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Abstract The temporal, vertical, and alongshore variation in inner-shelf temperature, T, across
subtidal (ST), diurnal (DU), and semidiurnal (SD) bands on coastlines with headlands is not understood.
Inner-shelf T was observed with 20 moorings in 9- to 16-m depth with high vertical density during Fall 2017
along 50 km of central California coastline with headlands. The ST-first empirical orthogonal function is
largely barotropic. ST warm water events are associated with northward-propagating buoyant plumes and
onshore advection of offshore water, with headland effects, particularly for stronger events. Previous plume
arrival criteria are northward propagation biased. The DU vertical structure was mixed barotropic and
linear baroclinic, without surface extrema. Inner-shelf DU-band temperature variability was always evident,
largest north of and weakest south of two headlands. The DU-T envelope was not modulated by ST
stratification and was not linked to the modeled DU-wind envelope. North of one headland, the alongshore
first complex empirical orthogonal function of DU temperature has a previously unobserved southward
2-m/s phase propagation, even though DU frequency is subcritical, that is, not wind forced. A frictional
subcritical wave mechanism is proposed for the DU propagation. The SD-T vertical structure varies
alongshore, suggesting at different locations linear internal waves and nonlinear cold bores. SD-T variability
was incoherent with barotropic tides and decorrelates alongshore in 7.5 km, contrasting with a few
kilometers offshore. The SD depth-averaged energy varied strongly alongshore particularly north and south
of the headlands, and stronger and weaker SD energy was linked to nonlinear and linear baroclinic
vertical structures, respectively, which are headland influenced.

Plain Language Summary How water temperature (7) varies both in the vertical, along the
coast, and in time at both tidal and longer time scales has important implications in the distribution,
retention, and settlement of marine biota and nutrients. Temperature variability in regions near coastal
headlands is not understood. Twenty inner-shelf moorings with a high vertical number of temperature
sensors were deployed in 9- to 16-m water depths along 50 km of the central California inner shelf to
measure temporal, vertical, and alongshore T variability. At 36 hr or longer time scales, water temperature
varies due to warm plumes that propagate northward or onshore that are affected by the headlands.
Water temperature always varies on a daily cycle; however, this variation is not due to daily solar heating or
to daily sea breezes. Instead, daily T variability propagates like a wave alongcoast, in a manner inconsistent
with theory, and a new mechanism is proposed to explain the propagation. The twice-daily T variability
has vertical structure that varies strongly along the coast, suggesting different types of internal wave
processes. The twice-daily T variation was not directly related to the tides and decorrelates rapidly along the
coast, counter to previous observations made a few kilometers farther offshore.

1. Introduction

Inner-shelf water temperatures can significantly vary spatially and temporally (e.g., Aristizabal et al.,
2016, 2017; Boehm et al., 2004; Tapia et al., 2014). Here, the inner shelf is geographically defined as sea-
ward of the surf zone, where depth-limited wave breaking occurs, out to about 20-m water depth. The
inner-shelf water temperature (T) variability has important implications in the distribution, retention,
and settlement of marine biota (O'Connor et al., 2007; Tapia et al., 2014), the delivery of nutrients

FEDDERSEN ET AL.

1of24


https://orcid.org/0000-0002-5488-9074
https://orcid.org/0000-0003-3823-8391
https://orcid.org/0000-0002-8067-5061
https://orcid.org/0000-0002-0340-8402
https://doi.org/10.1029/2019JC015347
https://doi.org/10.1029/2019JC015347
mailto:jhmacmah@nps.edu
https://doi.org/10.1029/2019JC015347
https://doi.org/10.1029/2019JC015347
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JC015347&domain=pdf&date_stamp=2020-03-09

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015347

(Lucas et al., 2011; McPhee-Shaw et al., 2007), and can be a measure of cross-shore exchange (Hally-
Rosendahl et al., 2014).

Studies of inner-shelf T variability can be divided into two general categories: (1) heat budgets and (2) statis-
tical analyses. A heat budget accounts for the total heat change of a control volume due to cross-shore, along-
shore, and surface heat fluxes. Heat budgets have identified how processes such as upwelling-, internal waves-,
and sea breeze-driven transport contribute to inner-shelf water T variability at subtidal (ST, f < 337" cph;
Austin, 1999; Fewings & Lentz, 2011), diurnal (DU, 3371 < f< 1671 cph; Herdman et al., 2015; Molina
et al., 2014; Suanda et al., 2011), and semidiurnal (SD, 167 < f< 1071 cph; Sinnett & Feddersen, 2019) time
scales. Estimates of cross-shore and alongshore heat fluxes require colocated measures of water T and
currents over the vertical as well as adequate alongshore spacing to identify advective heat flux
divergences (e.g., Austin, 1999), which can develop from coastal inhomogeneities, such as coastal topo-
graphy or kelp forests (Suanda et al., 2011). Thus, heat budget studies are impractical over long stretches
of inhomogeneous coastlines.

Statistical analysis of the temporal, vertical, and alongshore T (co) variability can link magnitudes and scales
of variability to processes and the effects of coastal heterogeneity such as headlands. In addition, T variability
is explored across different frequency bands (e.g., ST, DU, or SD) that differ in forcing and scale. For exam-
ple, along 800 km of the central Chilean coast, nearshore ST-band T variability was related to the alongshore
wind stress (i.e., upwelling and downwelling) and to coastal headlands (Tapia et al., 2014). On the central
California coast, ST-band T variability is primarily associated with northward-propagating warm, buoyant
(density changes Ap of 0.1-0.8 kg m™>) plumes originating from the Santa Barbara Channel (SBC), asso-
ciated with wind relaxation events (Melton et al., 2009; Washburn et al., 2011). These warm buoyant plumes
have been in situ observed to propagate to San Simeon, CA, where the propagation distance increases with
duration of wind relaxation (Melton et al., 2009). Washburn et al. (2011) observed up to 4 °C plume to ambi-
ent water temperature differences with propagation speeds between 15-30 km day . The ST warm plumes
tend to occupy the entire water column on the inner shelf (Suanda et al., 2016; Washburn et al., 2011) and
have been interpreted using a two-fluid gravity current on an alongshore uniform slope theory (Lentz &
Helfrich, 2002). In addition, intrusions of offshore SBC-origin warm water onto the inner shelf have also
been observed north of Pt. Conception (Nidzieko & Largier, 2013). The changes in stratification induced
by these warm plumes have been observed to modulate both the DU- and SD-T fluctuations (Aristizabal
et al., 2017).

Inner-shelf DU-T variability can be related to a number of concomitant processes, such as direct wind for-
cing (e.g., Kaplan et al., 2003), DU heating (e.g., Molina et al., 2014), and resonant forcing (e.g., Nam &
Send, 2013). In the northern and southern portions of the SBC, near-bottom DU-T and DU winds were
coherent with no phase lag, suggesting direct wind forcing without any alongshore propagation
(Aristizabal et al., 2016). DU winds can also induce local coastal upwelling along coastal headlands (e.g.,
Suanda et al., 2011; Woodson et al., 2007) or in coastal embayments (Walter et al., 2017). DU winds can also
drive baroclinic (internal) modal oscillations that can be resonant when ST shear reduces the effective
Coriolis parameter (Kumar et al., 2016; Lerczak et al., 2001; Nam & Send, 2013) or when the inertial and
DU periods align (e.g., Lucas et al., 2014). DU internal motions have amplitudes that increase with larger
background stratification (Cudaback & McPhee-Shaw, 2009). At some SBC near-bottom locations, DU-T
variability can be linked to the barotropic tide (Aristizabal et al., 2016).

Inner-shelf SD-T variability often is influenced by internal waves (e.g., Pineda & Lopez, 2002). SD-band
near-bed T variability was elevated on the mainland (north) SBC and decreased north of Pt. Conception,
CA (Aristizabal et al., 2016). This SD-band variability was incoherent alongshore (Aristizabal et al., 2016)
and presumably incoherent with the barotropic tide. However, at locations near Santa Cruz island,
SD-band near-bed T variability was coherent due to the proximity to an SD, internal-tide generation region
(Aristizabal et al., 2016). Similarly, in a 6-km wide Chilean bay in 20-m depth, the SD-T variability was
coherent across the bay and with the barotropic tide (Bonicelli et al., 2014), likely due to proximity to a sub-
marine canyon as a source region. Just offshore of Pt. Sal, CA, during summer 2015, Colosi et al. (2018)
observed nonlinear internal waves with significant energy in the SD-band from 50- to 20-m water depth.
In 50-m depth, the SD internal tide was relatively alongshore uniform north and south of Pt. Sal and was
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approximately one half coherent with the barotropic tide (Kumar et al., 2019). Modeling suggests the SD
internal tide is generated at least a few 100 km offshore (Kumar et al., 2019).

Previous statistical temperature studies that described inner-shelf T variability over long-durations (O(10
years)) were limited in mooring number or the total thermistors resulting in poor vertical or alongshore spa-
tial resolution. For example, Tapia et al. (2014) had a single thermistor at 15 locations spanning 800 km, with
50-km typical spacing. Previous Santa Maria Basin (SMB) T observations also spanned multiple years but
were limited to a few locations on the south side of the topographic points, resulting in an alongshore moor-
ing spacing of > 17 km and did not extend north of Pt. Sal (Aristizabal et al., 2016, 2017; Cudaback &
McPhee-Shaw, 2009; Melton et al., 2009; Washburn et al., 2011). Furthermore, the 15-m depth T moorings
were composed of three thermistors sensors located near the bottom, middle, and surface resulting in rela-
tively coarse (~5 m) vertical resolution. Some analyses used only the near-bed thermistor. Thus, alongshore
and vertical variation in inner-shelf T variability near alongshore heterogeneous coastlines (such as Pt. Sal,
CA) across different frequency bands is not known, as well as their linkage to processes such as the winds
and onshore-propagating SD internal tide.

Here, inner-shelf temperature observations are analyzed that are part of the 2017 Inner Shelf Dynamics
Experiment (Lerczak et al., 2019) data set. Inner-shelf temperature observations were collected over 1.5
months along 50 km of the heterogeneous SMB region north and south of Pt. Sal, CA, from 20 moorings with
high vertical resolution in 9- to 16-m water depth (Figure 1). Herein, a statistical analysis is performed with
these observations to describe the vertical, alongshore, and temporal variability in the ST, DU, and SD bands
and link to the processes driving variability. The observations and the empirical orthogonal function (EOF)-
based methodology are given in section 2. The vertical, alongshore, and temporal T variability in the ST, DU,
and SD bands is described in section 3. The variability of each band is contextualized in the section 4, and
section 5 provides a summary.

2. Methods
2.1. Study Region

This study utilizes a subset of the Inner Shelf Dynamics Experiment data (e.g., Lerczak et al., 2019;
McSweeney et al., 2019). The study site is within the SMB along the central California coast (Figure 1a) with
coastline characterized by a headland-and-straight coastline topography with three rocky headlands (or
topographic points): Pt. Sal (34.9°N), Pt. Purisima (34.76°N), and Pt. Arguello (34.58°N). Note that Pt. San
Luis (35.26°N) to north of experimental site also influences the observations. The 10-20 km of coastlines
located north of the three headlands are generally oriented ~15° east of north (Figure 1b). The coastlines
located to the south of the headlands are oriented ~30° west of north for approximately 6-8 km
(Figure 1b). In addition to the larger headland features, a small (~0.3 km) headland Mussel Pt. (34.93°N)
with a subaqueous rocky outcrop 2 km offshore (Figure 1c) is located 3 km north of Pt. Sal. Another small
headland is located 3.5 km south of Pt. Sal. Of note, San Luis Obispo (SLO) Bay is located at 35.17°N.

2.2. Temperature Observations, Measured Winds, and Modeled Winds

Measures of temperature, T(y,z,t), were obtained over the vertical (z) at 20 temperature-string moorings
(denoted M1 to M20; Figure 1b) deployed in an alongshore array (y) on the inner shelf from SLO Bay to
Pt. Arguello, California, for Yeardays 244-287 (1 September to 14 October 2017). The N-S spacing between
moorings ranged from 670 m to 50 km. A total of 15 moorings were deployed along the 9-m isobath (M1-M5
and M11-M20). For 9-m moorings, thermistors were located from 1.5 m above the seabed to mean low
low-water (MLLW) with a vertical resolution of 0.5 m. Five moorings located near Pt. Sal (M6-M10;
Figure 1b) were deployed in 10- to 16-m water depths and obtained T from 0.5 m above the seabed to
MLLW with 1.5-m vertical resolution. A subsurface float was located below MLLW so that the T mooring
remained nearly vertical over the +1-m tidal range. All thermistors were RBRsolo T and sampled at 1 s.
For analysis, data were averaged to 10 min. Winds were obtained hourly at four locations throughout the
experiment site (Figure 1b; denoted at W1-W4). W1 is an offshore mooring site. Locations W2 and W4
are located very close to shore, and W3 is moored in 20-m depth. Modeled 10-m winds from a 2-km horizon-
tal resolution Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) forecast model (Hodur,
1997) were linearly interpolated in three dimensions (longitude, latitude, and time) to the 7 mooring loca-
tions. The easting and northing wind velocities u, and u,, are defined in the toward direction.
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Figure 1. (a) Map of the Santa Maria Basin in context with the Santa Barbara Channel and Pt. Conception. Overview of the study region highlighted with a black
box, which is shown in (b). (b) Map of the experiment site. (c) Map of Pt. Sal. Temperature mooring positions are indicated by black dots with given mooring ID.
Location of wind observations are indicated by black asterisks. Depth contours are depicted as gray lines.

2.3. Temperature Filtering, Vertical EOF Analysis, and Identification of Warm Plume
Arrival Times

At each thermistor on each mooring, temperature 7(z,t) was decomposed into a mean T and four frequency
bands, ST (<337 cph, T"(z,1)), DU (337! to 16 " cph, TP)(z,1)), SD (16" to 10~* cph, T(z,1)), and high
frequency (>10"" cph, not considered) with a frequency domain filter. Note the parenthetical superscript
represents the frequency band of interest (i.e., ST, DU, and SD). Owing to differences in mooring water
depths and thermistor vertical locations z, vertical locations are depth (k) normalized, where z/h = O repre-
sents the sea surface and z/h = —1 represents the ocean bottom. Normalizing thermistor z location by mean
(tidally averaged) water depth as opposed to tidally varying water depth induces a small aliasing. At each

mooring, the shape of the vertical T profile is isolated by a normalized mean temperature T (z/h), defined as
~/Z T—Ty
"(9)-
h

T—T)’
where Tj, and T are the mean near-bed and near-surface mean T, respectively, and the mean is a time aver-

¢

age over the experiment duration. Thus T =0 at the bed and T = 1 at the surface. At each mooring, the
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dominant coherent vertical variability of T in each band T(band)(z/h,t), where “band” is ST, DU, or SD, is
decomposed into vertical EOFs (eigenfunctions), ¢**¥(s/h), and time-varying amplitudes, A2 (¢),
referred to as principal components (Preisendorfer, 1988). Variability is separated into orthogonal modes,

such that (for the ST band)

TOD (z/h, 1) = T0_, AV ()@ (z/h) | ©)

where T{ST)(z/h,t) is the ST temperature, N is the total number of measurements over the vertical, and the

first mode (n = 1) describes the largest fraction of variance. For evaluating vertical structure across all moor-

ings, the first EOF mode vertical structure, ¢<1band) (z/h) is normalized in all three bands such that

2, 809 /) dizmy =1 ©)

Lastly, the arrival time of SBC-origin warm plumes are identified using the method of Melton et al. (2009) as
described here. At each mooring, the first EOF reconstructed near-surface ST T (2) time derivative is estimated
using 0.1667-hr (10 min) differences. At each mooring, the arrival time of a warm plume, f,jume. is defined to be
the time of maximum near-surface dT7/ds exceeding 0.031 °C hr™!. Melton et al. (2009) imposed an addi-
tional criterion that requires f,j,me at a subsequent northern mooring must occur after its closest subsequent
southern mooring. The temperature at the arrival time is denoted as Tpjume. The arrival times are differenced
by arrival time at the southernmost mooring, for example, Afyjume(y)) = fprume(l)) = ptume(Ym20)> Where yizo
indicates the southernmost mooring (M20) location. In addition to the Melton et al. (2009) f,ume Statistic,
we also identify the maximum warm-plume temperature, Ti,x, as the maximum temperature within 72 hr
of tp1ume, Which is also reported relative to M20, ATmax(V) = Tmax(¥) — Tmax(Ym20)- The time of Tr,ax is similarly
denoted as t,x and is given as relative to tyay at M20, Atyax(V) = tmax(V) — tmax(Ym20)-

3. Results
3.1. Coastal Winds

The Fall 2017-modeled (COAMPS) wind patterns are consistent with previous wind observations in this
region (e.g., Fewings et al., 2015; Melton et al., 2009; Ohashi & Wang, 2004). The easting winds, u,, are domi-
nated by persistent DU variability and some ST synoptic variability that is relatively consistent across lati-
tude with weakening just south of the Pt. Sal (Figure 2a). The northing (or poleward) winds, u,, are
weaker than u, with both DU and ST variability (Figure 2b). Upwelling favorable southward ST u,, events
(blue colors in Figure 2b) persist for 3-7 days and are relatively coherent across latitude from 35.05 N to
the south. Relaxations or reversal events with northward u, winds (e.g., Melton et al., 2009; Washburn
et al., 2011) also occur (green-yellow colors in Figure 2b). The COAMPS-modeled winds have variances that
are similar to the observed winds (Figure 3a). The observed and modeled easting winds, u,, have zero-lag
correlation coefficients >0.5 (circles in Figure 3b). The observed and modeled northing winds, u,, are also
similarly correlated except at W2 (r = 0.35; squares in Figure 3a). The similarity between model and obser-
vations indicate that using modeled winds at mooring locations is appropriate.

3.2. Vertical Water Temperature T(z,t) at Mooring 15 (M15)

An example of the M15 (at 34.78°N located between Pt. Sal and Pt. Purisima) T(z,t) highlights the vertical
and temporal variability (Figure 4) along the 50-km N-S array. The observed T(z,t) reveals a range of vertical
and temporal variability (Figure 4a). The mean and ST-T variability (Figure 4b) is characterized by colder
water (<14 °C) upwelling events and warmer water (>15 °C) plume events (e.g., Yeardays 246-260). The
DU-T variability T(DU)(z,t) occurs throughout the water column and is +1.0 °C (Figure 4c), with larger fluc-
tuations occurring earlier in the experiment with intermittent events occurring later in the experiment. The
SD-T T®P)(z,f) also varies +1.0 °C and is largest midwater column, with strongest variability occurring ear-
lier in the experiment (Figure 4d). Hourly tidal elevation is provided for context in Figure 4e. The tidal fluc-
tuations on the West Coast of the Unite States are described by a mixed, SD tide with a range of +1 m, where
the higher-high water precedes lower-low water (Friedrichs, 1995). The tidal amplitude is modulated by
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winds, u,, and (b) northing, u,,, wind velocities as a function of latitude and yearday. Horizontal dashed black lines

indicate the locations of Pt. Sal and Purisima. The color scale represents wind velocity.
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lunar (K1) and lunisolar (O1) DU tides with principal lunar SD tide (M2) (Godin & Martinez, 1994; Nidzieko,
2010) with maxima of the spring tides occurring around Yeardays 284, 261, and 282 (Figure 4e).

3.3. Midwater Column Temperature Spectra at M1 and M7

Temperature spectra with 10 DOF and frequency resolution of 0.002 cph were computed in the midwater
column (z = —4 m) at two contrasting sites: M1 (35.14°N) to the north near SLO Bay and M7 (34.91°N) at
Mussel Pt. near Pt. Sal (Figure 5). At low frequencies in the ST band, the spectral energy is red with similar
levels at M1 and M7. The ST band contributes 68% (M1) and 48% (M7) of the total T variance. At both M1 and
M7, the DU and SD spectral peaks are similar per mooring. The DU and SD spectra peaks are broad and not
at distinct tidal frequencies. DU and SD spectral levels are elevated at M7, which has 3x more variance than
at M1. Spectra levels decrease in the high frequency band (>0.1 cph), and no clear harmonic of the SD inter-
nal tide is seen. This contrasts with the twice an SD period nonlinear internal bore arrivals offshore of M5
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Figure 5. Midwater column (at z = —4.0 m) temperature spectra versus frequency (in cycles per hour [cph]) at M1 (solid)
and M7 (dashed). The subtidal (ST), diurnal (DU), and semidiurnal (SD) bands are indicated. Spectra were computed
using 6-day hamming window with 50% overlap resulting in 10 DOF and 0.002 cph frequency resolution. Thick vertical
black line in the right-hand side represents the 95% confidence levels.

(McSweeney et al., 2019). The spectral valleys between peaks are used to define the ST, DU, and SD band
cutoffs (section 2.3).

3.4. Vertical Temperature Statistics: Mean and ST, DU, and SD EOFs

Across all moorings, the normalized mean temperature T(z /h) profile (1) has a largely linear vertical struc-
ture with some midwater column variation (Figure 6a). The mean (time averaged) stratification N? is esti-
mated solely from the time-averaged T profiles (assuming salinity effects are weak) as

_8a297T(z)

N* = ,
Po 02

4)

where g is gravity, p, = 1,025 kg m~>, ais the thermal expansion coefficient, and the mean T gradient is from

the linear mean T profile (Figure 6a). The linear T (z/h) profiles suggest that the time-averaged mean stra-
tification N” is largely depth uniform across all moorings. In the ST band, the first EOF represents between

95% to 99% of the variance, and across all moorings, the ¢§ST) (z/h) vertical structure is near 1 and mostly
depth uniform (Figure 6b), consistent with a largely barotropic response. However, the mooring averaged

¢§ST) (z/h) does have some vertical structure, varying by 0.18 top to bottom, which impacts the ST stratifica-
tion. The ¢§ST) (z/h) variability across moorings is weak, suggesting that the ST vertical variability can be well
represented by a single mode across all moorings.

In the DU band, the first EOF represents 75% to 95% (mean 87%) of the variance. Across all moorings, the

mean vertical structure of ¢§DU) (z/h) has a weak midwater column maximum with near-surface and
near-bed minima that are two thirds of the maximum (Figure 6c), indicating a mixed barotropic and first

mode baroclinic response. The ¢§DU) (z/h) is consistent with the DU temperature structure observed in
8-m and 10-m depth off of Huntington Beach, CA (Kumar et al., 2016). The weaker near-surface first EOF

¢§DU) (z/h) indicates that surface heating and cooling are not dominant in forcing DU variability. Across
all moorings, the ¢§DU) (z/h) variability is weak midwater column that increases slightly near surface and
near bed (dashed lines in Figure 6¢c), also suggesting that a single mode largely can represent the
DU-vertical variability across all moorings.

In the SD band, the first EOF represents 76% to 95% (mean of 88%). Across all moorings, the mean ¢§SD) (z/h)

vertical structure has a clear Mode 1-like baroclinic response, although ¢(ISD> (z/h) is maximum in the
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Figure 6. The mean (solid lines) and + standard deviations (dashed) of temperature statistics across all 20 moorings as a
function of normalized depth z/h: (a) normalized time mean temperature T (z/h) (1) and normalized first EOF ¢,

(z/h) for the (b) subtidal, (c) diurnal, and (d) semidiurnal frequency band. The moorings span a depth range of 9 to 16 m
(Figure 1a).

lower-mid (z/h = —0.65) water column with asymmetric response above and below (Figure 6d). Similar ¢§SD)

(z/h) was also observed in 8-m and 10-m depth by Kumar et al. (2016). Across all moorings, ¢§SD) (z/h)
variability is elevated throughout the water column relative to other bands (Figure 6d, dashed lines),
suggesting that a single vertical mode cannot represent the SD vertical structure at all moorings.

Because SD ¢(ISD) (z/h) has the largest variability across moorings, the ¢>(ISD) (z/h) vertical structure is exam-
ined separately over all moorings relative to a linear Mode 1 baroclinic structure (i.e., normalized sin(n(z +
h)/h)) for depth-uniform N? (Figure 7). At some locations (e.g., northern and southern M1-M4, 13, 18, 19,

and 20 in Figure 7), the SD ¢(ISD) (z/h) vertical structure is similar to the linear baroclinic Mode 1 structure,
indicating largely linear SD dynamics. In contrast, locations near Pt. Sal and Mussel Point with the subaqu-

eous rocky outcrop (Figure 1c) have a strongly bottom intensified ¢§SD) (z/h) (e.g., M6-M9 in Figure 7) incon-
sistent with linear baroclinic Mode 1 structure, indicating nonlinear dynamics and suggesting near-bottom
cold bores. Particular locations such as M12 in the bay south of Pt. Sal and M16 just north of Pt. Purisima
have a quasi-barotropic vertical structure with a depth-uniform lower layer and weakly decaying upper layer
(Figure 7). Although clearly not a linear baroclinic Mode 1, whether the SD processes inducing this vertical
structure are more wavelike or advection is unclear.

3.5. Alongshore and Temporal Temperature Variability in the ST, DU, and SD Bands

The latitudinal dependence of the ST-temperature variability is examined at high alongshore resolution with
a reconstructed near-surface TgST) (, t) from the mean T(y,z) and the ST-first EOF. Consistent with previous
observations (e.g., Cudaback et al., 2005; Melton et al., 2009), the predominant ST signals are largely north-
ward propagating, SBC-origin warm water plumes associated with wind relaxations, with colder water con-
ditions occurring in-between (Figure 8a). The first warm water plume (denoted as Plume 1, starting on
Yearday 247) was strong, extending all the way north of Pt. Sal to M1 (Figure 8a) and occurring during a rela-
tively long 10-day wind relaxation event (Yeardays 245-255; Figure 2b). The Melton et al. (2009) plume arri-
val time fpume (Magenta dots in Figure 8a) has a quasi-linear latitude dependence. However, north of Pt.
Purisima, and in particular north of Pt. Sal, warm water is seen to arrive well prior to fpjume. At the south-
ernmost M20, Plume 1 induced an ~6 °C temperature change, which slowly decayed northward as the
plume propagated at roughly 22 km day ™ from M20 to M1. The time (fmax) of Plume 1 maximum tempera-
ture Tinax also propagates northward, although not monotonically (yellow triangles, Figure 8a). South of Pt.
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Figure 7. Semidiurnal band first EOF ¢>(ISD) (z/h) (blue lines) and normalized linear baroclinic Mode 1 structure, sin[7 (z
+h)/h] (orange dashed lines) as a function of normalized depth z/h for the 20 moorings (Figure 1b) as indicated above each
panel spanning a depth range of 9 to 16 m. The normalization is given in (1) and (3).

Purisima, the warm plume (>16 °C) lasted for ~4 days. Plume duration increased north of Pt. Purisima
(lasted for ~5 days) and north of Pt. Sal (M1-M6) where the warm plume lasted for 10-15 days until
Yearday 261. This increase in plume duration suggests interactions with the headlands. On Yeardays 256-
258, a warm water event is present south of Pt. Sal with a weak southward-propagation sense (Figure 8a).
Between Yeardays 262-264, another warm water feature with southward propagation is evident between
M1 and M6 north of Pt. Sal (Figure 8a). Although these warm water features are not a traditional
northward-propagating buoyant plume, they illustrate the complexity of nearshore temperature structure.
On Yeardays 271 and 283, two weak warm water plumes (denoted as Plumes 2 and 3) propagated
northward at ~17 km day ™' that only reached to M9 just south of Pt. Sal (magenta dots in Figure 8a). At
M20, these plumes had a 2 °C and 3 °C temperature change and were associated with shorter 2- and
3-day wind relaxations (Figure 2b). Plumes 2 and 3 were similar and qualitatively different than the
strong Plume 1, likely due to the differences in the duration of the wind relaxation (Melton et al., 2009).
Because the ST EOF ¢§ST> (z/h) has a weak near-surface maximum (Figure 6b), plume events also
increases the ST stratification, consistent with previous observations (e.g., Melton et al., 2009). Plume
statistics are examined in detail in section 3.7.

Inner-shelf DU-band temperature variability is always present, and A(IDU) (v, t) varies +1 °C, with strongest

variability in the entire region occurring north of Pt. Sal. The weakest A(lDU) (y,t) variability is south Pt.
Purisima (Figure 8b). Just south of Pt. Sal, the AEDU) (v, t) variability is also very weak. The DU-band varia-

oqs . . .. . DU
bility is always present but is strongest from Yeardays 250-270 north of Pt. Purisima (Figure 8b). The A(1 )
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Figure 8. Hovmoller diagrams of (a) mean plus reconstructed first EOF subtidal near-surface temperature and first EOF
amplitude (b)A; V) and (C)A<S ) as a function of latitude and yearday. Horizontal dashed black lines indicate the locations
of Pt. Sal and Pt. Purisima. The color scale represents temperature in degree Celsius. Diamonds on the ordinate

represent mooring locations. In (a), magenta circles and yellow triangles indicate the warm plume arrival time (fp1ume)
and the time (t;ax) of warm plume maximum temperature (T, ,x), respectively (see section 2.3), of the three warm

plumes.

(y,t) variability is not modulated by the ST changes in stratification. Correlations between the (Hilbert

transform derived) envelope of AgDU)( ,t) and A(IST)( ,t) are not significant (at 95% confidence) at any
location. This contrasts with Cudaback and McPhee-Shaw (2009) and Aristizabal et al. (2017) who
suggested that the increased stratification of ST warm plumes increased the DU-T signal.

In the SD band,A§SD)( , t) varies +1.5 °C (Figure 8d) with strongest variability between 34.9°N and 35.0°N in
the region near and north of Pt. Sal. The largest SD variability occurs between Yeardays 250-258 (Figure 8d)
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along the straight coasts north of Pt. Sal and Pt. Purisima (Figure 1b). The SD variability is less spatially
coherent than the DU variability. Consistent with previous studies (Aristizabal et al., 2017), the
ST-varying stratification associated with plume events modulates the SD variability (Figures 8a and 8c).
As with the midwater column temperature spectra (Figure 5), the A§SD) (y,t) has broad SD peaks. At each
mooring, applying a harmonic analysis (i.e., T tide; Pawlowicz et al., 2002) reveals that >93% of the Aﬁs‘”
(y,t) is incoherent with the M2, N2, and S2 barotropic tides.

3.6. Latitudinal Bulk Temperature and Stratification Statistics

The latitudinal variability and the influence of the Pt. Sal and Pt. Purisima headlands are evident with
time-averaged statistics. Although most of the array is in 9-m depth, locations near the rocky Pt. Sal head-
land were in deeper depths from 10-16 m (Figure 9a). The time-averaged (over experiment duration)
near-surface temperature T varies from 14.7 °C to 15.9 °C, with a general warming trend from south to
north with colder T; located just south of the two points, particularly at Pt. Sal (Figure 9b). The latitudinal
variation in mean stratification N* is qualitatively similar to that of T (Figures 9b and 9c) with N* generally
largest to the north (near 35.1°N) and decreasing towards Pt. Sal (Figure 9c). Just south of Pt. Sal, N? weakens
and subsequently increases toward Pt. Purisma, where it is relatively uniform from 35.85°N to 34.65°N
(Figure 9c). The ST-band stratification variability (gray shading in Figure 9c) associated with relaxation
and upwelling events is the largest north of Mussel Pt. at 25% of the mean and weaker south of Pt. Sal at

2
about 12% of the mean. In the ST band, (A(IST)> is relatively uniform in latitude, increasing gently to the

south closer to the warm water source and with a sharp gradient just south of Pt. Sal (Figure 9d). In the

2
DU band, (A(IDU)) is the largest north of Pt. Sal and is roughly constant from 35.07°N to Pt. Sal
2
(Figure 9e). Just south of Pt. Sal, a sharp reduction of (A;Dm) occurs, which gently increases southward

21
towards Pt. Purisima. South of Pt. Purisima, (A§DU)> is also reduced before increasing gently farther south.

21
The 0.2-0.4 °C (A(IDU)) " observed here during Fall 2017 (Figure 9e) is consistent with DU-T variability

observed just offshore in 50- to 100 m depth (Pidgeon & Winant, 2005), in 15-m depth south of Pt. Sal and
Purisima (Cudaback & McPhee-Shaw, 2009), and near-bed DU-T variability over multiple years

2
(Aristizabal et al,. 2016). The spatial pattern of the dominant SD variability (A(ISD>> is similar to that for
DU variability (Figure 9f), also highlighting the strong effects of the headlands.

3.7. ST Warm Plume Statistics

Here, the high alongshore mooring density is used to examine the alongshore variability of ST plume statis-
tics (see section 2.3) for the three warm plumes identified in Figure 8a. Note, plume arrival time, maximum
T, and time to maximum T are differenced (denoted with symbol A) relative to the southernmost mooring
M20, yielding Atyiumes ATmax, and Afpay. Plumes 2 and 3 were weak and were relatively consistent with a
canonical largely shoreline-attached alongshore-propagating buoyant plume (e.g., Lentz & Helfrich, 2002;
Melton et al., 2009; Washburn et al., 2011). Plumes 2 and 3 have quasi-constant propagation rates (at 19
and 15 km day_l, respectively) that were consistent between Afyjyme and Alyay (Figures 10a and 10d).
Removing the Melton et al. (2009) criterion requiring plume arrival at location just south did not change
Atplume- Note that Plume 3 propagation rate increases between Pt. Purisima and Pt. Sal (yellow, Figure 10
a). The Plumes 2 and 3 arrival temperature Tpjume is relatively constant (Figure 10b) at 15 °C (Plume 2)
and 16 °C (Plume 3), suggesting a roughly latitude-independent plume arrival temperature. However,
Plume 2 Tpiume is minimum at the southernmost M20 and increases by 0.5 °C near Pt. Sal. In contrast,
Plume 3 Tpjume decreases northward with by 0.9 °C variation. Plumes 2 and 3 ATy,.x generally decays north-
ward, but not smoothly nor even monotonically, with clear headland influence (Figure 10c). For example,
the Plume 2 ATy first increases 0.4 °C at M17-M19 before decreasing 0.6 °C at M16 north of Pt.
Purisima and no clear tendency between Pt. Purisima and Pt. Sal (orange line, Figure 10c). In contrast,
Plume 3 AT,,ax decreases 1.2 °C to Pt. Sal, with the strongest decreases south of Pt. Purisima and Pt. Sal (yel-
low line, Figure 10c). Plumes 2 and 3 are not observed north of Pt Sal. For Plume 2, this likely represents a

FEDDERSEN ET AL.

12 of 24



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015347

4515 (a) mean cllepth h . (b) (T .

35.1¢
35.05 ¢}
35
34.95¢}

34.9

latitude

3485
348}
34.75F

34.7

o 2 4
(rad/s)* x10™
(5) (A7)

34.65
0

35.15

35.1 ¢
35.05¢

35}
3495

34.9

latitude

3485}
34.8

34.75F

34.7 ¢

34.65 : !
0 0.60 0.2 04 0.6

(°C)

Figure 9. Mooring temperature statistics (blue curve and dots) versus latitude: (a) mean depth, (b) mean (time-averaged)
temperature T at near-surface location z = —1.7 m below mean tide level, (c) mean buoyanzy frequgncy squared N~ +

ST-band standard deviation (shading), (d) subtidal first EOF amplitude standard deviation A(IST) , (e) diurnal first

21/2 21/2
EOF amplitude standard deviation (AgDU)) , (f) semidiurnal first EOF amplitude standard deviation (AiSD)) .

Horizontal dashed black lines indicate the locations of Pt. Sal and Purisima.

headland effect as the modeled relaxation winds are still active for 12-18 hr after Pt. Sal plume arrival
(Figure 2b). Plume 3 has modeled relaxation winds end when f,jyme is at M19 south of Pt. Purisima.
Plume 3 continued to propagate from M19 north to Pt. Sal (M9) with upwelling winds, also suggesting
that Pt. Sal induced propagation to end. Thus, Plumes 2 and 3 are in many ways, but not completely,
consistent with a buoyant plume on a uniform coastline. Plumes 2 and 3 headland effects are seen in the
alongcoast variation in plume statistics.

Plume 1 has the largest temperature change and duration (Figure 8a) and is the least consistent with cano-
nical buoyant plume on an alongshore uniform coast (Lentz & Helfrich, 2002). The Melton et al. (2009)
Plume 1 arrival time Afpume propagates roughly linear alongshore with some acceleration north of Pt.
Sal (blue line in Figure 10a). The Tpjume is largely centered at 18 °C, is coldest at M20, and is as much as
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Figure 10. Subtidal warm plume statistics versus latitude for warm Plumes 1, 2, and 3 as indicated in the legend. (a) Warm
plume arrival Afpjyme (following Melton et al., 2009), (b) temperature at plume arrival Tpjume, (€) maximum temperature
ATmax and (d) arrival time of maximum temperature Aty ,x. In panels (a, ¢, and d), statistics are differenced relative

to the southernmost mooring M20 or 34.65°N (see section 2.3). The horizontal dashed lines represent the locations of Pt.
Purisima and Pt. Sal. In panel (a), the purple symbols indicate Plume 1 arrival and temperature if the Melton et al. (2009)
requirement of prior southern arrival is not included (denoted “noS” in the legend).

1.3 °C warmer at M13 (blue in Figure 10b). If the Melton et al. (2009) criteria of prior southward arrival were
not applied for Afpjume, locations near and north of Pt. Sal would have identified plume arrival earlier than
those farther south (Figure 10a; compare blue line and purple associated with and without the criterion,
respectively). Plume 1 warm water arrival prior to f,ume is clearly seen in Figure 8a. Without the
additional southward arrival criterion, plume arrival (purple in Figure 10a) near both Pt. Sal (M9) and at
M4 occured at 3 hr after M20 arrival, equivalent to 2.1 and 3.5 m/s, far too fast to be alongshore
advection. The Plume 1 AT, evolution is also dramatic, decreasing 1 °C and increasing 1 °C between
M20 and Pt. Sal (Figure 10c). North of Pt. Sal, AT}, is largely less than —1 °C but is not monotonic. This
is counter to the near constant to decreasing ATy, expected for uniform coastline buoyant plume with
infinite source. All of this indicates that the Plume 1 warm water pathway had an offshore component
that was advected onshore between Pt. Purisima and Pt. Sal, as well as north of Pt. Sal.

3.8. Diurnal Band Analysis: Wind forcing and Alongshore Propagation

Previously, inner-shelf DU temperature variability in the Pt. Sal, Pt. Purisima, and SBC regions has been
linked to DU wind forcing (e.g.,Aristizabal et al., 2016; Cudaback & McPhee-Shaw, 2009). Here, we examine

whether the DU wind forcing is directly forcing the DU-T variability. At each mooring, the envelope of the

DU (easting and northing) winds and the envelope of the DU temperature A<1DU) (, 1) is calculated with a

Hilbert transform. The correlation between DU northing winds (v) and T varies +0.2 at all mooring locations
(Figure 11, orange) and is not statistically significant at the 95% level (using a decorrelation time of 96 hr).
For the DU easting winds (u), the correlation magnitude is larger at some locations at +0.5 (Figure 11, blue)
but only statistically significant for one mooring near Pt. Sal (filled blue symbol in Figure 11). However, this
correlation is negative, indicating that strong DU-T variability occurs during weak DU winds. Thus, we con-
clude that the DU-T variability is not directly driven by the wind.

To further evaluate DU-T variability, AﬂDU) (v, ¢) is plotted as a function of local time of day in hours versus

yearday at moorings M1 and M7 (Figure 12), separated by about 20 km. At each mooring, theAgDU) (v, t) daily
maximum is generally phase locked (with some variability) with average maximum occurring around 1700
and 2200 (local time) for M1 and M7, respectively (Figure 12). Thus, M1 and M7 have a DU-T variability
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DU wind and T envelop alongshore phasing with a 5-hr lag. For reference, the daily maximum DU

35.1

H winds consistently occur at 1600 (not shown).

To examine the alongshore coherent and propagating DU-T variability, a
Hilbert EOF (e.g., Horel, 1984) that resolves stationary and propagating

covariability (e.g., Horel, 1984; Merrifield & Guza, 1990) is applied to

A&DU) (y,t) . For the DU band, a complex A*gDU) (y,t) time series is

35

34.9

latitude

34.8

34.7

generated.

APV, 1) = AP (3, 0) +iAPY (9, 1), (5)

where ;4V<1DU) is the quadrature function (Hilbert transform) of AﬁDU) 1)

and i = v/—1. The A*gDU) (y, t) variability is decomposed into horizontal
complex EOFs (CEOF), H,(y), such that

AP (.1) = S B (0, ), ©

where the CEOFs HPY (y) are the eigenvectors of the Hermitian A*PD

covariance matrix. The DU-first CEOF alongshore phase is estimated as

O} _ gtan (L)
6, (v) = atan <Re [Hl (DU) (y)] J (7

where Re and Im represent real and imaginary components. The along-

shore DU magnitude is represented by|H §DU> ).

The first CEOF of alongshore DU temperature explains 67% of the latitu-
dinal spatial variability. Consistent with large variance fraction explained,

correlation the first CEOF magnitude|H %DU) (v)|(Figure 13a) has a structure similar to

25
Figure 11. The correlation between the envelopes of diurnal EOF1 ampli- (A(lDU)) (Figure 9d). The first CEOF phase 6" (y) reveals a coherent

tude AgDU) (v,t) and COAMPS-modeled diurnal easting (u, blue circles)
and northing (v, orange diamonds) winds. The horizontal dashed lines

southerly propagation of 1.9 ms™* between 35.15°N and Pt. Sal

represent the locations of Pt. Sal and Pt. Purisima. The filled circle near pt. ~ (Figure 13b) with <5% propagating phase error (Merrifield & Guza,
Sal is significantly different from 0 at the 95% confidence level. 1990), where thel H§DU) (y)| is largest (Figure 13a). Wherel HgDU> ()| is ele-

vated between Pt. Sal and Pt. Purisima, the first CEOF phase eﬁDU) (v) also has a sense of coherent southerly
propagation of 0.9 ms™", slower than north of Pt. Sal.

Even though the DU temperatureA(lDU) (v, t)is not related to the local DU wind envelope (Figure 11), it may be

possible that the ASDU) (v, t) alongshore phase propagation is driven by an alongshore-propagating DU wind
phase. Here, we test whether an alongshore-propagating modeled DU wind phase locally drives an

alongshore-propagating DU-T phase eﬁDU) (v) (Figure 13b). An alongshore CEOF decomposition was per-
formed independently on the DU-band northing and easting winds (denoted with superscript “DW”). The first
CEOF of easting and northing DU wind explains 93% and 68% of the DU wind variance, respectively, and the E

and N magnitude|H §DW> (v)| varies by a factor of 2 over the study region (Figure 14a). However, the phase eﬁDW)
(y) is relatively constant alongshore, indicating the DU winds are in phase alongshore (Figure 14b). Therefore,
the observed DU temperature southward propagation also is not directly wind forced.

3.9. SD Band Depth-Integrated Energy, Decorrelation Length Scales, and Barotropic
Tidal Coherence

For depth-uniform mean stratification N* (Figure 9¢) and for kinetic and potential energy equipartition, the
depth- and time-averaged SD energy E(SD), accurate to second order, is a function of the first EOF amplitude

AgSD) and mean stratification N? as,
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Figure 12. The DU EOF1 amplitudeAgDm( ,t) as a function of local time of day in hours and yearday for moorings (a) M1
and (b) M7.
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Figure 13. Alongshore diurnal temperature first Hilbert EOF versus latitude: (a) magnitude, ‘H DU)( )); and (b) phase,
B(DU (v). This first Hilbert EOF explains 67% of the spatial variability of the diurnal first EOF amplitude A(lDU) 0 ).
Horizontal dashed black lines indicate the locations of Pt. Sal and Purisima. The magenta dashed lines indicate the

inferred alongshore (latitude) propagation speeds north of Pt. Sal (¢ = 1.9 m/s) and between Pt. Sal and Pt. Purisima
(c =0.9 m/s).
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indicate the locations of Pt. Sal and Purisima.
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The expression for E® is independent of ¢§SD) (z/h) because of the normalization (2). The depth-averaged
energy (as opposed to depth integrated) is chosen to remove the effect of mooring depth variations
(Figure 9a). Both standing and propagating energy E®™ (e.g., Kumar et al., 2016; Lerczak et al., 2003) are
included in (8). The latitudinal dependence of the SD-band energetics is examined with a normalized

SD-band energy EBD) defined as
EGP) = ED) /max (E<SD>). )

The SD depth-integrated energy ESP) varied strongly (factor 5x) alongshore in 9- to 16-m water depth, par-
ticularly south of Pt. Sal and Pt. Purisima (Figure 15), highlighting the strong effects of the headlands. The

E®P) js weak (about 0.2) to the north, increases strongly south of 35 N toward a maximum E®P) = 1at Pt. Sal
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(Figure 15), and sharply decreases by a factor of 4 just to the south of Pt.
Sal. Just north of Pt. Purisima, a secondary E*®) = 0.5 maximum occurs,
which decays south of Pt. Purisima, although not as dramatically as at Pt.
Sal (Figure 15). In contrast, the 50-m water depth incident SD-band
energy flux varied weakly alongshore (spanning 7 km north and 3 km
south of Pt. Sal) by a factor of 1.25x during June and July 2015 (Kumar
et al., 2019). This suggests that the headlands bathymetry near refracted
the incident SD energy onto the points, particularly Pt. Sal. Onshore of
50-m depth, SD-band energy is also likely dissipating (Colosi et al.,
2018), reflecting (e.g., Kumar et al., 2016; Lerczak et al., 2003) or being
transferred to higher frequencies (e.g., Holloway et al., 1999). The weak
E®P) at M10 (in the bay south of Pt Sal, Figure 1c) is likely due, in part,
to strong bathymetric refraction within the bay and also the shallower
bathymetric slopes (relative to M8 at Pt. Sal) giving greater propagation
distance for dissipation.

Any spatial coherence of the SD band AgSD) (v, t) (Figure 8c) is less clear

than for ST or DU variability (Figures 8a and 8b). SD band A(ISD> . 1)
alongshore spatial decorrelation scales are estimated from lagged

cross-correlation analysis. Lagged A§SD> (y,t) cross-correlation functions,
r;j, are estimated over all mooring pairs for 48-hr window, such that

SD SD
rij(@) = B[4 01, 0) AP (4 7))

SD SD
E[A™ 51,0) A (1)1,

(10

where E is the expectation operator, i and j denote unique pair of moor-

ings, t is time, and 7 is the temporal lag. The maximum r; (7) per mooring

pair is referred to as rﬁ,?f,} and is averaged in 3-km spatial bins. The rgf,f

34.65
0

Figure 15. Normalized SD depth-averaged energy, E®P) (8 and 9) as a func-
tion of latitude. The locations of Pt. Sal and Purisima are indicated with the

horizontal dashed lines.

1 1 decays rapidly with alongshore instrument separation (Figure 16) with
0.5 1 an e-folding decay scale of 7.5 km, indicating that T(1$D) (, t) decorrelates
E (SD) on relatively short alongshore spatial scales. Although the AgSD) (v, t) var-
iance (and E*P)) largely vary smoothly with latitude, except near Pt. Sal
(Figure 9e), SD-T variability is only coherent over short distances relative
to the ST (Figure 8a) and DU (Figure 13) variability. These short (7.5 km)
SD-band alongshore decorrelation length scales (Figure 16) are consistent
with the spatially incoherent SD-band near-bed temperature variability between south of Pt. Sal and south of
Pt. Purisima (Aristizabal et al., 2016).

At moorings M1-M20 (9- to 16-m water depth), theA§SD) (v, t) have broad spectra consistent with the M1 and
M7 middepth temperature spectra (Figure 5). At all moorings, very little of the variability (<7%) is coherent
with SD tidal frequencies (M2, N2, and S2). In contrast, in 50-m water depth offshore of Pt. Sal in Summer
2015, about half of the SD energy flux was coherent (i.e., at SD tidal frequencies M2, N2, and S2) and half
incoherent in both observations and models (Kumar et al., 2019). This indicates that the variable stratifica-
tion and Doppler shifting processes that induce SD baroclinic tidal incoherence are far larger in the 3-5 km
between the 50-m and 10-m depth contour than in the approximately 100-km distance to the generation sites
(Kumar et al., 2019).

4. Discussion
4.1. ST Warm Buoyant Plumes

ST poleward-propagating warm buoyant plumes, originating from the SBC, were previously studied in detail
from north of Pt. Conception to south of Pt. Sal with three nearshore mooring locations on the south side of
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(SD)

T'max

the topographic points separated by 15-40 km (Cudaback et al., 2005;
Melton et al., 2009 ; Washburn et al., 2011). The interpretation (Suanda
et al., 2016; Washburn et al., 2011) drew on the theoretical model of a
two-fluid gravity current on an alongshore-uniform sloping bathymetry
(Lentz & Helfrich, 2002). Here, the high alongshore resolution array that
extended north of Pt. Sal (Figure 1) allowed headland and offshore recir-
1 culation effects on three warm plumes to be observed, in contrast to the
Lentz and Helfrich (2002) model. Plumes 2 and 3 are in many ways, but
not completely, consistent with what would be expected for a warm buoy-
ant plume for a coastline without headlands. Plumes 2 and 3 headland
effects were seen in ATmax, Tplume, and in propagation limited to Pt. Sal
(Figure 10), even with wind relaxation conditions. For the strong Plume
1 that occurred during a long (10 days) wind relaxation, warm water
arrived north of Pt. Sal within 3 hr of south of Pt. Purisima (Figure 10a),
much too fast for a northward-flowing current and implying onshore
advection of warm water due to other processes (Nidzieko & Largier,

0 ' ' : ' 2013). Thus, the Melton et al. (2009) prior southern arrival criteria bias
0 10 20 30 . 40 50 to inferred northward propagation and give the appearance of consistency
alongshore separation (km) with the Lentz and Helfrich (2002) model. Furthermore, previously esti-

Figure 16. Maximum SD band AESD) cross-correlation coefficient riwy (10)

versus alongshore separation. The rSE,E is bin-averaged over 3 km, and
mean (black squares) and 95% confidence interval (vertical lines) are shown.

mated Atyjume (Melton et al., 2009; Washburn et al., 2011) is aliased with
the large mooring spacing. The headlands may induce offshore transport
of warm plume water. For example, anticyclonic eddies that can develop
between Pt. Arguello and Pt. Purisima as observed by Washburn et al.
(2011). This eddy could deflect the warm SBC plume offshore, with poten-
tial for reconnection north of Pt. Sal. Another possible mechanism for warm water development north of Pt.
Sal is the Pt. San Luis (Figure 1) upwelling shadow that tends to occur in late summer through early fall
(Walter et al.,, 2018). Furthermore, clear Plume 1 headland effects are seen in AT, and Afpayx
(Figures 10c and 10d and 8a). Thus, Plume 1 is largely inconsistent with the Lentz and Helfrich (2002) model
north of Pt. Purisima, and further consideration of headland coastline effects on the propagation and mixing
of buoyant thermal plumes is needed.

4.2. Diurnal Temperature Variability

The SMB DU vertical temperature structure in 50- to 100-m depth had a near-surface maximum, suggesting
surface forcing (Pidgeon & Winant, 2005). In the SBC, the DU temperature first EOF had weak surface and
bottom-enhanced structure (Cudaback & McPhee-Shaw, 2009). Aristizabal et al. (2016) observed that the
DU winds and DU near-bed temperature were in phase in the SBC, concluding that DU temperature signal
was directly DU wind forced and did not propagate alongshore. Cudaback and McPhee-Shaw (2009) stated
that the DU wind variance forced DU temperature variance in the SBC but did not present statistics. Here,
the first DU EOF (Figure 6¢) had a mixed barotropic and linear baroclinic vertical structure, suggesting sur-
face forcing is not the dominant process. The lack of an observed relationship between envelopes of the DU

(easting and northing) winds and DU temperature A(IDU) (v, t) (Figure 11) indicates that direct wind forcing

did not drive the DU temperature variability in 9- to 16-m water depth along this stretch of coastline, counter
to previous conclusions.

The DU temperature has a linear southward phase propagation of 1.9 m/s over a region of 18 km
between SLO Bay and north of Pt. Sal (Figures 12 and 13b). Such southward alongcoast phase propagation
for the subcritical DU frequencies has not been previously observed. The inferred phase speed is too rapid to
be advection. A sense of southerly propagation also occurs between Pt. Sal and Pt. Purisima (Figure 13b). A
barely significant DU temperature coherence between locations south of Pt. Sal and south of Pt. Purisima
was noted by Cudaback and McPhee-Shaw (2009), consistent with the reduced Hilbert EOF amplitude south
of the points (Figure 13). A southward-propagating inner-shelf DU-T signal was inferred south of the San
Diego Bay entrance (Grimes et al., 2019). These phase speeds may be larger than the actual propagation
speeds if the propagation direction is not alongshore aligned. The uniform alongshore phase of the

DU-modeled COAMPS winds (Figure 14b) indicates that the DU winds do not match DU-band AgDU) . 1)
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southward phase propagation. This further demonstrates that DU temperature variability is not driven by
the DU winds.

At this latitude, inviscid DU internal motions are evanescent as DU frequency wpy < f. Yet, when ST vorti-
city sufficiently reduces the local Coriolis parameter, DU internal waves can exist (e.g., Lerczak et al., 2001).
However, the ubiquitous DU temperature variability during northward and southward flow periods
(Figure 8b; Aristizabal et al., 2016; Pidgeon & Winant, 2005) suggests that this is not the mechanism allowing
propagation here. In the SBC, the ST vorticity did not influence elevated DU temperature variability
(Cudaback & McPhee-Shaw, 2009). An internal Kelvin or shelf mode (e.g., Mysak, 1980) could support fre-
quencies less than f, but it would propagate northward. Furthermore, if this was a propagating internal
wave, a strong baroclinic vertical structure would be expected, as opposed to the mixed barotropic and bar-
oclinic vertical structure (Figure 6c).

One proposed mechanism for the observed alongshore-propagating DU-T north of Pt. Sal is a forced DU-T
oscillation north of the array that propagates alongcoast as a baroclinic edge mode, where the presence of
friction allows for propagation. Walter et al. (2017) found that the DU sea breeze transported surface warm
water out of the SLO Bay (north of our array, Figure 1b) and transported near-bed colder water into the bay.
When the DU sea breeze relaxed, warm water advected back into the bay as a buoyant plume. This
headland-related DU forcing conceptually acts as a forced oscillator, which could set up baroclinic
cross-shore standing modes (e.g., Llewellyn-Smith, 2004) that are typically alongcoast evanescent because
the DU frequency wpy < f. The allowed northward-propagating Kelvin and shelf modes are not observed
because SLO Bay source blocks northward propagation. However, friction is presumably significant for
baroclinic motions in these shallow waters (e.g., Pringle & Brink, 1999). For a barotropic linear
shallow-water f plane with Rayleigh (linear) friction, the evanescent dispersion relationship is detuned
and mixed decaying and southward-propagating solutions are allowed, that is, exp(—k,y)
expli(kzy — Rwpuyt)]) with k, > 0 and k; < 0 the real and imaginary parts of k = (gh)_l/
2 [(f2 - szU) — iRcoDU]l/ 2 where R is the Rayleigh drag coefficient. Although friction is often considered
weak, when wpyis near f, weak friction may become important. In principle, similar solutions should apply
to f-plane frictional baroclinic modes on a slope extending the inviscid solutions of Llewellyn-Smith (2004).
Solutions would depend critically on the cross-shore slope, stratification, and the Rayleigh drag coefficient as
well as the local Coriolis parameter fand DU frequency wpy. This analysis is to be presented elsewhere, and
thus, this is only considered a proposed mechanism for the southward phase propagation.

4.3. SD Temperature Variability

The separation of SD temperature variability into vertical modes and alongshore structure elucidates how
both the SD vertical structure (Figure 7) and the depth-integrated energy EP) (Figure 15) vary alongshore.
Previous SD-band temperature analyses over similar alongshore scales have focused on a single near-bed
thermistor (e.g., Aristizabal et al., 2016), resulting in aliasing SD vertical structure into alongshore variabil-

ity. For example, the ratio of near-bed ¢§SD) (z/h) between M14 and M1 is >2, even as their E®P) are similar.
Using only near-bed thermistors would lead to the conclusion that M14 has much stronger SD variability
than M1. Analysis in lower frequency bands (e.g., Tapia et al., 2014) does not have such aliasing problems
as the vertical structure of low-frequency variability is much more depth uniform (Figure 6).

The alongshore-varying ¢>(1SD) (z/h) vertical structure (Figure 7) suggests that different locations support lin-
ear internal waves and nonlinear cold bores. SD-band internal waves are effective at transporting larvae and
nutrients across the inner shelf (e.g., Lucas et al., 2011; Pineda, 1999), and variations in internal wave energy
are linked to onshore larval recruitment (Pineda & Lopez, 2002). However, internal wave-induced transport
likely depends on the vertical structure. Alongshore variations in SD temperature vertical structure
(Figure 7) alone could reflect spatial variability of transport and potentially alongshore population variabil-
ity. Locations with nonlinear internal waves would be expected to have larger energy E®P) than locations
with a linear response. The relationship between the ¢§SD> (z/h) vertical structure and SD depth-averaged

energyE<SD) is examined here to better diagnose the processes driving the SD-T variability. The misfit of ¢§SD)
(z/h) from a linear Mode 1 baroclinic response sin[z (z+h)/h] (compare blue and orange dashed curves,
Figure 7) is represented by mean square misfit ¢* defined as
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where €% = 0 is a linear Mode 1 response.

¢ The misfit ¢ varies from 0.01 to 0.24, indicating near-exact to strong

° deviation from linear baroclinic response (Figure 17). The misfit ¢* and
L ] normalized SD energy E”) are linearly related (+* = 0.61) with stronger
energy related to larger misfit (Figure 17), consistent with linear barocli-
nic structure for weak SD internal tide and nonlinear bottom-intensified

e o ] structure with stronger SD internal tides. The SD misfit and energy are

° heuristically grouped by geography and ¢(1$D) (z/h) (colors in Figure 17).

The generally largest E®P) and largest €* are clustered into a group,
denoted as B (red in Figure 17), consisting of M5 to M10, all locations rela-

tively close to Mussel Pt. and Pt. Sal, indicating that a regional internal
(SD)

oow>

wave hotspot. In contrast, the generally smallest E and ¢? are asso-
] ciated with the locations near SLO Bay (M1-M4, Group A) or moorings

0.5 1 near and south of Pt. Purisima (M13-M15 and M16-M20, Group D) con-

E( SD) sistent with weaker and more linear SD internal waves. Intermediate E (5P
and ¢ located between Pt. Sal and Pt. Purisima (M11, M12, and M16;

Figure 17. Normalized semidiurnal depth-averaged energy E®P) (8 and 9) Group C) have quasi-barotropic ¢(ISD) (z/h) induced by either am SD wave

versus misfit from baroclinic mode one > (11). The squared correlation is
¥ = 0.61. Color represents heuristic groupings-based (A, B, C, and D) geo-

graphy (Figure 1b) and on ¢§SD) (z/h) vertical structure (Figure 6) as dis-
cussed in section 4.3. Red-circled red dot represents results from M10.

or advective process. This A-D grouping is heuristic, particularly for
Groups C and D south of Pt. Sal. For example, M15 and M17 (Figure 7)
could be in Group C and not Group D. Nevertheless, the relationship

between E®) and ¢? is robust and independent of this grouping.

Mooring M10 is located in the bay southeast of Pt. Sal (Figure 1c) and is an outlier in the linear relationship

(SD)

between E and € (red open circle of Group B, Figure 17). M10 has relatively large ¢* = 0.17, consistent

with other moorings of its geographical grouping B but weak E®P) — 0.27, relative to other Group B moor-
ings (red, Figure 17). Mooring M10 is less than 2 km separated from the M8 just west of Pt. Sal (see Figure 1
¢), which has the strongest E*?)=1. M10 is the most sheltered mooring location and yet has vertical structure
consistent with a nonlinear cold bore (Figure 7j). Offshore of M10 is also more shallowly sloped than at
nearby locations (e.g., M8, M9, and M11; Figure 1c). The SD internal waves incident to Pt. Sal are strongly
nonlinear (Colosi et al., 2018). The M10 deviation in the E®®) and €* relationship suggests that the
cross-shelf nonlinear transformation of the SD-band internal waves into M10 is fundamentally different
than at other locations.

5. Summary

The coastal region of the SMB has regions of relatively straight shorelines interrupted by coastal headlands
such as Pt. Sal and Pt. Purisima. Twenty moorings with a high vertical density of thermistors were deployed
in 9- to 16-m water depths along 50 km of this coastline to study the temporal, vertical, and alongshore
inner-shelf temperature (T) variability. Temperature spectra had peaks with significant variability in the
ST, DU, and SD frequency bands. At each mooring and in each frequency band, the vertical T structure first

EOF ¢,(z/h) describes a high fraction of variance. The ST vertical structure ¢§ST) (z/h) was quasi
depth-uniform with weak linear vertical structure at all moorings. Wind relaxation induced three ST-band
poleward-propagating warm plumes. The two weaker plumes were relatively consistent with alongshore
uniform buoyant plume model, although headland effects were observed. The strongest plume had strong
headland effects and offshore warm water advecting onshore, inconsistent with buoyant plume model.
Previous plume arrival time criteria are biased to northward propagation, and the high alongcoast resolution
prevented aliasing of plume statistics.

The DU-T vertical structure ¢§DU) (z/h)was a mix of barotropic and linear baroclinic structure, without a sur-
face extrema, indicating that surface forcing is not the dominant process. Inner-shelf DU-band temperature
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variability with magnitude of 0.2-0.4 °C was always evident and was the largest north of Pt. Sal with sharp
reductions south of Pt. Sal and Pt. Purisima. The time envelope of DU variability was not modulated by the
ST stratification changes nor was it linked to the envelope of modeled DU winds, in contrast to previous stu-
dies. The alongshore first CEOF of DU temperature explains 67% of the latitudinal variability. The DU first
CEOF has an alongshore linear phase variation north of Pt. Sal, suggesting a 1.9-m/s southerly propagation,
even though DU frequency is subcritical at this latitude. The modeled DU winds had nearly uniform along-
shore phase. This indicates that the DU winds do not directly generate this DU-T southward phase propaga-
tion. The presence of friction allowing mixed decaying and propagating solutions is a proposed mechanism
for the observed DU propagation.

In contrast to the DU and ST bands, the SD-T vertical structure ¢§SD) (z/h) varies alongshore, suggesting at
different locations linear internal waves and nonlinear cold bores. Inner-shelf SD-band temperature varia-
bility is modulated by the ST-band stratification, consistent with previous results. The SD depth-averaged
energy varied strongly (factor 5x) alongshore particularly near the headlands, with locations near Mussel
Pt. and Pt. Sal regional internal wave hotspots. SD-T variability was incoherent with barotropic tides and
decorrelates alongshore in 7.5 km, contrasting with SD-T variability a few kilometers offshore. Enhanced
and weaker SD depth-averaged energy was linked to nonlinear and linear baroclinic vertical structures,
respectively, which are headland influenced. These alongshore variations in SD variability and vertical
structure are likely important to material transport.
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