 cases of LPL plume intrusion into SDL. The intrusion events into SDL are not shown
in the results because the grid’s resolution is lower at SDL and SEL and the estuarine
exchange flow is less resolved. Fourteen of the fifteen intrusion events into LPL stay in the
estuary between 2-9 hrs. One intrusion event remains in both the main and side channels
for longer than one flood and one ebb tide, persisting for 17 hours (transparent points in
Figure 4.8b).

The plume’s distance traveled up estuary increases with increasing tidal elevation
(Figure 4.8b). The incoming plume intrudes a maximum distance of 1400 m into LPL’s
main channel and 900m into LPL’s side channel during the time with the most overlap
between flood tide and plume presence (Figure 4.8¢c). The maximum intrusion distance
increases with duration of time between plume entry and high tide (when the currents
will slacken and reverse directions back out of the estuary). The incoming plume typically
reaches its farthest intrusion extent below the surface because it is more dense than the

surface water in the estuary, especially farther into the estuary (not shown).
4.4 Discussion

4.4.1 Surf Zone Plume Coalescence

In this work, we introduce the pathway that the surf zone provides for coalescence,
show where and how often coalescence occurs, and detail two types of surf zone plume

coalescence that occur near an adjacent estuary mouth.
General Occurrence and Trends

We show that small river plume coalescence occurs in the surf zone, which is
an interaction not described in prior literature. Surf zone coalescence occurs at similar

frequencies and across similar alongshore extents as inner-shelf coalescence (Figure 4.3g).
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Surf zone coalescence is more common than inner-shelf coalescence near-mouth when
waves are larger (Figure 4.31), but otherwise occurs across similar conditions as inner-
shelf coalescence. This highlights the common nature of surf zone coalescence occurring
alongside inner-shelf coalescence.

Plume coalescence does not occur during typical low discharge conditions. However,
when there is elevated outflow, plumes occupy more area and coalescence is more common
(Figure 4.3). As plume coalescence is more common in smaller watersheds than in larger
watersheds (Warrick, Farnsworth, 2017), and small river systems produce plumes that
often have a surf zone component (Wong et al., 2013; Rodriguez et al., 2018; Kastner et al.,
2019; Lou et al., 2025), it is not surprising that surf zone plume coalescence occurs in these
systems. It is important to note the model used here does not include transient rip currents,
instead, mixing is elevated to simulate missing energy dissipation from the surf zone. This
may impact the frequency of surf zone coalescence in this model compared to reality either
by underestimating it if the model mixing is artificially high, or overestimating it if the
lack of transient rip currents significantly increases surf zone export and decreases the
chances of coalescence.

The conditions that promote surf zone plume coalescence are the same factors that
drive alongshore flow in the surf zone, obliquely angled incoming waves. Just as direct wind
is often a driver of inner-shelf small plume transport and therefore inner-shelf coalescence
(Warrick et al., 2007; Osadchiev et al., 2021; Vundavilli et al., 2024), alongshore surf zone
currents are the primary driver of surf zone small plume transport and therefore surf zone
coalescence (Rodriguez et al., 2018). The direction and speed of alongshore surf zone
currents are set by the wave height, wave angle relative to the shore normal angle, and the
resulting alongshore component of the wave radiation stress S, (Longuet-Higgins, 1970;
Guza et al., 1986). Therefore, surf zone coalescence occurs only when the S,, and resulting

alongshore surf zone current are driving flow in the direction of an adjacent estuary.
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Connection of Surf Zone Coalescence with Near-Field Trapping

Surf zone plume coalescence near an adjacent estuary mouth can result in the
incoming plume exporting to the inner-shelf, or the incoming plume continuing in the
surf zone along with the local plume (Figures 4.4 and 4.5). The exporting behavior of
a far-field incoming plume coalescing with a local ebbing plume occurs when there is a
relatively high amount of freshwater in the local plume and when the waves are weaker
(Figure 4.5). This is consistent with expected behavior for near-mouth plume escaping
(Wong et al., 2013; Rodriguez et al., 2018). A locally formed river plume can have surf
zone trapped waters if the wave momentum is stronger than the river momentum at the
estuary mouth (Wong et al., 2013; Rodriguez et al., 2018; Kastner et al., 2019; Lou et al.,
2025), which also promotes the retention of an incoming plume from an adjacent estuary
in the surfzone. With an escaping near-field plume, river momentum dominates over wave
momentum and the local plume exports to the inner-shelf, along with the incoming plume.

However, plumes are not always clearly only trapping or escaping over one ebb
(Figure 4.4; Lou et al. (2025)). With the common co-occurrence of surf zone and inner
shelf plumes (Figures 4.2e,ee, 4.3a, 4.9), it is often not straightforward to precisely identify
the pathways for surf zone to inner-shelf exchange in the near- and far-field. Moreover,
small plumes rapidly respond to changing environmental conditions, whether that be with
regards to surf zone or inner-shelf drivers (Osadchiev et al., 2021; Byrne et al., 2026).
Likely this same variability is present in the coalescence of small plumes. This leads to
plume behavior (for both individual plumes and plume coalescence) that may begin as
escaped/ exported, but then transition to a trapped/ continuation behavior within a few

hours (or vice versa) as conditions change.
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4.4.2 Far-Field/ Surf Zone Plume Interactions

The cross-shore transport of small plumes across the surf zone will be influenced by
the waves and the relative water densities. While less literature discusses the cross-shore
transport of plumes between the surf zone and inner-shelf, there are studies that detail
how buoyancy impacts this cross-shore exchange in rip currents. More dense surf zone
waters will export at depth to the inner-shelf, whereas a less dense surf zone will spread to
the inner-shelf at the surface (Moulton et al., 2021; Grimes et al., 2021). This pattern
could apply to the cross-shore transport of plumes from the surf-zone to the far-field, and
therefore be dependent on whether there is a plume in the surf zone, inner-shelf, or both.

Similar to Moulton et al. (2021); Grimes et al. (2021), a denser surf zone will
transport offshore at depth given the presence of an inner-shelf plume (Figure 4.7 event 2).
While a less dense surf zone plume may be expected to export offshore at the surface, this
is not the case in Event 1 (Figure 4.7). Instead, the strong mixing within the surf zone
causes the surf zone plume to have the same density at the surf zone edge as it does at the
surface offshore (Figure 4.7). In turn, cross-shore transport of this surf zone plume is not
likely to follow either of the expected behaviors for buoyancy influenced cross- surf zone
exchange (Moulton et al., 2021; Grimes et al., 2021). This suggests the lateral density
structure of a surf zone plume impacts the cross-shore exchange between the surf zone
and inner-shelf. These are only two examples of the structures of far-field plumes, a more
comprehensive analysis across a variety of tidal, wave, and discharge conditions would
further improve our understanding of these processes. A limitation of the model is the use
of a constant horizontal mixing coefficient (0.5 m?/s). In practice, the value used is likely
too high for the inner-shelf and too low for the surf zone, but was found to be the most
accurate choice for a constant coefficient (Lou, 2025). The cross-shore mixing of a far-field
plume may therefore be artificially low in the surf zone and artificially high offshore which

will influence the modeled cross-shore exchange.
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The far-field structure of event 1 in Figure 4.7 is the result of a continuation example
of surf zone coalescence, whereas event 2’s is the result of an export example. The type of
surf zone coalescence behavior that occurs could serve as an indictor for far-field plume
structure, reflecting the wave and discharge conditions. The difference between the rapid
alongshore, and strong onshore, surf zone flow in event 1 compared with the stagnant
alongshore surf zone flow, stronger undertow, and strong inner-shelf alongshore currents
in event 2 could influence, and be influenced by, near-mouth surf zone coalescence and the
far-field plume structure.

We show the far-field cross-shore structure of plumes may feature plumes and
coalescence in the surf zone but not over the inner-shelf, and vice versa (Figure 4.7). There
is high spatial and temporal complexity in the distribution of far-field plumes (Figures
4.2, 4.3, 4.4). Thus, the cross-shore structure and transport of these plumes, particularly
as they interact with the surf zone and near-field plumes, can exhibit high variability
with important dynamical consequences. While not discussed in this work, other far-field
mechanisms for plume coalescence can include these surf zone to inner-shelf exchange
processes. If a local plume exports from the surf zone into an inner-shelf plume, coalescence
will occur. This applies to export within bathymetric rip currents, transient rip currents,

or through general wave-driven circulation and undertow.

4.4.3 Surf Zone Pathway for Inter-Estuary Connectivity

The surf zone serves as a highway to connect adjacent estuaries. Low-inflow estuary
plumes travel alongshore in the surf zone and, if they reach an adjacent LIE during
flood tide, the plume intrudes into the other estuary. The surf zone is responsible for
delivering the incoming plume that intrudes into the local estuary for estuary intrusion
events. Despite the common co-occurrence of surf zone and inner-shelf plumes (Figure
4.2¢), plume intrusion only occurs when the incoming plume’s alongshore extent in the

surf zone is past the local estuary (Figure 4.9). With only an inner-shelf plume present at
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axes mark the location of LPL with respect to distance traveled from SDL. Note, distances
are shown as positive for clarity but represent southward transport from SDL.

the estuary mouth, there is no plume intrusion (top left quadrant of Figure 4.9). Only
when a surf zone plume is present at the local estuary’s mouth does plume intrusion occur
(top right quadrant in Figure 4.9).

There are no instances in the 14-month study where a plume reaches the estuary
mouth in the surf zone without an inner-shelf plume component. Building on the result
that inner-shelf and surf zone plume areas are similar across time (Figure 4.2e,ee), we
see that the inner-shelf and alongshore plumes often travel similar distances at the same
time (Figure 4.9). This echos previous findings that the surf zone serves as an important
pathway to far-field inner-shelf plume presence (Byrne et al., 2026). While it is more
common for there to be an inner-shelf plume component farther than the surf zone plume
component at distances greater than 2 km from the origin (Figure 4.9 scatter above the
1:1 line), near the mouth, there can be surf zone plumes that exist up to 2 km away with

no inner-shelf component (Figure 4.9 points along the x-axis at y = 0).
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In our study period, there are almost an equal number of occasions where the LPL
plume intrudes into SDL (when S, is predominantly >0) compared to when the SDL
plume intrudes into LPL (when S,, is predominantly <0). This highlights how intrusion
is equally as common in either LIE, but dependent on the wave conditions. The fifteen
intrusion events in LPL all occur over a 15 day period between April 12 - 27, 2020 with
an average duration of 5.3 hrs. These repeated events with short recovery windows could
have ecological consequences. They may impact larval transport, pollutant and sediment
distributions, and population connectivity (Roegner et al., 2002). Plumes can act as
accumulation zones of nutrients and sediments (Milliman, Syvitski, 1992; Anderson et al.,
2002; Ryther et al., 1967), and thus the intrusion of a plume into an adjacent estuary has
the potential to deliver these quantities to an adjacent system. By the time an incoming
plume reaches an adjacent LIE, it has mixed such that it is often denser than the estuary’s
surface water and will subduct to the estuary bed, potentially delivering larvae or other
particles to depth in the estuary.

Another impact of estuarine plume intrusion is that it could enhance coastal
dispersion of freshwater and constituents such as sediment, larvae, and pollutants. Prior
work has shown shoreline features like embayments can enhance dispersion within estuaries
(Okubo, 1973; Geyer, Signell, 1992). This data shows that plumes passing by an adjacent
estuary on flood tide can be taken inside of the estuary, similar to flow diverting into an
embayment. They then may export on a subsequent ebb tide enhancing coastal dispersion
of that water mass. Future studies could investigate the impact an adjacent estuary has

on coastal dispersion of freshwater and estuarine constituents.

4.4.4 Implications for Water Quality

Understanding small river plume fate is of particular interest in regions with polluted
outflow, where health risks are highest in areas with high exposure and in regions that

have more concentrated pollutants (Feddersen et al., 2021). Concentration is a function
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Figure 4.10. Median of grid line transect values of total depth-integrated dye (blue)
and surface dye concentration (purple) across far-field transects south of LPL (a) shown
in Figure 4.6 and north of LPL (b) between 32.943 and 32.947°N. Shading corresponds
to the 25% to 75% quartile boundaries. Across the 14-month of study, a given time
step is included in the quartiles if any grid line point in the transect-averaged values has
¢’ > 0.01.

of the dilution and dispersion of a plume (Romero et al., 2016). We investigate the
spatial patterns of far-field plume concentration across the surf zone to the inner-shelf for
times with plumes for a region south of LPL (Figure 4.10a) and another north of LPL
(Figure 4.10b). This is done as a comparison of the depth-integrated dye content (C”),
which informs how much plume water is present in that region, to the average top 1-m dye
concentration Cys.. Cy. is a relevant concentration as it is a common region of exposure
for humans in the coastal ocean. All far-field transects (south of LPL (a) shown in Figure
4.6 and north of LPL (b) between 32.943 and 32.947°N) are included in Figure 4.10 across
any time within the 14-months if C’ > 0.01 kg/m? at any point in the transects’ spatial
average for that hour.

The location with the most plume water present (C”) is different from where the
surface waters have the highest concentration (Cyy.) at both sites (Figure 4.10). South of
LPL, C' increases across the surf zone with a peak value around 0.75Lgz and then drops

to zero by 1Lgz, before increasing back to a constant value on the inner-shelf between
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1.5-3Lgz (Figure 4.10). Both north and south of LPL, the surface concentration is highest
in the inner- surf zone and decreases linearly until just before 1Lg; where it drops and
then begins increasing by 1.25Lg, to a constant value maintained across the inner-shelf.
Overall, the most notable divergence in €’ and Cjs. occur in the surf zone. Near the
shoreline where plume content is lowest, the surface concentration is highest, and near
0.75Lgsz where the surface concentration is low, the plume content is high (Figure 4.10).
This contrasts the rest of the profile from 1-3Lg; where C" and Cjj. are nearly identical
south of LPL, and become more similar farther offshore north of LPL.

The cross- surf zone freshwater structure is a reflection of vertical mixing, water
depth, and plume liftoff. The surf zone tends to be well mixed vertically due to strong
vertical mixing induced by wave breaking (Thornton, Guza, 1983; Feddersen, Trowbridge,
2005; Feddersen, 2012; Kumar et al., 2012). In the model, this wave induced mixing
is represented as a surface flux of TKE implemented as a surface boundary condition
that solves the Generic Length Scale scheme and results in elevated surf zone TKE with
the strongest values near surface, as seen in Figure 4.7k,1 (Feddersen, Trowbridge, 2005;
Kumar et al., 2012). Due to strong surf zone vertical mixing, the surface concentration
will decrease as the water column deepens towards the surf zone edge. The inner-shelf
plume, despite being in deeper water, is surface stratified with weaker vertical mixing
(Figure 4.7k 1) resulting in a higher surface plume concentration (Figure 4.10b). In fact,
frequently plume liftoff is seen at the surf zone edge (Rodriguez et al., 2018; Lou et al.,
2025) which supports the finding that the inner-shelf plume will be surface-stratified while
the surf zone plume extends to the seafloor.

The behavior of Cyy. between 0-0.75Lgz is what would be expected of a constant
volume of freshwater diluting as waters get deeper, but interestingly, this is still true while
(" increases across the surf zone. The increased dilution with increased water depth in
the well-mixed surf zone and/or some contribution from mixing and cross-shore exchange

compensate for the higher plume content that is less surface concentrated. A previous
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study of shoreline released dye in a non-buoyant surf zone showed surface surf zone dye
concentrations that decrease with distance from the shoreline (Clark et al., 2010), agreeing
with our finding that surface concentration decreases from the shoreline to the surf zone
edge. The Clark et al. (2010) observations do not show an increase in surface concentration
on the inner-shelf which differs from our results that show an increase offshore due to the
presence of buoyant river plumes. This makes sense as the prior study released a neutrally
buoyant dye at the shoreline in ambient ocean water whereas the dye in the present study
follows buoyant river plumes that transport on both the inner-shelf and in the surf zone.

Further, it is unexpected that both Cys. and C’ show no plume presence, in the
median case, at the surf zone edge south of LPL (Figure 4.10a). This implies that plumes
do not often cross the surf zone edge, instead staying only in the surf zone, only on the
inner-shelf, or on both but without transporting across the surf zone edge. In this case,
the surf zone edge surface concentration is lower primarily because the total plume content
is less. This result is consistent across various figures including snapshot maps of surface
fields where the surf zone edge tends to be saltier than the surrounding plume and contain
less surface dye, and in occurrence maps where there is often a lack of plume presence and
coalescence (e.g. Figures 4.3a,g, 4.4, 4.10). However, this is not the case north of LPL
where plume presence is continuous cross-shore, highlighting that some far-field locations
may have plumes present across the surf zone edge. In this case, the surf zone edge surface
concentration is likely lower because of dilution of the well-mixed surf zone waters. Future
work investigating the spatio-temporal variability in surface plume concentration and total
plume content at different alongshore locations could illuminate the differences between
the surface dye concentrations north and south of LPL seen between Figure 4.10a and b.
The differences between the two sites could reflect trends specific to their relative distances
from neighboring estuary mouths, or differences in the strength of surf zone to inner-shelf
exchange in the alongshore stretch between the estuary mouth and the given site. A given

stretch of coastline may be more likely to have only a surf zone plume, only an inner-shelf
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plume, or both; the surface concentrations in these distinct cases will be the subject of
future work. Additionally, separating the dye by each contributing river will inform if
these cross-shore differences north and south of LPL are due to the presence of other
plumes. Lastly, a freshwater and momentum budget within the surf zone could provide
context for what is advecting and/or mixing the plume at the surf zone edge in some cases
but not in others (Figure 4.10).

If this was a polluted plume, swimmers in the surface water would have the least
exposure to pollutants at the surf zone edge, and a similar exposure at the shallowest surf
zone waters and on the inner-shelf (past 1.5 Lgz) while plumes are present. A limitation
of this model is the surf zone is nearly always well mixed vertically. While this is often
true, surf zone stratification in the presence of plumes has been observed (Kastner et al.,
2018). Our model does show vertical stratification in the surfzone at a few times, but
more commonly the modeled surf zone plumes are nearly well mixed vertically. If the
model is over-mixing in the vertical, it would artificially lower surface concentrations
compared to reality. Additionally, this model uses a constant horizontal diffusivity which
may underestimate the surf zone’s, and overestimate the inner-shelf’s, lateral dispersion of
tracers. This highlights the need for future research that investigates the vertical structure

of small plumes in the surf zone under varying conditions with in-situ data.

4.5 Conclusions

In this work, we detail novel interactions that occur due to the surf zone transport
of plumes in a region with multiple low-inflow estuaries. Over 14 months, the plumes from
three LIEs can occupy anywhere within a continuous band spanning >20 km alongshore
in the surf zone and inner-shelf, and cross-shore to the 100-m isobath. Under typical low
discharge conditions, plumes do not travel far from their respective LIE mouth. Plumes

can occupy a large area of the surf zone and inner-shelf, up to 60% of the time with high
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discharge. Plumes are more common in the surf zone and inner-shelf when waves are
larger.

The percent of relative plume area in the surf zone and inner-shelf match closely
across the study period. Despite averaging ~ 4% plume area coverage in the surf zone and
inner-shelf within a representative box spanning 4 km north of SDL to 4 km south of LPL,
the elevated outflow following rain events increases plume area, covering up to ~ 100%
of the surf zone and inner-shelf boxes. Plume presence increases ambient inner-shelf
stratification with implications for surf zone to inner-shelf exchange.

The cross-shore structure of far-field plumes varies depending on whether there
is a plume in the surf zone or not. Comparing an example of a strong surf zone plume
and a weak inner-shelf plume (event 1) with an example of only an inner-shelf plume
(event 2), we find the wave-influenced onshore velocities are stronger in event 1 and the
offshore-directed undertow is stronger in event 2. Notably, the alongshore currents vary
significantly in the cross-shore where event 1 (event 2) has strong southward flow (no flow)
in the mid- surf zone and weaker (strong) inner-shelf currents. Cross-shore variability
in the far-field’s total plume content and surface plume concentration shows that plume
content and surface concentrations follow inverse spatial patterns in the inner-surf zone.
The surface concentration is high in the inner- surf zone and on the inner-shelf despite
having low plume content. The surf zone edge has the least concentrated surface plume
waters.

Due to the temporal and spatial overlap of surf zone and inner-shelf plumes, there
can be plume coalescence between the LIE plumes on the inner-shelf and in the surf zone.
Plume coalescence is most common south of LPL or north of SEL due to the region broadly
having coherent surf zone and inner-shelf currents during and after rain events (Byrne
et al., 2026). Coalescence is most common with moderate to high discharge conditions,
occurring ~ 10% of time in the surf zone and inner-shelf. Surf zone coalescence is more

common than inner-shelf coalescence near the mouth of LPL with large waves, whereas
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inner-shelf coalescence is more common with smaller waves. Plume coalesce occurs in the

surf zone when S, and the resulting alongshore surf zone current, drive a plume from one

2y
estuary to another. Inner-shelf plume coalescence occurs when currents drive one plume
towards another, often due to wind following storm events (Vundavilli et al., 2024; Byrne
et al., 2026). Additionally, we show that inner-shelf coalescence can occur due to surf zone
plume export to the inner-shelf.

Two types of surf zone coalescence are possible when a surf zone plume reaches
an adjacent estuary mouth at ebb tide. The incoming surf zone plume can be exported
out to the inner-shelf by the local plume, or it can continue past the mouth trapped with
the local plume in the surf zone. The trapping or escaping behavior of the local plume
will dictate whether the incoming plume is exporting to the inner-shelf or continuing in
the surf zone. The exporting cases occur when the freshwater content is higher, the surf
zone currents are weaker, and there is offshore flow in the inner-shelf. The continuation
cases occur when the wave-driven currents are strong and freshwater content is lower. In
the export case, plumes that could contain pollutants are forced to export from the surf
zone because of an adjacent ebbing LIE plume, thus reducing the chance of beachgoer
interactions with the polluted waters in the surf zone. The type of surf zone coalescence
behavior that occurs could serve as an indictor for far-field plume structure that reflects
the prevalent wave and discharge conditions.

If a surf zone plume reaches an adjacent estuary on flood tide, the incoming plume
will intrude into the adjacent estuary. Despite the common co-occurrence of surf zone and
inner-shelf plumes, plume intrusion only occurs when a plume is present in the surf zone.
The distance up-estuary a plume intrusion reaches is a function of the strength and timing
of the flood tide. The farthest extents are reached when the tidal amplitudes are greatest
and when the plume overlaps with the flood tide for the longest duration. Moreover tidal
pumping of plume water in and out of an adjacent estuary will influence coastal dispersion.

In summary, we present novel results that show how the surf zone can serve as a
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pathway for inter-estuary connectivity and for plume coalescence for adjacent low inflow
estuaries. Understanding the fate of small plumes will help us appropriately model
river plumes and better understand the transport of their constituents, which can have

implications for ecosystem and human health.
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Figure 4.11. Comparison of wave properties (S;;, Sy, and alongshore surf zone current
vsz) between the present study’s COAWST model run (y-axis) and Byrne et al. (2026)
method using MOP data from the Coastal Data Information Program (x-axis). COAWST
surf zone currents here are surface maximum values from the surf zone whereas the MOP
approach calculates the current near depth of wave breaking and assumes that the surf
zone’s cross-shore gradient in S, is constant. Data shown are averaged over the alongshore
by averaging 14 transects surrounding LPL’s mouth, and smoothed over 6 hours.
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Chapter 5

Conclusions

In this dissertation, I advance what is known about the response of small plumes to
variable conditions in the surf zone and inner-shelf. In Chapter 2, I show the occurrence
of river plumes in the far-field is influenced by climate patterns using over 100 years of
daily salinity measurements. Specifically, negative Pacific Decadal Oscillation and La Nina
conditions correspond consistently with dry winters and a lack of plume presence 8 km
from the river mouth. Wet winters occur during positive phase Pacific Decadal Oscillation
and El Nino winters and produce plumes that travel >8 km alongshore, although not
consistently. This chapter illustrates that small, intermittent freshwater plumes have a
robust impact on coastal ocean freshening in the study region.

In Chapter 3, I present the first observational evidence that small plume transport
following a storm can be described by regional waves and winds, with a direct contribution
from the plume’s buoyancy. The occurrence of small plumes in low-inflow systems is
typically driven by tides, only forming during ebb tide. However, after sizable rain events,
plumes can form regardless of tidal phase. I define a parameter to differentiate tidally-
pulsed plumes versus river-driven plumes for given water level, tide, and wave conditions.
Additionally, the different dynamic plume regions in the three case studies illustrate the
strong event-by-event variability in the transport of even the most strongly forced small

plumes during the observational period. While previous work has looked at near-mouth
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surf zone properties to determine if a plume is initially surf zone trapped, this work
instead considers the influence of the surf zone on plume transport with implications for
its ultimate fate. In one of the three cases, I show that the surf zone plays a critical role in
far-field plume fate, spreading the plume alongshore more quickly than otherwise possible
and likely contributing to mixing. Once a plume is in the far-field region on the inner-shelf,
the transport is influenced by winds and its own buoyancy. Ultimately, the precise timing
of the river discharge exiting the mouth with regards to the tide, wind, and waves will
influence both plume formation and transport.

In Chapter 4, I detail novel interactions that occur due to the surf zone transport of
plumes in a region with multiple low-inflow estuaries. While inner-shelf plume coalescence
between plumes from multiple rivers is explored in previous literature, I show that surf
zone plume coalescence occurs just as commonly. When an incoming surf zone plume
reaches another estuary mouth at ebb tide, the incoming plume can be forced offshore to
the inner-shelf if the local plume is escaping past the surf zone to the inner-shelf. However,
if the local plume is trapped in the surf zone, the incoming plume will continue along in the
surf zone with it. In a third case where an incoming surf zone plume reaches an adjacent
estuary during flood tide, the incoming plume will intrude into the adjacent estuary. The
distance up-estuary a plume intrusion reaches is a function of the strength and timing of
the flood tide. The farthest extents are reached when the tidal amplitudes are greatest
and when the plume overlaps with the flood tide for the longest duration. I also show
how river plumes generally increase the stratification near a river mouth, altering the
ambient stratification that a new ebb plume will enter. This has repercussions for the
surf zone to inner-shelf exchange of a small plume because it could influence the lateral
density gradients and the depths of exchange. The far-field surface plume concentrations
are highest in the inner- surf zone, lowest at the surf zone edge, and moderate across
the inner-shelf. These findings show how surf zone processes impact the transport and

eventual fate of small plumes.
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