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In the summer of 2007, a biophysical experiment s@sducted to identify
physical processes that determine the deliveryngértebrate larvae and juvenile
rockfish to rocky intertidal and kelp forest commntigs in northern Monterey Bay,
California. The experiment was sponsored by thdnBeship for Interdisciplinary
Studies of Coastal Oceans (PISCO) and collectedipdlymeasurements including
velocity from acoustic Doppler current profilersurfeice gravity wave heights
measured acoustically, and temperature from théomehain arrays both along- and
across- the inner shelf in water depths of 10 -m60'he inner shelf is the transition
between the nearshore and mid-shelf zones, aneffised where surface and bottom
Ekman boundary layers overlap.

Previous work has shown that the inner shelf is tbgion is rich in physical
processes across many space and time scales. ahleege is to identify and quantify
the dominant processes at the diurnal (24 houipgeDiurnal tides contribute less
than 10% of the observed currents. Thus the fosusnithe oceanic response to a
strong (8 - 15 m/s daily maximum) along-shelf seaeke which forces offshore



surface Ekman transport, drives average upwellglgoities of 26 m/day, and cools
the water column 2 —°4lay. At 15 m (20 m) depth, measured diurnal serfaansport
is 36% = 9% (77% = 12%) of full theoretical Ekmamartsport. Examination of a
diurnal heat budget shows that vertical advect®rthe dominant process during
afternoon cooling (both horizontal advection anthisansolation are sources of heat
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cooling and along-shelf advection during heating.
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I ntroduction

This thesis presents an analysis based on obsmrahtiata that describes the
surface gravity wave, water column velocity, anerhal stratification response of the
northern Monterey Bay inner shelf to forcing byrdial sea breeze. This introduction
sets the stage for the rest of the work by deswilthe relevance of examining sea
breeze forcing to inner-shelf studies, the uniglgsical setting provided by northern
Monterey Bay, as well as an outline of the thedigdives and how | situate this

work within the goals of the larger project thapparted this research.

Dynamics and previous observational and modelingdsés of the inner
shelf

In northern hemisphere coastal regions, on the emgsfeastern) side of
continents with strong equator (pole)-ward alonghswinds, offshore surface Ekman
transport drives upwelling of waters onto the coetital shelf. The inner shelf is the
region where shelf circulation adjusts to the pmeseof a coastal boundary (Lentz,
1994). It is formally defined to be the region adésof the surf-zone where surface
and bottom Ekman boundary layers overlap (e.g.4,€194). It is also the region of
active upwelling where a divergence of Ekman transpas been predicted, modeled,
and observed (e.g. Mitchum and Clarke, 1986; Adeal., 1995; Lentz, 1995; Lentz
et al., 2001, Kirincich et al., 2005).

From a physical perspective, the inner shelf hadezl complete description
because our understanding of the relevant forcethisregion is incomplete. The
momentum balance on the inner shelf involves biwi forces throughout the water
column and often includes the effect of shoalingasie gravity waves (Lentz et al.,
1999). It is historically under sampled as it présea challenging work environment
with water depths too shallow for full-size ocearaqic research vessels. Even so,

physical processes here are relevant to othersfigldtudy as they play a role in the



dispersion and retention of nutrients, pollutantsl anvertebrate larvae, especially
intertidal and kelp forest species (e.g. Farredlgt1991).

Previous observational studies of wind-driven inrsieelf circulation have
focused on sub-tidal frequencies, thus expectingtemdy Ekman balance in the
momentum equations. Studies on the effect of akimedf winds have documented the
extent of Ekman transport divergence from its sbwid in shallow inshore waters to
deeper offshore regions where full transport idized (Lentz, 2001; Kirincich et al.,
2005). Lentz (2001) found that on the Northern Gaaoinner shelf the percentage of
cross-shelf surface transport increased to thettigibretical value over a distance of
10km and that this result was sensitive to thelle¥estratification. Kirincich et al.
(2005) found full theoretical surface transportlizea at similar depths (=50 m) a
closer distance to shore on the steeper Oregon stredf. This shows that water depth
controls the region of Ekman divergence more sa thatance to shore (Kirincich et
al., 2005).

There are also observations that document the mespaf inner-shelf currents
to cross-shelf wind forcing (e.g. Fewings et al0@). Fewings et al. (2008) found that
cross-shelf exchange was better correlated withsesbelf than along-shelf winds on
the Martha’s Vineyard Coastal Observatory innedfshéhile Ekman transport shuts
down as the shore is approached, currents driveardss-shelf winds can be more
effective as they do not experience the same daveg (Tilburg, 2003).

In two previous modeling studies of the inner-smefponse to wind forcing (Tilburg,
2003; Austin and Lentz, 2002), the inner shelf Ipees unstratified due to either
offshore movement of the upwelling front during tewsed upwelling or due to
convective instability during downwelling. While dreased stratification limits the
vertical extent of turbulent eddies allowing massd anomentum to be more
efficiently mixed in a shallow surface layer, dasification has an adverse effect on
wind-driven transport efficiency. Related to sfiiaition, cross-shelf circulation on
the inner shelf has also been shown to be sendiivite form of eddy viscosity

(Lentz, 1995). A swift approach to steady state &Rkrbalance can be achieved with



an eddy viscosity profile that increases lineangnif the ocean surface (Madsen,
1977). Thus, if inner-shelf regions remain stratifialong-shelf winds could still be an
effective mechanism at driving transport.

Finally, a recent development in understanding gbelf motions on the
inner shelf is to include the effect of shoalingface gravity waves. On the Northern
Carolina inner shelf Lentz et al. (1999) identifigchdients in the cross shelf wave
radiation stress to be important in the momentutarnz®. In a further study, wave-
driven cross-shelf circulation was consistent vaitbalance between the Coriolis force
and the Hasselman wave stress resulting in suratmities comparable to those
driven by the wind (Lentz et al., 2008). Thoughstlidditional source of offshore
motion did not significantly alter Ekman transppdrcentages on the Oregon inner
shelf, Kirincich et al. (2008) also found consigtegsults, showing the importance of
surface gravity wave forcing on the inner shelf.aAvlonterey Bay location, a recent
study found that diurnal sea breeze significanttgrad cross-shelf current profiles
through both direct cross-shelf wind forcing andface gravity wave forcing
(Hendrickson and MacMahan, 2009). They found that Monterey Bay sea breeze
increased wave heights by 20%, and that diurnatases in surface stress and surface
gravity wave forcing can have a similar effect ondr-shelf current profiles on the
diurnal timescale as on subtidal ones reporteddwigs et al. (2008) (Hendrickson
and MacMahan, 2009).

Physical setting of Monterey Bay

Monterey Bay is a large semi-circular bay situate@€entral California. Like
much of the West Coast of North America, it is sabjto upwelling-favorable winds
for a portion of the year, particularly in summ@&he regional-scale, summer-time
oceanic circulation in the bay has been the sulgkatany studies (Rosenfeld et al.,

1994) and is still an active area of research dube unique and complicating effects



bay geometry and bathymetric features have on aceaculation (e.g. Ramp et al.,
2005; Rosenfeld et al., 2008).

During sustained upwelling-favorable winds, the mepastal upwelling center
is to the north of the bay at Pt. Ano Nuevo (Roskhgt al., 1994). Cold upwelled
waters can be seen in satellite imagery to trawéh lacross the mouth of Monterey
Bay and offshore, isolating bay waters from regiestale circulation (Figure 1)
(Rosenfeld et al., 1994; Paduan and Rosenfeld, )19y waters onshore of the
upwelling jet are shielded from regional wind by tRanta Cruz mountains, and form
a recirculation zone in the northern part of thg fRosenfeld et al., 1994; Graham
and Largier, 1997). This region is part of a cothiateckwise rotating gyre
characterized by cold subsurface water capped by 40 m surface layer of water
warmed by solar insulation termed the ‘upwellingaddw’ (e.g. Rosenfeld et al.,
1994; Graham and Largier, 1997; Ramp et al., 2005).
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Figure 1. Daily-averaged surface currents from C@®Dénd SST from AVHRR for
Monterey Bay during upwelling. Dotted box denotasation of current study. Pt. Ano
Nuevo upwelling center is to the North. Figure oguced from Paduan and
Rosenfeld (1996).



From a biological perspective, the upwelling shadegion has been observed
to be more turbid than offshore upwelling jet wateith lower nutrient content and
higher chlorophyll levels (Graham and Largier, 19%ievated primary production in
a confined region increases food availability faghter trophic level organisms and the
recirculation can also be conducive for larval métan.

The frontal region separating the shadow from affshupwelled waters
behaves as a buoyant front further inhibiting exgea and reinforcing the
recirculation (Graham and Largier, 1997; Woodsomlgt2009in pres3. The inner
shelf study area of this thesis is within this tedmegion. Woodson et al. (2009) report
that in the along-shelf direction this front is gdb to buoyant forcing due to the
temperature difference between the upwelling shadog offshore upwelling jet, an
along-shelf pressure gradient resulting from tha kel difference between the
shadow and Pt. Ano Nuevo upwelling center, as aglimodulation from the diurnal

sea breeze.

Local forcing and sea breeze

Because of effective shielding from regional fogsirrecent work on the
northern Monterey bay inner shelf has shown locatg@sses (e.g sea breeze winds) to
be important (Drake et al., 2005; Woodson et 2007; Woodson et al., 2009 in
press). On seasonal timescales, currents in thikararbay more closely correlate to a
local wind station than to the offshore NDBC buo$042 which is more
representative of regional winds (Drake et al.,200he sea breeze wind is oriented
predominantly alongshore and Woodson et al. (2@i@d)diurnal upwelling to result
in water column cooling up to 8C occurring at midday when solar heating is
strongest (Woodson et al., 2007).

Sea breezes are a common feature of mid-latitudestab areas. The

atmospheric sea breeze circulation results frorty dhifferential heating of land and



sea. For the particular case of Monterey Bay, atfgographic characteristics make
this forcing particularly potent. The Salinas rivalley to the east of Monterey Bay is
a wide expanse of land that is subject to interesgihg in the summer and the Santa
Cruz and Gabilan mountain ranges funnel sea breemis into this valley (Banta et
al., 1993). More recently, the increase in strengthdiurnal wind power over
Monterey Bay has also been reproduced by the NaO@AMPS model as noted in
(Kindle et al., 2002).

Heat Balance

Previous studies have used experimental data tmiagaheat balances over
the continental shelf, and compare contributiongasious terms to the observed mean
or fluctuating heat content. The Coastal Ocean byost Experiment (CODE) region
(centered on 38%l, 123.5W) has achieved considerable attention with mudtfjeld
programs over the last 30 years. Lentz (1987) wrteconservation equation for the
heat content of a 3-dimensional volume extending6along-shelf, 25 km across-
shelf and from the surface to the bottom duringghemer upwelling season. Lentz
(1987) finds good agreement with measured offsihea flux and a 2-dimensional
Ekman model across the control volume. The studg alosed both the mean and
subtidal fluctuating heat budgets. Turning attemttowards the winter and spring
seasons, Dever and Lentz (1994) estimate the laéatde for a 2-dimensional cross-
shelf slice in this region. The balances in thetigab fluctuating heat budgets are
found to be similar to the summer season, but teamheat balance showed the
importance of 3-dimensional processes during th&ewriperiod (Dever and Lentz,
1994).

With the purpose of identifying dominant processesponsible for upper
water column warming in response to wind relaxatduring the Coastal Ocean
Dynamics Experiment (CODE), Send et al. (1987)aisenservation equation written

for the heat content within a surface layer. Thipraach was successful as each term



in the conservation equation was evaluated with,dgving insight to the relative size
of various contributions. With a focus on subtitlalescales, Send et al. (1987) find
that surface heating and alongshelf advection tedargest contributors to observed
warming in the CODE region.

Motivation and objectives for thesis

This work is part of the Partnership for Interdiiciary Studies of Coastal
Oceans (PISCO) 2007 summer study in northern Mewnt&ay. The larger goal of
this study was to determine the physical procesisas control the recruitment of
marine invertebrates and juvenile fishes to tha.afée interaction of the upwelling
shadow with other physical forcing mechanisms mtesithe setting for this work and
many processes spanning a variety of frequencie® hbe potential to affect
recruitment of organisms.

The focus of this thesis is on forcing mechanismghie diurnal frequency
band. The driving questions here are: What prosesseresponsible for the observed
daily heating and cooling on the inner shelf? Wiaatentage of Ekman transport can
be expected with diurnal period along-shelf for€ing the mechanism of Stokes’ drift
important for cross-shelf exchange in this locatioBy the end, | will have a census
of forcing mechanisms in this frequency band, bk db determine the relative
strength of the different forces, and provide ihsigto their role in retention and
delivery of rocky intertidal organisms.

The rest of the thesis is organized as follows: Tmethodology chapter
describes the analysis procedures. The resultderhgpantifies the relation between
diurnal forcing mechanisms and observed curremsi\pares theoretical to measured
transports, evaluates the contributions of Stokkedgt and presents the results of a
diurnal heat balance. The discussion chapter idosec look at the results, an
interpretation of their implications, and a destap of future work. Lastly, results are

summarized in a brief conclusions chapter.



Data and M ethods

This chapter is divided into 3 sections. The fulsscribes data sources and
instrumentation used in this study along with alitprocessing procedures. The
second section describes the statistical techniqwedsding spectral, and correlation
procedures along with regression techniques, tiberierand procedure for creating a
canonical wind-day, as well as the way effectivgrdes of freedom are estimated.
The last section of this chapter describes methméstract various signals from data.
This includes estimation and removal of tides,neates of cross-shelf transport from
current profiles and calculation of theoretical Eamtransport. It also presents the
derivation of the heat budget equation, how indigidterms are estimated, and the

uncertainty associated with these estimates.

Instrumentation and Data Sources

Field observations used in this thesis are frora aallected by the 2007
PISCO summer study in northern Monterey Bay. Watdmmn velocity and
temperature data are from a series of inner-shedfys described by Woodson et al.
(2009). Though the PISCO study instrumented a 15dtretch of the northern
Monterey Bay inner shelf and included moorings, obat tows, and biological
sampling, the description below focuses only on medalata used in this thesis.

Moorings were placed in cross-shelf arrays atlhwen, 20-m, 30-m, and 60-m
isobaths off Terrace Point (TPT), Sand Hill BluBBH), and Light House Point
(LHP) (Figure 2). Temperature was recorded from MaySeptember 2007 with
loggers (Onset, Inc.) on each mooring recording pemakure every 2 minutes
(Stowaway Tidbits), or every 30 seconds (XTIs) (Wean et al., 2009). Temperature

loggers at the surface recorded at 4 min intervals.
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Figure 2: (A) Map of Monterey Bay showing locatiaf offshore wind stations

NOAA NDBC 46042 and MBARI M1 (map courtesy C.B. Wison). The study

location is denoted by a dotted square. (B) Clgsestiinner-shelf study region.

Bathymetry is shown in 10-m increments along witbrinistor chains (red dots) and
acoustic current profiler (blue dot) locations. &lsoted is the location of UCSC Long
Marine Lab (purple dot). (C) Cross-shelf view oéiimistor and current profiler array
off of Terrace Point (TPT).

Two and four minute temperature data were run tjmoa three standard
deviation filter to remove outliers beyond threanstard deviations of the mean for
each instrument and bin-averaged into hourly tieres. For the first few weeks of
deployment, the surface temperature from the 10T ™ooring showed values
equal to or lower than the 5-m logger on the sanm®ring. These values were
separated by a data gap and followed by more tiealsadings of surface waters
warmer than the 5-m logger. | considered the imtsdues suspect and did not include
them in the analysis. Data was also missing owelast few weeks of the deployment
from the bottom temperature logger at the TPT 26woring.

At Terrace Point, an Acoustic Doppler Current keof (ADCP; RDI
Workhorse 600 kHz, Teledyne Inc.) was deployedhat 20-m isobath. The ADCP
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recorded 45 pings per 2-minute ensemble averagém i1am bins. A second
instrument, an Acoustic Wave and Current ProfilBWAC; Nortek 1 MHz) was
deployed nearby (15-m isobath). The AWAC was progned to sample water
column velocity profiles for 40 minutes of everyunaising 2-minute ensembles of 40
pings. The instrument collected 2-Hz acoustic sf&racking (AST) during the
remaining 20 minutes. This AST record combined wititom pressure and wave
orbital velocity measurements allow the AWAC toalgs the surface gravity wave
directional spectrum. Current profiles from the AWAvere averaged into 0.5-m bins.
Though the ADCP was deployed for the entire sumstedy (May — September
2007), the AWAC was only deployed for the monthiolfy, 2007. Wave data gathered
by the AWAC was compared and supplemented withctioeal wave data made
available through NOAA National Data Buoy CenteD@BLC) number 46042.

With acoustically measured currents, near the sartgp to 10% of the water
column can be contaminated by side-lobe reflectian.minimize data loss a “tide-
following” processing method is adopted to presasenuch of the velocity profile at
a given hour. With the AWAC, accurate measurementthe surface are made by
both acoustic surface tracking and a bottom pressemsor. Hourly-averaged pressure
measurements are used to identify the surface knetlacity data above and 10%
below this level are discarded. The RDI ADCP hagressure sensor, so to find the
surface the tide-following method of Kirincich ek &005) is used. Backscatter
intensity from the 4 beams are added together lamdaniaximum value is taken as the
surface. Again, all velocity data above and 10%oWethis level are discarded. Both
sets of 2 minute current measurements are avetadexlrly values.

Measured water-column velocities are rotated ineogrincipal axes as derived
by the hourly depth-averaged values. The princgpads is such that variance is
maximized along the major axis and minimized altimg minor axis. Once rotated,
currents were assumed to be in the along (acrbs#)direction for the major (minor)

axes.
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Wind data were taken from a variety of sources ¢tonglementin situ
measurements. In this thesis, the term “regionafide are taken from Monterey Bay
Aquarium Research Institute (MBARI) M1 mooring, ahNDAA buoy 46042. In
addition, “local” wind data are taken from UCSC IgoNlarine Lab, less than 2 km
from the TPT inner-shelf array.

Aside from the initial wind calculation (Section Results), a typical west-
coast coordinate system of positive y-axis alongjfstowards the pole, and x-axis

positive onshore with zero at the coast is usedlianalysis to follow.

Statistical Tools

In each Results section, after reporting the meah standard deviations of
wind speed, on/offshore current component, and ¢éeatpre measurements, power
spectral density plots are presented. In the frecpelomain, the calculated power
spectra § show the distribution of variance in a time serigcross frequencies

ranging from the mean to the Nyquist frequency.

St =g tox ]

X = Fourier transform of time series x(t)
X* = Complex conjugate of(f).
N = Number of samples

At = sample interval

Prior to calculating power spectra, the mean oftiale series are removed.
Time series are multiplied by a triangle windowniinimize data edge effects and
calculated to have 20 degrees of freedom by bamthging neighboring frequencies.

The reported spectra are also variance-preseryimguitiplying calculated spectra by
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the ratio of the variance of the original time eerdivided by the variance of the
triangle-windowed time series.

Cross-correlation analysis is used to quantify thkationship between two
variables. The correlation coefficient (CC) is defil as the covariance of two random
variables divided by the product of their standdesiations (Emery and Thompson,
1997).

The Monterey Bay sea breeze is intermittent in tikm®alysis in the frequency
domain applied across an entire observation pesiaadiscriminant of whether or not
this forcing is present throughout the period. Tihee-varying amplitude of frequency
constituents in a time series can be followed byimdowed Fourier transform or
complex demodulation (e.g. Rosenfeld, 1988). Alttowind and water velocity time
series were complex demodulated at the diurnabgesuch analyses is not reported
as the cross-correlation is sufficient to demonsttiae relationships in this study.

In this study both standard linear and neutraleggjon are used according to

the model;

Y=mX+b

With this linear model, the slopen) is used to quantify the percentage of a model
signal X) that is explained by an external proce¥s Standard linear regression
minimizes variance in one dimension, thus assurthagthe modelX) is error free.
Linear regression is used to transform offshorei@ant wave heights to inner-shelf
wave heights (Stokes’ drift section, Results) anddmpare contributions of heat flux
terms to an observed amount of heating (heat bisdgdion, Results).

The neutral regression technique used follows @&aared Petrie (1981) as in
Kirincich et al (2005). For relating two variablehat both have measured
uncertainties, neutral regression fits a straiging khrough data by minimizing the

variance in both x- and y- directions. If measuremencertainties are not known, the
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slope of the regression line is defined as the regreot of the variance ratio between

the two time series:

One goal here is to quantify the effects of a girdiurnal sea breeze on the
circulation and temperature structure of the ingleelf. A way this is done is by
creating a canonical sea breeze day. Over the @rih® when all data were available,
days when local westerly sea breeze reached a maxwhat least 8 m/s are averaged
together. There are 45 such days during this stbyure 3). Hourly values of wind,
surface gravity wave, temperature, and velocitgaath level in the water column, are
averaged in time centered on the peak of the westend. The 12 hours leading to
and following maximum wind are also averaged, thyscture of the canonical wind-

forced day is formed.

06/07 0e/17 06/27 07/07 0717 07/27 08/06

Figure 3: Timeline marking 45 days (red circles@dign creating ensemble-averaged
canonical day. The x-axis marks the date (mm/dd)

In all measurements used here, the effective degrefreedom are less than if
each observation were statistically independens &fiects the degree of significance
in correlation coefficients as well as the sizeoffidence intervals on both linear and
neutral regression coefficients. As will be shoanarge percentage of variance in all
hourly time series was found in the diurnal bandjgating an integral timescale of 1

day. Thus, the number of degrees of freedom wermated for all time series by
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assuming that each day (24 hour interval) was depandent observation. With this
criteria, the AWAC deployment had 27 effective dmgy of freedom, the longer
ADCP deployment and wind measurements had over difctive degrees of
freedom, and variables ensemble-averaged in thenczal day had 45 effective
degrees of freedom. All correlation coefficientpaded in the text will be significant
at the 95% level unless otherwise noted. Confidentavals for regression slopes
and intercepts will also be reported at the 95%llev

The diurnal frequency band is the primary intecdghis thesis and for Ekman
transport estimates data are low-pass filtered gusinCosine-Lanczos filter as in
Mooers (1968). The filter is implemented with al28ur filter cut off. The low-passed
time series will retain less than 1% of the powetha semidiurnal frequency while
preserving about 70% of the power in the diurnaidba

Estimating Signals from Data

Tides

Harmonic tidal analysis on measured currents, bottpressure, and
temperature is conducted with T_TIDE, a packagg@rofjrams for MATLAB that
performs least squares harmonic analysis on saathvector time series (Pawlowicz
et al., 2002). As will be shown in Results, in gast to surface tides being
predominantly semidiurnal on the US west coast. (®gsenfeld et al.,, 2008),
harmonic tidal analysis on depth-averaged currestisnate diurnal tidal velocity to be
larger than the semidiurnal. Rosenfeld et al (20fi8)bute this to leakage from sea
breeze wind-driven currents into diurnal tidal fneqcies at this location. On the other
hand, semidiurnal surface tidal velocity from hamecanalysis is more reliable as it is
not subject to leakage from diurnal wind and corapawell with previous results
(Rosenfeld et al., 2008).
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To create a canonical wind-driven day it is necgssa account for and
remove, the diurnal tidal signal. As the amplituadle diurnal tidal velocity from
harmonic analysis is unreliable, instead it isreated from a ratio between the
expressions for sea level and depth-averaged weltvom solving the shallow-water
equations applied to frictionless channel with ltidecing (Gill, 1982) and assuming

that this ratio remains the same regardless off fidguency.

—_ BPlea“Kl
VKl -
BPMZ ><C"%\/IZ

M2

Vmz = M2 tidal velocity
Vk1 = K1 tidal velocity
BPx; = K1 tidal bottom pressure

BPv2= M2 tidal bottom pressure

w1 = K1 tidal frequency

w2 = M2 tidal frequency

Amplitudes of tidal velocities can change with tilm@d complex demodulation
provides a measure of the time-varying amplituda sinusoid. Thus, instead of using
the harmonic amplitude of depth-averaged M2 veyo§t035 m/s) to predict the K1,
the mean of the demodulated M2 amplitude is us€b8)m/s). A synthetic sinusoidal
K1 velocity time series is created with amplitudgiraated with above ratio (0.022
m/s) and phase from the T_TIDE analysis and suletlaitom velocity data prior to
constructing the canonical day.

The local Coriolis acceleration can be modified é&iyher lateral density
gradients as in Mooers (1975), or by the vortiatyow-frequency currents (Lerczak
et al.,, 2001), effectively stretching or contragtithe internal wave pass-band.
However, for this study the diurnal frequency iswased to be below the internal

wave pass-band such that the diurnal tides do awe lvertical structure and are
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completely contained within depth-averaged velesitiDepth-averaged velocity is
removed prior to the analysis of diurnal wind-driveurrents. Monterey Bay is well-
known to have energetic semidiurnal baroclinic gidgessociated with the Monterey
submarine canyon (e.g Petruncio et al., 1998). IDdppendent velocities are low-
pass filtered (Mooers, 1968) to preserve frequentogver than 1/20 cph prior to

wind-driven current analysis.

Surface stress, and theoretical and measured p@ms

Estimates of surface stress acting on the oceamade from the Long Marine
Lab wind measurements using the bulk formula ofjeaaind Pond (1981) assuming a

neutrally stable atmosphere. The along-shelf wineks is calculated as:
V — 2
Ts - loa Cd |V |

pa = density of air (1.2 kg )
Cq = linear drag coefficient (s m)
V = wind speed at 10 m (n'}

The theoretical Ekman transport estimate is madeiraing a steady, linear
along-shelf momentum equation with no bottom stess pressure gradients. In this

case the depth-integrated balance in the cros$dihettion is:
Ie
P, f

po = mean water density (1025 kg*jn

U =

f = local Coriolis parameter (8.78 x'18%)

Ue = surface Ekman transport {rs)
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Though the diurnal wind that is the focus of thtigdy is not steady, measured
surface transports are compared with the full tbiecal value as in previous studies so
a comparison can be made (Lentz, 2001; Kirincictalgt2005). Furthermore, the
theoretical value provides an upper bound for tineunt of cross-shelf transport that
can be driven by along-shelf winds (Woodson et 2007; Kirincich et al., 2005).
Surface layer transports are extracted from velqmiofiles following Kirincich et al
(2005). Hourly values of cross-shelf, depth-depehdelocity are integrated from the
first zero crossing to the shallowest good bintesupper 10% of the water column is
excluded due to surface side-lobe reflection, vglqarofiles need to be extrapolated
to the surface to avoid under estimating the trarisgwo extrapolation techniques
are considered here. The first is a slab extrajpolab the surface where a constant
velocity between the last good near-surface vejoaitd the actual surface is used.
The second method linearly extrapolates the velggibfile from the two highest

measurements to the surface assuming a constawityedlope (Figure 4).

1

Figure 4: Example of current profile with both lare(solid) and slab (dashed)
extrapolations from shallowest good bin to surfand interpolation from the deepest
bin value to 0 at the bed. Horizontal dashed limesk the locations in the water
column where extrapolation (interpolation) begins.
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Stokes’ Drift

Beginning with the observational study of Lentzadt (2008), cross-shelf
wave-driven circulation on the inner shelf has bgaantified by two methods. The
first is the correlation between subtidal theowdtidepth-averaged offshore velocity
due to an Eulerian return flowJ{) and observed subtidal depth-averaged offshore
velocity. The second is to examine cross-shelfenurprofiles for expected dynamics.
Only the first method is used and described hetkiasnechanism does not appear to
be a significant source of cross-shelf motion &t libcation.

Following Lentz et al. (2008), Stokes’ mass tramsplue to shoaling linear

surface gravity waves is written as:

2

gHsig

Qu= 16¢

cos@,) =-U,h

Qw = onshore mass transport(gt)

g = gravitational acceleration (9.81 fM)s
Hsig = significant wave height (m)

c = shallow water wave speed (if)s

Us = depth averaged offshore velocity (f) s
h = water depth (m)

Ow= incoming wave angl€

In our study area, the AWAC measured both signifie@ave heights and mean wave
direction for the month of July, 2007. However,etacompass events where offshore
significant wave height increased above 3 m, a dongme series was desired.
Kirincich et al. (2008) successfully transformedveaheights measured offshore to
inner-shelf locations in central Oregon with linegagression. The wave height time
series at Terrace Point was lengthened in a sirfalsinion by linear regression of

NDBC wave heights. A further simplification was nealdy assuming waves arrived
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shore normal, a reasonable approximation giverARiN&C mean wave direction was

oriented perpendicular to shore most of the time.

Heat Budget

The heat budget calculation here follows Send €1287). The purpose is to
compare the relative importance of various terma itconservation equation written
for the heat content within a well-mixed surfacgela In this study, heat contem)(is
calculated for the upper 5 meters of water at tAé 20-m thermistor chain. This can

be written:
—_ 0 o d
H _j_spocp(T ~11°C)dz

H = Heat content (J i)

po = Mean water density (1025 kg¥n
C, = Specific heat (3993 J (Kg) ™)

T = Temperature of layef®)

A positive heat content is defined for temperatuesve 1iC, the average value of
the daily low temperature at the bottom thermisidre integral is written in finite

difference form:

2
H = (25m)p,C,> (T, -11°C)
n=1

where the indexn) is the surfacen(= 1) and 5-m thermiston 2).
To develop the heat budget equation féy we begin with writing the

conservation of thermal energy equation:
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0.C oT N o(uT) N o(vT) N o(wT) =6_Q +F
> Plot ax oy 0z 0z °

Where the material change in temperature is exgpdess the sum of local temperature
change with advective fluxes in three dimensionsisTis equal to the sources and
sinks of heat which are the vertical flux divergem incoming solar energ@j and
turbulent diffusion. The vertical component of thebulent flux §,), orders of
magnitude higher than the horizontal componentsthiss only one considered
potentially important. However, next we integrates tequation over the upper 5 m of
the water column. In the Send et al (1987) formaigtintegration is to a level below
a well-defined surface mixed-layer, excluding pblesieffects of vertical entrainment
through wind-generated mixing. At our inner-sheltdtion, there is no such well-
defined mixed-layer. Instead 5-m is used as therlaepth because it is below a
mixed-layer and we further assume that solar hgaifects are confined to this layer.
Lastly, temperature measurements were availabthistdepth, leaving no need to
choose an arbitrary layer depth.

The integrated equation becomes:

0
aT o(uT) AT
0.C + + dz+w _T . |=Q
p :L ot oX ay (-5) "(-5) 0)

Next, invoking the continuity principle, assuminigls motions where the horizontal
velocities are constant across the 5 m layer, abtracting the reference temperature
we can write a simplified form of the material cgannH, reorganized so that it is

expressed in terms of the observed local rate ahgh ofH. This leaves us with a
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conservation equation whose balance between thehand and left-hand side can be

tested.
oH oH oH
E = Q —-u ax -V ay _W(_5)1[x:p(T(—5) _Tref)

From here on the subscript (0) has been dropped ffee heat flux @) with the
understanding that it is the surface value. Ab$erh the above formulation is the
entrainment flux due to turbulence. A balance i@ #bove equation and analysis of
Richardson numbers will support this simplifiednfadation.

In this work,Q is further simplified to consist entirely of incamy shortwave
solar radiation measured at MBARI M1 mooring asalomeasurements from Long
Marine Lab were unavailable due to sensor malfonctirhe uncertainty associated
with the simplification made to net surface heakflQ) is discussed at the end of this
section.

Terms in the above equation that involve partiahtispp derivatives are
estimated directly from data by finite centeredfad#nce (Figure 5). The heat flux
magnitude Q), velocity {, v) and integrated heat conteht)(used in the equation are

taken from hourly values.
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Figure 5: Schematic of centered finite differenased to calculate spatial derivatives.
Red squares denote thermistor chain locations asddthe dotted line is the 20-m
isobath.

Results from this analysis are presented in twatlons. The first is an attempt to
explain heating periods over a 4-day time seriesatHbudget section, Results). The
second is within the canonical day description whers used to explain both heating
and cooling periods. The heating period only ineglthe first three terms on the left
hand side of the above conservation equation. Dlodéing period requires the final
vertical advection termW.syCy( T(5) — Trer)).

Vertical velocities are not measured directly anstead are inferred in two
ways. The first is from the displacement in timeisipycnals assuming no mixing.
The second is from an assumption of 2-dimensignalith no along-shelf variations.

The 2-dimensional continuity equation is written as

a_u+a_vv:()

0X 0z

Integrating this equation horizontally from an ooih location with no cross-shelf

velocity to the instrument location and verticahyegrating from the zero-crossing in
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cross-shelf velocity to the surface, measured offshnegative) surface transport
during the cooling period should equal the positiegtical flux of mass through a

horizontal plane (upwelling):

w = Vertical upwelling velocity (m$
Us = Cross-shelf surface transport’(sit)
L = Length of upwelling region (m)

Richardson number

The bulk Richardson number is defined to be th® rat the square of the

buoyancy frequency to the square of velocity shear:

(2 (2]

WhereN? is the square of the buoyancy frequency defined as

N2 = g dp

- p, 02

In this work, density is assumed to be a linearcfiem of temperature at

constant salinity. During this study the standagdiation of measured salinity derived
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from 21 CTD casts was only 0.05 psu, and salinégiations are assumed to have a
negligible effect on density.

The Richardson number was calculated for both gouslues of the entire
record as well as for the canonical wind day. Wt terms written as finite centered
differences, ADCP currents and thermistors froma@en mooring provide estimates

of the Richardson number at 3 different levelshefwater column (Figure 6).

- I -.-||||-l-m|||

(6T &u) .._

WAz dz )

|

Figure 6: Schematic of thermistor chain at TPT 2@howing three locations where
the Richardson number is estimated with this data.

Estimating uncertainties

Signals estimated from observational data comé wa#isociated uncertainty
due to measurement errors or errors from the eifiee between methods chosen to
derive a particular quantity. These uncertaintiesppgate through calculations and
determine the level of confidence in results. Thecussion here focuses on the
uncertainty in estimating various terms in the daltheat balance.

Measurement errors exist for both temperature astbcity as neither
temperature loggers nor acoustic current profileesse perfect accuracy. Each

individual measurement with a Stowaway logger haseaor of 0.4 C due to
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instrument accuracy. The configuration of the RIM@P gives a velocity error of 0.5
cm/s for each 2 minute ensemble. Both hourly awvegagaind ensemble averaging to
create the canonical day decreases these erroEsigyt(N) (N = 30 for hourly
averages and N = 45 for canonical day). The adsaCimeasurement error in the
hourly canonical day is about 1% for both heat eohtH) and horizontal velocities
(u, V).

A further source of error comes from the assumptibalong-shelf uniformity
used to estimate the upwelling velocity) ( Along-shelf velocities measured at SHB
are used in conjunction with the those at TPT tiimede the along-shelf velocity

gradient @v/dy) resulting in deviations of 5% from the 2-D apgroation. A larger

source of error comes from determining the prinicgeas of rotation using hourly
depth-averaged currents. A difference in principal axis is found if low-pafitered
depth-averaged currents are used instead. Thifge@swabout a 25% uncertainty in
the estimate of cross-shelf transport, which alsthuénces estimated upwelling
velocities as well as the length of the regionaive upwelling.

The estimate of heat fluxQ)) here ignores the contributions of heat exchange
with the atmosphere through sensible and latent deavell as the constant heat loss
due to long wave radiation. CODE measurements a$tab ocean heat flux near this
latitude found that combined heat loss to the aphese was approximately constant
throughout the day (~ 60 W fy an order of magnitude smaller than incoming
shortwave radiation (Rosenfeld, 1988; Send etl887). Hence, the estimate Qf

here is assumed to have a 10% error.
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Results

Wind Forcing

This section provides a characterization of windrcing from three
measurement sites. As data are compared from reultipations, a standard compass
coordinate system is used in this description.tRerrest of the thesis, the coordinate
system has positive y-axis directed along-sheléward and positive x-axis directed
onshore.

During the summer study period, regional wind fogcover Monterey Bay as
measured by NDBC buoy is similar to other west taagions with periods of
northerly upwelling-favorable winds interspersedhabrief relaxation events (Figure
7). The M1 winds show a similar regional-scale uling/relaxation pattern but with
a more prevalent diurnal-frequency component. TotegLMarine Lab record (Figure
7, panel C) shows a different response duringttime, namely one that is dominated
by the diurnal sea breeze. The y-axis is positiesterly, showing the diurnal bursts to
be oriented parallel to the inner shelf in thisaltien (Woodson et al., 2007).
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Figure 7: Vector time series from 3 wind locationdMonterey Bay. (A) NDBC buoy
46042, (B) MBARI M1, (C) UCSC Long Marine Lab. No&xis in (C) is positive
westerly.

Computed power spectra of wind speed magnitude fiteenthree locations
show the power distribution as a function of fregue(Figure 8). In general, spectral
shapes are similar at all three locations. Diupsalks due to sea breeze are evident in
each spectral record (~ 0.04 cph). There is aldear peak at the second harmonic of
the sea breeze (~0.08 cph) and perhaps a hinp@élaat the third. The appearance of
these higher-order harmonics in Monterey Bay wimiéctra was also seen by
Hendrickson and MacMahan (2009) who note that the ef the primary diurnal
harmonic is 3 times the second harmonic and 10 stinee size of the third
(Hendrickson and MacMahan, 2009). In this workpheentrate on the primary sea

breeze harmonic centered around 0.04 cph.
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Figure 8: Power spectral density of wind speed ftang Marine Lab (blue), NDBC
buoy (red), and M1 (green).

Offshore moorings (M1 and NDBC) show higher poweloaver frequencies
than the Long Marine record and the mean wind speedso higher at these two
offshore moorings. Diurnal band winds (defined heréave periodicity between the
18 and 33 hours) make up a portion of the variancal three of the wind records

(Table 1); the percentage is especially high atdbal wind station (Long Marine).
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Table 1: Wind station statistics. Percent variancgiurnal band is defined here as the
percentage of wind speed variance in diurnal baetiMfeen 18 — 33 hours) divided by
total wind speed variance. Ellipticity is the ratbthe length of the major axis to the
minor axis. Ellipse inclination is the clockwisegha that the 1 cpd major axis makes
with true north.

Location Wind Wind speed Wind speed Diurnal Diurnal
speed stdev percent ellipse ellipse
mean (m/s) variance in ellipticity  inclination
(m/s) diurnal band

Long 2.28 3.67 63% 13 261

Marine

NDBC  6.32 2.95 13% 2 293

M1 5.33 3.09 44% 3 282

Turning our attention to the diurnal band, diurakipses (Table 1) calculated
by least squares regression to the 1 cpd harmaing thourly wind vectors show
results consistent with previous work; the sea zwees predominantly oriented
eastward towards the Salinas Valley (e.g. Bantaalet 1993). The Ellipticity,
calculated as the ratio of the major and minor age®s a measure of the polarization
of the wind at this frequency. Diurnal Long Marwends have largest ellipticity with
winds along the major axis (oriented towards th&t)ean order of magnitude greater

than winds along the minor axis.

Observed Currents

In this section, | present an overview of obsercadents during the study
period recorded by the ADCP (20-m) and AWAC (15as)well as similarities and
differences between the two. The general descripbibodepth-averaged and depth-
dependent flows is followed by an in depth disausf diurnal frequency motions,

including the relation between currents and wind &atal forcing.
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Depth-Averaged currents

Depth-averaged flows are alongshore positive (du¥lonterey Bay) (Table
2). Depth-averaged currents measured at the 20 DCP) mooring are larger than
those measured at 15 m depth (AWAC). Ellipticitytted principal axes shows that the
depth-averaged current is predominantly alongskatte minimal flows in the cross-

shelf direction, particularly at the 20 m mooring.

Table 2: Table of depth-averaged current stati$taz® ADCP and AWAC. Ellipticity
is the ratio of the length of the major axis to thimor axis as defined by the principal
axis. Angle given is the angle the major princigal makes with true north.

Current Alongshore Alongshore Across- Across- Principal Princip

meter velocity(V) velocity(V) shelf shelf axis al axis
(m/s) (m/s) velocity velocity ellipticity
Mean Std (W)(m/s) (U)(m/s)
Mean Std
ADCP 0.08 0.12 -0.004 0.01 126 294
AWAC 0.04 0.07 -0.003 0.01 52 278

The less ellipticity at 15 m could be indicative 3flimensional topographic
effects as the shore is approached. There is a&d&d difference in the angle of the
two principal axes. Following the coastline frone torth into Monterey Bay, Terrace
Point is the location where inner-shelf bathymétegins to diverge (see Figure 2, B).
The two different angles of principal axis are dstent with a summer 2006
deployment of 2 current profilers at 20 m and 1@epths in this location (Woodson
et al., 2007). Though there are slight variatioesMeen the two measurements the
alongshelf depth-averaged flows are highly coregldCC = 0.84).
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Power spectra of ADCP depth-averaged along-shell fshows peaks in
diurnal and semidiurnal bands (Figure 9). Also dotelow are four main tidal
constituents and the local Coriolis frequency (0®8ph). There is no energetic peak
at the inertial period (19.8 hours) in these sestrggesting that the proximity to the

coast damps all inertial oscillations.

, | ——ADCP alongshelf vel |

Figure 9: Power spectra of depth-averaged alontj-simeent from 20-m ADCP along
with red lines denoting other frequencies of insere

Depth-dependent currents

Once depth-averaged currents are removed, we fareite depth-dependent
currents in the along- and cross-shelf directi@eneral characteristics of these flows
at different levels in the water column are presédnin table 3. Currents are
interpolated onto an evenly spaced grid in theica@rtso water column levels are
given as a percentage of the total depth (h/D) @#that the bottom and 100% at the
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surface. At these levels, current statistics traekl between the two instruments

without much difference in means or standard desnat

Table 3: General statistics of depth-dependenteatsrat a few depths in the water
column.

Current  Along-shelf Along-shelf  Across-shelf Across-shelf

meter velocity (V) velocity (V) velocity (U) (m/s)  velocity
(m/s) Mean (m/s) Std Mean (U)(m/s) Std

ADCP

85% 0.02 0.09 -0.02 0.04

50% 0.02 0.03 0.01 0.02

10% -0.05 0.08 0.002 0.05

AWAC

85% 0.02 0.09 -0.01 0.04

50% 0.01 0.04 0.007 0.02

10% -0.03 0.07 -0.003 0.04

The power spectra of depth-dependent currents gheaks in diurnal and
semidiurnal bands (Figure 10). As in the depth-aged currents, inertial energy is
not significant in relation to the diurnal and sdmrnal band. Furthermore, lower

frequency motions are not as energetic as the aiamd semidiurnal frequencies.
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Figure 10: Power spectra plot of depth-dependementifrom 20 m ADCP at 85% of
water column along with 5 red lines denoting fraggies as in Figure 9 above.

Tides

One of the difficulties of working in the diurnahbd is the proximity in
frequency of many processes that can potentialhtribute to the measured signal.
The sea-breeze is a fairly narrow-banded proces®mea around 1 cpd, but there is
possibility of signal-leakage between the sea l@esmm tidal frequencies. Accurate
numerical modeling of the tides throughout MonteBay is a current research topic,
and other oceanographic studies in this locatimvige a resource to compare tidal
amplitudes estimated here (e.g. Rosenfeld et@D3R

Consistent with previous results, the two largésdltconstituents identified
from AWAC pressure measurements are the M2 and Rdsénfeld et al., 2008)
(Table 4). Though T_TIDE runs analysis on a largmber of tidal constituents, only
the top four constituents are needed to explainenttman 90% of the variance in the
pressure signal. Percent variance is defined herthe ratio of the variance in the
individual sinusoid divided by the total variandetlee time series.
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Table 4: Top four tidal constituents from bottonegsure resolved with 30 days of
data.

Constituent Amplitude (cm) Percent Variance Expadin
M2 50 47%
K1 42 33%
O1 22 10%
S2 12 3%
Total variance: 93%

About 45% of along-shelf velocities are describgdtle same top four tidal
constituents (Table 5). Other constituents giverough the T_TIDE harmonic
analysis were smaller than 1% and not reported. Hareontrast, depth-averaged
velocity in the cross-shelf direction had verylditbercent variance explained ( < 5%),

and | conclude that they are not well describethieytides.

Table 5: Top four tidal constituents of depth-ageid alongshore velocity resolved
with 115 days of data.

Constituent Amplitude (cm/s) Percent Variance Eixgd
M2 3.5 4%
K1l 10.5 36%
01 2.7 2%
S2 2.9 3%
Total variance: 45%

Given that the tides are predominantly in the asthoge direction, the two
tables above present an inconsistency. Bottom pressd sea level records indicate
that, like much of the West Coast, tides in MongeBay are predominantly semi-
diurnal. However, tidal analysis on velocity recoshow that the larger tide (M2 -
period 12.42 hours) is smaller than the K1 (pe@8®3 hours) constituent by a factor
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of 3. Instead of removing the diurnal tide given hgrmonic analysis of depth-
averaged velocity (a likely overestimate of the ¥#dlocity), the K1 amplitude is

estimated by the ratio given in Data & Methods EEdection), and removed from the
depth-averaged velocity. Semidiurnal tides are rgrdofrom the depth-dependent

velocity data with a 20-hour low-pass filter ascdissed in Data & Methods.

Current/wind relation

Local wind forcing (Long Marine Lab) in this locati has been identified as
an important forcing mechanism of currents at seasecales (Drake et al., 2005).
Cross-shelf currents are also coherent with watdéunen temperature fluctuations,
helping to determine the existence of diurnal ufingl(\WWoodson et al., 2007). Here |
further examine the relation of the local wind tardal-period currents. Winds are
rotated so that their axis is aligned with the &bk as defined by the principal axis of
the depth-averaged current at the two differentezurmeters giving alongshore and
across-shelf wind components at each location.

There is some ambiguity in interpreting correlatiadues between currents
and wind forcing separated into along- and acrssbdath components because the
along and across-isobath winds are themselvescamiated (CC = -0.66) at the
same level as the correlation with currents (T&)leHowever, correlations between
depth-averaged along-shelf currents and both wiochponents are significantly
higher than correlations between the depth-averageds-shelf currents with the

wind.

Table 6: Correlation coefficients between wind comgnts and depth-averaged
current components. (*) Correlations not significan95%

Current Correlation of Correlation of Correlation of Correlation of
meter V to v-wind V to u-wind U to v-wind U to u-wind
ADCP 0.66 -0.66 0.06* 0.07*

AWAC 0.63 -0.58 -0.29* 0.2*
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In the upper water column, along-shelf currentd stirrelate well with the
wind (Table 7). In addition, there are significaotrelations between depth-dependent
cross-shelf currents and along-shelf winds. Theeeatso significant anti-correlations
between cross-shelf motions in the upper waternsoland cross-shelf winds. Other
inner-shelf studies have found cross-shelf moteffexctively driven directly by cross-
shelf wind forcing (e.g. Fewings et al., 2008; @ilig, 2003). In these studies the
correlation between cross-shelf currents in theeuppater column and cross-shelf
winds is positive. As the cross-shelf wind is noedtly driving cross-shelf currents in
this location, | consider dynamics involved in @ahelf motions driven by cross-
shelf wind unimportant and instead examine procegbat explain cross-shelf
motions driven by along-shelf winds.

Table 7: Correlation coefficients between 20-hrJpassed wind and depth-dependent
current components at 85% of the water column.

Current meter Correlation ofCorrelation of Correlation of Correlation of
v to v-wind v tou-wind u to v-wind u to u-wind
ADCP 85% 0.83 -0.83 0.7 -0.43

AWAC 85%  0.66 -0.61 0.57 -0.52

Ekman Transport Percentages

At subtidal frequencies, previous studies have dotimat 100% of Ekman
transport is realized at around 50 m water depthdatreases to 25% in 15 m (Lentz
et al., 2001; Kirincich et al., 2005). The diurmahd forcing at Terrace Point is strong
and predominantly along-shelf, thus we might exghat a percentage of offshore
Ekman transport will also be realized, deliverirgjdcsubsurface water to the inner

shelf at this location (Woodson et al., 2007). Rertnore, diurnal ellipses calculated
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from ADCP velocities in the upper water column (70%5% of water depth) were
oriented to the right of the wind ellipse by°48 2°, consistent with Ekman theory
(Ekman, 1905). As described in Data & Methods (Eknteansport section), the
fraction of Ekman transport realized at the twotbepattributable to diurnal period
winds is estimated through neutral regression. Beppendent currents are integrated
from the first zero crossing to the surface. Exttapon of measured currents from the
shallowest good bin to the surface is needed t@agetccurate magnitude of transport
from the zero crossing and results are compared flwoth slab and linear

extrapolation (Table 8).

Table 8: Comparison of correlations and fractiohglonan transport realized for at
both instruments.

Current Correlation of Fraction of realized Intercept of linear
meter measured totransport (slope of linearregression

theoretical regression)

transport
ADCP
linear 0.65 0.80+0.12 -0.006 + 0.03
slab 0.64 0.77 £0.12 -0.008 +0.03
AWAC
linear 0.78 0.38+0.10 0.02 +0.02
slab 0.77 0.36 +0.09 0.02 +0.02

Transport percentages are not significantly affbcby the extrapolation
technique used. Following Kirincich et al. (2008)ere are two criteria fulfilled by
both significant results. The first is that deptieaged cross-shelf current does not
correlate with wind stress (Table 6), consisterthwhie assumption of 2-dimensional
dynamics. The second criteria is a high correlabetween theoretical and measured
transports (Table 8). Also following Kirincich et $2005), the intercept from neutral

regression should not be significantly differemnfr zero. This would indicate surface
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transports forced by factors other than the aldrajfsvind stress, not included in the
regression model. Intercepts are very close to fmrthe ADCP and slightly further
from zero at the AWAC.
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Figure 11: (A) A subset of the time series compathreoretical and measured surface
transport. (B) Fraction of full Ekman transportaawariety of inner shelf locations.
Figure reproduced from Kirincich et al. (2005). Addto the plot are the two (red
diamond) estimates of percent Ekman transport @@ir low pass filtered data from
this study.

If Ekman dynamics explain offshore surface motiahse to along-shelf
forcing, a feature that is unexplained by theseadyios is the measured onshore
motions (Figure 11, panel A). These are not forogdlong-shelf winds as the wind
stress in this direction hardly crosses zero. Tdreyalso not forced by the cross-shelf

winds as these motions are in anti-phase with tishare wind. Woodson et al. (2007)
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speculate that the onshore motions result from @abalanced pressure gradient.
Though we are still attempting to substantiate thygpamically, the effect of these

motions can be seen in the heat budget resultsvbelo

Stokes’ Drift

Recently, several studies have begun to documengftbct of surface gravity
waves on cross-shelf circulation on the inner-sfeeli. Lentz et al., 2008; Kirincich et
al., 2008; Hendrickson and MacMahan, 2009). Folhgnvhese works, | search for
evidence of subtidal wave-driven circulation irstinner shelf location.

The motivation and method of transforming offshd&t®BC measured waves at

this location is given in Data & Methods. The thearal Eulerian return flow

calculated from transformed buoy observations ials(Figure 12). They amount to
depth averaged cross-shelf flows (mean = 0.3 catéev = 0.2 cm/s), an order of
magnitude smaller than wind-driven velocities, lsomparable to observed depth-

averaged cross-shelf velocities.
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Figure 12: (A) Significant wave height at offshad®BC buoy (blue) and measured
by AWAC (red). (B) Theoretical depth-averaged S®keelocity using AWAC
measured waves (red) and buoy transformed wavétsdiglue). (C) Measured depth-
averaged cross-shelf velocity from ADCP.
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However, the correlation between the observed esbeH depth-averaged
velocity from ADCP and the Stokes’ velocity wasigmsficant (CC < 0.05). For
comparison, the lowest correlation from an Oregiys was 0.21 (Kirincich et al.,
2008). In their study, Kirincich et al.(2008) foutitht the correlation changed slightly
with different extrapolation techniques and rotasipbut not significantly. They also
defined their principal axis by subtidal depth-aged velocities during periods of low
wave forcing (Hsig < 1). At our location, signifitiawaves rarely reached 1.5 m and

rotating depth-averaged currents by a few degradsndt substantially change
correlation values.
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Another way of viewing the relationship betweersetved and theoretical
depth-averaged return flow is by binning observetimto Hsig/h bins. As we occupy
a smaller parameter space than previous studiestalgenall observed waves, no

significant trend can be discerned here eithen(feid.3).
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Figure 13: Depth-averaged theoretical return flost ersus observed depth-averaged
cross-shore flow (Uobs) where observations areeplan Hsig/h bins going from
smallest ratio (blue = 0.058) to highest (black £6).

The insignificant correlation between the time e®riof observed depth-
averaged cross-shelf velocity and theoretical Sfoketurn along with the weak
relationship in the scatter plot above points te tack of surface gravity wave

influence on the cross-shelf circulation in theanshelf at this location.

Temperature and Heat Balance

Presented here is an overview of temperature memsmts from TPT 20-m
thermistors (map in Figure 2). Also discussed dne telationship of these

measurements to wind and tidal forcing as welhasfirst part of analysis on the heat
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balance for this location. The focus is on the 2@h@ermistor chain as there was a
long-term ADCP deployed at this position and it washe middle of the cross-shelf
array.

Terrace Point Temperatures

On average, temperatures during the study periavesth a stable water
column with warmer temperatures at the surface,dmueasing with depth (Table 9).
Temperature variations were larger towards theaserfas evidenced by lowest

measured standard deviations at the bottom theymist

Table 9: Temperature statistics for Terrace Pdimh Zrray.

TPT Mean (0C)  Std (oC)
Thermistor

Om 14.3 1.37
5m 13.1 1.36

10 m 12.1 1.29
19m 10.7 .82

More so than local winds or currents, temperatpecga show energetic low-
frequency modulations (Figure 14). These will net discussed here but are most
likely associated with large-scale processes tfiattathe entire Monterey Bay (e.qg.
Rosenfeld et al., 1994; Ramp et al., 2005). Hef@cus on the daily modulation of
temperature at this location.
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Figure 14: Power spectra plot of temperature frdym2TPT mooring at 5-m depth
with 5 red lines denoting frequencies as in Fidure

As with currents, temperature power spectra shogelgpeaks at the diurnal
and semi-diurnal frequencies close to known tidabhjdiencies. Results from tidal
analysis with T_TIDE are shown for the top fouratidonstituents (Table 10), the sum
of which explains 40% of the temperature variance.

Table 10: Top four tidal constituents of temperattgsolved with 80 days of data.

Constituent ~ Amplitude (oC) Percent Variance Exdin

M2 0.09 3%
K1 0.66 25%
o1 0.06 2%
S2 0.27 10%

Total variance 40%
explained:
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Semidiurnal tides should be dominant in this regiad the larger contribution
of the K1 compared to M2 is indicative of other ggeses at the diurnal frequency
being responsible for temperature modulation. Theretation between temperature
and sea breeze winds was maximum at 5 m (0.53)aniéy of 7 hours. These results

are consistent with a previous study (Woodson.e2a07).

Heat balance at Terrace Point

Daily incoming solar radiation peaks between 10 @md 3 pm. However,
increases in measured temperature do not coincitle this period and instead
temperatures warm in the evening and overnightufeid5) (Woodson et al., 2007).
The counterintuitive timing of warming periods pboio the need to understand the
heat balance at Terrace Point. Here | compareefuiifference estimates from in situ

data of the various terms in the following heataon, as described in the methods

section.
H _o_ 0 _,0H
ot 0X oy

To estimate the relative contributions of the thieens on the right hand side, each

term is integrated during times of increasing feeaitent (Figure 15, panel B).
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Figure 15: (A) Temperature time series at TPT 2@:om surface (solid) and bottom
(dotted). Also shown is incoming solar radiatiorot(dd red). (B) Time series of

estimated heat contertl), time integral g'dt) of 3 terms on the right hand side of
heat equation and the sum of these (dotted magenta)

As in Send et al. (1987), the slope of a lineargsgion comparing each term
to the total observed change in heat contef‘rbl—l(lat) gives an approximate

percentage of how much heating is due to eachichaiy term (Table 11).

Table 11: Slope of linear regression giving peragatof variance in observed heat
increase for each day.

Heating term Day 201 Day 202 Day 203 Day 204
Q 0.4% 0.3% 0.0% 0.4%
Cross-shelf advection -1% 4% -1.5% 9%

Along-shelf advection  91% 53% 41% 70%



a7

These initial results show that along-shelf adwectf the thermal gradient
between Sand-Hill Bluff and Light House Point isspensible for most of the
observed warming, with little warming due to cre$®if advection and an even a
smaller percentage due to solar heating. This tzlon uses hourly data and only 6
points during each warming period are used in #grassion. A more complete
treatment will be given in the “Canonical day” sentincluding a similar analysis for
the cooling periods.

Canonical Day

This section presents the results of ensemble-gvgradays with strong
westerly sea breeze (maximum winds reaching at Bas/s). This is first used as a
descriptive and summarizing tool to show the avwereygrling of wind, currents, and
temperatures. It is then used in a quantitativemaato show the daily co-variation of
stratification and currents (Richardson number)d d@o revisit the heat balance

calculation above.

General description

A summary of wind, currents, and the TPT crossfdkelperature structure
(< 20-m depth) for a subset of hours in the averdgg are shown in figure 16.
Westerly wind begins to blow in the late morningdaindergoes an approximately 8-
hour period of increasing intensity until peakingund 2 pm local time (Figure 16,
panel A). Winds then die down in a similar fashamd remain calm overnight. The
variation of currents with depth (panel B) shows #iong- and across-shelf current
response to this wind. Along-shelf (red) currerggib the day flowing out of the bay
(towards positive y-axis). As the wind builds, swd currents are reversed and are
directed into the bay. Eventually flow throughotie twater column is directed
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downwind. In the cross-shelf direction (blue), emts begin with fairly little vertical
structure. As the wind builds, surface currentsdarected offshore (towards negative

x-axis) with opposing flow at depth.
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Figure 16: (A) Average westerly winds. Six red dats the hours shown in panels of
(B) and (C). (B) average current profiles showinigng-shelf (red) and cross-shelf
currents (blue). Along-shelf currents are posifieaving out of Monterey Bay, cross-

shelf currents are positive onshore. (C) Contoatspbf temperature from TPT cross-
shelf array. Arrow denotes location of 20-m thetorishains. All plots show the 45-

day mean for the hour. In (A) and (B) thin dotteeks denote standard error.
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Temperature sections show relatively warm waterlgwveg cool (panel C). As
the wind builds, temperature drops throughout thatew column at the 20-m
thermistor chain (denoted by black arrows, 1 knmfrghore). As winds relax, surface
temperatures rewarm.

Richardson Number

Hourly Richardson number estimates were maderattlevels in the water
column. The percentage of these that fell belowdtigcal value for shear mixing
(<0.25) is shown in figure 17 below.
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Figure 17.
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Figure 17: (A) Scatter plot of |[du/dz| versus Ndbrhours used to construct canonical
day. Black line has a slope of 0.05, points belowcW correspond to values below a
critical Richardson number of 0.25, color denotesrrnleading up to and following
maximum wind. (B) Average day hour versus fractidrRichardson number < 0.25
for each hour at 2.5-m (blue), 7.5-m (green), ananl(red) water depth.
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Near-surface and mid-water column Richardson nusiiséiow a dramatic
increase in this percentage near the peak westénly. In fact, between 20 - 40% of
the hourly Richardson numbers are below criticdlisTsuggests that wind-induced
current velocity shear is strong enough to overcothe upwelling shadow

stratification and potentially mix both near-sudaand mid-water column properties.

Heat budget

As in the previous heat balance discussion, varieuss in the heat equation
can be estimated with canonical day values of teatpes, velocity, and incoming
solar radiation. Panel (A) in figure 18 shows tkierage daily cycle of heat content at
the TPT 20-m mooring along with a 1 cpd harmontc Tihe canonical day is a
combination of a cooling period in the afternooong with an evening and early
morning warming period. Panel (B) shows the dagyiations in three terms of the
conservation equation. Incoming solar radiatiom igositive contribution (warming)
and peaks a few hours before maximum wind. Thesesbglf advection term is also
primarily positive, while along-shelf advection s¥®morning and evening warming

with a shorter period of midday cooling.
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Figure 18.
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Figure 18: (A) Average change in heat content f&-ra thick surface layer at TPT
20-m (thick black line). Thin dotted blue line iscpd fit. (B) Hourly canonical day
values of different terms in the heat equation.oAlscluded is the sum of the three

terms (magenta).
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The near-sinusoidal form of the observed daily lveatent allows for creation
of a longer time series by repeating the cycles Has the advantage of combining the
early morning and evening heating periods. As mesly, the three heat equation
terms that can be directly estimated from the dataintegrated during the warming
period (figure 19, panel A) and compared with tb&alt change in heat content.
Previously, linear regression was used to compah é¢erm with the observed
heating. In addition, an hour by hour fraction atle term to the observed total heat
change is also shown (figure 19, panel B). While stopes from linear regression
(table 12) give a single percentage explained lmh eéarm, the hourly fraction also

provides time-dependent estimates.
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Figure 19: (A) A 24 hour time series of heat conhigf) with integrated heat balance
terms during the heating period. Note: t = 0 hooosresponds to 6 hours after
maximum wind in figure 18. Total (magenta) is twen of the three estimated terms.
(B) Hourly fraction of integrated term to total @pged heating.
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Table 12: Slopes of linear regression give perggntd observed heating and cooling
explained by each directly observed term along WHEPo6 confidence levels. (*) The
total explained cooling is less than 0%.

Heating term Warming Cooling

Q 2% £ 2% -47% + 6%
Cross-shelf advection 2% = 2% -60% = 9%
Along-shelf advection 92% + 13% 11% + 3%
Total explained: 95% + 14% *

From linear regression, about 95% of the warmingppecan be explained by
these three terms with along-shelf advection ofttémeperature gradient between SHB
and LHP contributing over 90% of the warming. Tiaependent fractions (figure 19,
panel B) also show that the along-shelf advectmmtributes the largest fraction of the
observed heating.

Turning attention towards the cooling period, tmdyairectly estimated heat
balance term which represented a decrease in resatlong-shelf advection (figure
18, panel B). However, this term only contributesw@ 10% of the observed cooling
(table 12). In conjunction with both Q and crobsis advection acting as sources of
heat, the vast majority of cooling is unexplaingdthese terms directly estimated
from data. This unexplained cooling can be accalfte by including a term not
needed to close the heat balance during warminigdservertical advection of the
temperature at 5-m deptiw(sCp(T.s) — Trer)).

As shown in Data & Methods, with an estimate ofirmmtal distance over
which upwelling is occurring and a measured offsharass flux, the continuity
equation in 2 dimensions allows for determinatidnvertical velocity (v). Using
measured canonical day offshore mass flux and taguthe horizontal distance over
which upwelling is occurring, vertical velocitieseaestimated such that the addition of
the vertical advective term closes the heat balancgithin 5% as defined by linear

regression (closure that is comparable to warmerggs) (figure 20).
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Figure 20: (A) 24 hour time series of heat cont@gft with integrated heat balance
terms during the cooling period including the estied vertical advection. Total
(magenta dashed) is the sum of the four termsV@dical velocity estimated from 2-
dimensional continuity assumption. Cooling (heatipgriods are marked in blue
(red).

The conservation equation now written with the icattadvective term:

oH
= —Uu » -V ay _W(_5),££p(T(—5) _Tref)

closes the heat balance for the cooling periochendanonical day. The total cooling
(magenta dashed line figure 20, panel A) includesdooling contribution of vertical
upwelling velocity (figure 20, panel B) over a 860+ 75 m wide horizontal swath
extending from the 20-m TPT mooring towards thesto@his estimated distance of
active upwelling is less than the total distancenveen the 20-m mooring and the
coast (1 km), the baroclinic Rossby radius (3 kamd is much less than the width of
the shelf (distance from shore to 200 m isobatpjgoximately 16 km).

Estimates of a mean upwelling velocity are alsodendy examining the

vertical displacement in time of the canonical dsgpycnal field. The slopes of 2
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isopycnals (1025, 1025.2 kg¥nare estimated from all 3 moorings on the TPT &ros
shelf array (10, 20, 30 m depths) and are companaiih the continuity estimate of

upwelling velocity from above (Figure 20).
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Figure 21: (A) Time vs. depth isopycnal contourgshwthe slopes of 2 isopycnals
(1025 (green) and 1025.2 (orange)) given as dablzat lines from the three cross-
shelf moorings. (B) Estimates of mean upwellingnfrasopycnal displacements

(black), and mean upwelling velocity from 2-dimersl continuity (red).
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Discussion

Wind Forcing

Previous work has shown measured currents atdbégibn to correlate better
with local winds than regional ones (Drake et 2005). Thus, in this thesis | have
focused on local wind forcing. Here, 63% of windeeg variability is in the diurnal
band. These sea breeze winds are strongly oriemtbeé along-shelf direction. This is
an unusual forcing which contrasts with other calasta breeze studies where winds
blow across the shore in accordance with a standadisea breeze circulation (e.g.
Rippeth et al., 2002). Due to slight differenceswaen topographic shoreline and
bathymetric orientation, there is a small componeithe diurnal winds that blow
across shore as well. While other studies findsssgelf currents driven by cross-shelf
wind forcing (e.g. Fewings et al., 2008; Tillou203), the correlation found here is
negative (CC = -0.43) and cross-shelf winds are amoteffective mechanism of
directly driving cross-shelf currents.

Tides

In this study, harmonic tidal analysis estimategtdeaveraged diurnal tidal
velocities larger than semidiurnal ones. This isantrast to the fact that West Coast
tides are predominantly semi-diurnal, suggestingt tthurnal tide and sea breeze
signals are indistinguishable in our record. Thgl&®gh criteria gives an estimate of
the length of a data record needed to separateebatviwo sinusoidal signals.
According to this criteria, the record length raqdito differentiate between the K1
(23.93 hours) tidal constituent and a 1 cpd (24r$jobarmonic is 342 days. Other
authors have found that even with such a long serges at this location, the depth-
averaged K1 tidal constituent is still larger thle M2 (Rosenfeld et al., 2008). In

another study (Cadiz Bay, Spain, 36.50 N), obsematand modeling efforts have
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also showed a seasonal variation in the K1 tidaktituent as it responds modulation
by the strength of the sea breeze (Alvarez e28D3). These authors conclude that
this reflects the depth-averaged tidal velocitgasrupted by the sea breeze. Further
complicating matters, the sea breeze signal istabasary and smears into a band of
frequencies rendering it inseparable from closal tictequencies regardless of record
length.

The method used here of accounting for diurnall tamrents by forming a
ratio between bottom pressure estimates at tidguincies to predict the ratio of tidal
velocities at these same frequencies is also irapeaind leaves ambiguity in what the
actual tidal velocities are. It does however gimeupper bound to the amount of the
velocity signal attributable to the tide. The caicahday showed along-shelf flow
initially directed out of Monterey Bay. As windstémsify, currents at all levels in the
water column reverse and are directed in the aling- direction (into Monterey
Bay). Though these hourly velocity profiles mightl gontain diurnal tidal effects, the
tidal ratio shows that tides would not accountrfmre than 0.03 m/s of what is seen in
the profiles.

Though not a focus of this thesis, there is algmiicant energy at the
semidiurnal frequency in both depth-averaged anpthddependent velocities. A
previous study has shown that along the inner ghesdir this location (3km north),
semidiurnal tidal energy can break into packetsinbérnal waves that propagate
onshore (Storlazzi et al., 2003). Effects of theigkurnal and surface and internal
tides were removed in our calculations in two wdy@. Ekman transport calculations
we use low-pass filtered (20-hr cutoff) velociti€mr the canonical day, 45 different
days spanning nearly 2.5 months were averaged hmgeblurring the phase of

semidiurnal tides.
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Waves

With summertime waves in the region dominated bythesn swell and
perhaps due to coastline orientation, the locatibierrace Point appears to shield it
from much of the regional wave forcing and this kvehows wave-driven flows to be
unimportant on this inner-shelf. In contrast, récenrk from across Monterey Bay
(Marina, CA) has shown the importance of sea bré@ezeodulating significant wave
heights, substantially affecting inner-shelf cutrg@nofiles year-round (Hendrickson
and MacMahan, 2009). Other wave-forced inner-sisélfdies had long records,
multiple instrument locations, and a variety of sl conditions that allowed for
separation between wind-driven and wave-drivenggsti During the study period in
our location, there was not much variation in wéghts and wind forcing was

almost always present. Perhaps a more detaileg stadld find different results.

Ekman Transport Percentages

One of the questions we hoped to answer was waetidn of Ekman transport
is realized at near-inertial timescales? In thisrkahe percentage of realized
theoretical surface Ekman transport is within thereof percentages found for the
same depths (15 — 20 m) in previous studies (Le2@d1; Kirincich et al., 2005),
though the error bars for the 20 m site appearsratlly large, perhaps due to lack
of data (Figure 11). These studies focused on timerishelf response to low
frequency (periods > 40 hour) along-shelf windem&n’s original theory assumes a
steady balance between the Coriolis force and tenbstress divergence. A scaling of
the time-dependent Ekman balance gives the amduime to reach steady state to
be one inertial period divided by (for this latitude 7 = ~ 6 hours). The results here
suggest one of two things. Either the spin up efdtrface Ekman layer occurs within
the time of sea breeze wind forcing (~ 10 hourg) sieady Ekman dynamics are a
good approximation, or it is more appropriate tmpare offshore transports driven by

periodic forced oscillations to a different quaytthan given by steady Ekman
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dynamics (t /pf). A simple 1.5 layered model driven by oscillat@urface forcing is
derived in Cushman-Roisin (1994) and shows thenpiadefor a large resonant flow
response to near-inertial forcing, perhaps expigitihe high percentage of theoretical
Ekman transport realized in northern Monterey Bidye applicability of this theory to
the inner shelf will require further observatiostudies and modeling efforts.

Correlation between surface transport and along-sheds was an important
criteria for Kirincich et al. (2005) to accuratelyterpret their transport fractions as
due to along-shelf winds. In our study, prior tdcadating the regression, we lagged
the two time series (measured transport and theareransport) to the hour of
maximum correlation (transport lags wind by 3 hpumpplication of a lag as
described here was not seen in the methods ofribegpudies perhaps due to this lag
being small in comparison to the highest resolvestjfency of their time series
(periods >40 hours).

Though not reported in detail, bottom transportgewalso calculated as a
further check of 2-dimensional dynamics. For mostboth ADCP and AWAC
records, there was only one zero crossing nearntliglle of the water column
resulting in a simple 2-layer flow with equal angposite transports between the two
layers.

Canonical Day Heat Budget

The shadow zone in the northern part of Monterey Bacharacterized by
water that is warmer than waters within the offghopwelling jet (e.g. Rosenfeld et
al., 1994). The shadow and upwelling jet are seapdrhy a sharp front and recent
work with this 2007 PISCO data set shows that ttessshelf array at TPT was
consistently within the upwelling shadow during stedy period, while the array at
SHB experienced frequent frontal crossings (Wood=oal., 2009). Our results show
that daily warming events at TPT are caused bygasrelf advection of the gradients

within the shadow and not advection of the upwglbhadow front past TPT.
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Previous work on the development of the upwellihgdow has stressed the
particular susceptibility of this location to soladiation and the trapping of heat in
the upper water column (e.g. Graham and Largie97L%Estimates of heating due to
solar insolation in the shadow have varied fromde§rees/day (Graham and Largier,
1997) to 2 degrees/day (Ramp et al., 2005). Thatilme of TPT is close to the
western edge of the shadow where the effects af $@ating are in competition with
diurnal upwelling that cools the water column (Wsod et al., 2007).

While the canonical day showed the heat balancesafsfied for the warming
period by three terms estimated directly from dataling periods were not. Cooling
happens during midday at times of along-shelf whstea breeze forcing. Consistent
with along-shelf uniformity, offshore surface mateoresulted in vertical advection of
cold water from below that closed the heat balatcevithin 5%. The upwelling
velocities estimated by 2 independent methods weneparable to previous findings
(Woodson et al., 2007). The region of active upinglextended over a 800 m + 75 m
wide cross-shelf horizontal swath, a number smaitian both the shelf width (16 km)
and the baroclinic Rossby radius (2 km). If upwwglis assumed to occur within the
Rossby radius, these vertical velocities would \enesmaller and thus not capable of
accounting for the observed cooling. Previous wamkthe inner-shelf divergence of
Ekman transport has showed a linear decrease ipeftentage of realized transport
from 50-m depth to the coast (Lentz, 2001; Kiriimcat al., 2005). This also suggests a
linear decrease in upwelling intensity as the cassipproached. A comparison of
upwelling velocities estimated from moorings aethinner-shelf depths in this study
did not discern a significant difference betweea three. Further measurements are
needed to accurately distribute upwelling velositwer a larger swath.

The addition of the vertical advection term to beat equation during cooling
periods gives rise to the question of whether drthis term also affects the balance
during the heating periods. The estimated vertiwabcity did have periods of
downwelling which would could amount to a heat seuduring the heating period

(Figure 20). Revisiting the heating period, theeefffof downwelling does appear
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significant, particularly in the later hours of theating period (Figure 22). However,
while the fraction of heating attributable to alestielf advection appears to have

decreased with the addition of the vertical adwaxtit still accounts for the bulk of

the heating.
oo ! | e [ -vdHdy
S } e |-udHdx
e Ditthhad] |
L g5l 0 ? n“‘ﬁ 1 o ,f-wT(S)
o -
5 go'§$§
% Ofi 60290
0 5 10
hours

Figure 22: Hourly fraction of integrated term tdaloobserved heating, as in Figure 19
panel B, including the contributions from the veatiadvective term.

It is also possible that there are other terms emawted for in the heat
equation such as turbulent diffusive fluxes. Rantpak (2005) has previously
suggested diurnal winds in this location were resggde for mixing water column
properties and lowering sea surface temperaturese e found the percentage of
below-critical Richardson numbers also grew in oege to the wind, appearing to
contrast with Woodson et al (2007) who report thatewn column remains stable
throughout the diurnal wind events. As a whole,lHaidson numbers show stability
over 90% of the time. Only through separating sir@amd weak wind days were
subcritical Richardson numbers made apparent, ho@ potential for active mixing
through turbulent diffusion. However, consideringahwell the heat budget is closed
by the addition of vertical advection of a reasdeabagnitude, the contribution of

turbulent mixing is likely to be small.
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Future Work

On the mid- and outer-shelf, the dominant crosstdiadance is between the
pressure gradient and the Coriolis forces (geobypfe.g. Lentz et al., 1999). On the
inner shelf, other terms in the momentum equatesome important as well (Lentz et
al., 1999). While we have seen diurnal offshoreiomst as a result of along-shelf
wind-forcing, there are also onshore motions irpoese to a yet-to-be determined
forcing mechanism (Figure 11, panel A). It wouldibteresting to see how much/if
any of the cross-shelf momentum equation is in epkic balance at this time scale.
Once we understand the role of geostrophy on tmieri shelf, a diurnal period
momentum budget can be estimated to better undedrdtee contributions of the
various terms.

The diurnal heat budget is dominated by 2-dimeradiggrocesses. During
heating, along-shelf heat gradient advection is dbeninant process (2-D in X,y),
while during cooling, vertical advection (i.e. ugdiireg) dominates (2-D in x, z). This
means that idealized numerical models can be wsstlitly these processes and try to
reproduce these inner-shelf observations. One-diiopal sea breeze-forced
numerical simulations produced a large inertiabosse characteristic of an ocean
region far from boundaries. We will try to incorpte an analytical coastal boundary
condition (e.g. Craig, 1989) to continue to studyirhensional dynamics. The
Regional Ocean Model (ROMS) is currently being aguried to experiment with a 2-
dimensional inner shelf subject to periodic alohgit sea breeze forcing as in the
northern Monterey Bay system. In addition to testiynamical balances found in this
thesis, the numerical model can be used to testffifeency of setting up cross-shelf

Ekman transport as a function of the periodicityhaf wind forcing.
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Conclusions

The focus of this thesis has been the oceanionsgpto a strong along-shelf
diurnal sea breeze (daily peak of 8 — 14 m/s) irtheon Monterey Bay, California.
The physical data used to quantify this responskeidied water velocity from acoustic
Doppler current profilers, surface gravity wave dgms measured acoustically, and
temperature from thermistor chain arrays both alargl across- the inner shelf in
water depths of 10 — 60 m. This data was part lafrger biophysical experiment to
identify physical processes that determine thevdsg)i of invertebrate larvae and
juvenile rockfish to rocky intertidal and kelp fetecommunities in northern Monterey
Bay.

Surface gravity wave heights were small during stigly (rarely reaching 1.5
m). The measureable Eulerian return flow associaiéid these waves had a mean of
0.005 m/s, an order of magnitude smaller than diuwind-driven flows. However,
the time- integrated onshore fluid volume flux daevave-driven flows is potentially
important as it is constant compared to the peridtlix due to wind forcing.
Integrated over one day, the onshore transporttauaiurnal wind is on the order of
10" m?. In contrast, it would take about four days at #lverage rate of the observed
Stokes’ drift flux to transport the same volumeflofd.

The effect of diurnal sea breeze was examined Ilaaticrg an ensemble
average from 45 days when local westerly sea bnesdhed a maximum of at least 8
m/s. Hourly values of wind, temperature, and vejo@t each level in the water
column were averaged in time centered on the mdathe westerly wind. This
method worked well to both qualitatively describe tiverage effect of the sea breeze
on the coastal ocean and to give quantitative eséisnof diurnal heat exchange.

A heat budget written for a control volume wasdus® examine and compare
the contributions of various terms in the heat ¢éiquao the daily heating and cooling
cycle. | find 92% + 13% of the heating signal igkxned by along-shelf advection of

a heat gradient. The heat gradient arises fronpaingcular location of this study, near
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the frontal region separating recently upwelledd omaters of Pt. Ano Nuevo with

warm waters of the Monterey Bay upwelling shadoveaSured along-shelf velocities
are predominantly out of the bay and are reversedlibrnal wind. The warming

period occurs during the evening relaxation ofwied which results in flow from the

shadow towards the upwelling plume, transportingthdown the gradient and
warming the water column.

None of the heat equation terms estimated dirdaily data accounted for the
daily cooling period. Both conservation of masswattwo-dimensional coastline and
isopycnal displacements yielded estimates of upmeeitelocities on the order of 0
m/s (10 m/day) across a 800 m £ 75 m horizontalighhich closed the heat budget
during the cooling period to within 5%, comparalbdethe confidence with which
diurnal heating was closed. Also seen in the awedsy was an increase of 40% of
the number of hourly observations with subcritiBid¢hardson numbers (Ri# < 0.25,
indicative of mixing by shear instability in a dified fluid ) in the surface layer. An
estimate of the vertical diffusion contributionttee heat budget will be quantified in
the future. However, considering how well the Haadget is closed by the addition of
vertical advection, the contribution of turbulentxmg is likely small. Thus, as in
previous work, sea breeze-driven diurnal upwellisgthe primary cause of the
observed daily cooling in this location (Woodsormlket 2007).

Measured daily offshore surface transport at 2015 m) depth was 77% +
12% (36% + 9%) of the theoretical Ekman transpestineate due to an along-shelf
wind. These percentages are within the confidemogsl of previous low-frequency
inner-shelf observations for this depth (Lentz, ZO&irincich et al., 2005). This
suggests that the adjustment to a steady Ekmand®ala achieved within the diurnal
cycle, or that it is more appropriate to comparshadre transports driven by periodic
forced oscillations to a different quantity.

In contrast to the regional-scale processes idedtifn previous coastal
circulation studies in Monterey Bay, the inner §lelthe northern part of the Bay is

subject to forcing from a wide variety of local @igal mechanisms. Thus it is
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remarkable that in the diurnal band in northern Moy Bay we can identify two
separate and distinct, essentially two-dimensigmatesses that dominate the daily
addition and removal of heat: along-shelf advecbbm temperature gradient during
heating and vertical upwelling of cold water dursapling.

Consideration of circulation associated with the fvocesses dominating the
daily heat budget give insight into patterns thetenthe potential to affect planktonic
larvae on this timescale. During the early morrenghing warming period, the
system is dominated by advection from the shadave zowards the upwelling plume.
Organisms within the shadow can be transportedhapcbast with this mechanism.
During the afternoon cooling period, cross-shei€wdation associated with upwelling
becomes important. Here organisms that maintaiir gasition in the lower water
column can be brought onshore to recruit. The lgickl implications of these
findings are a work in progress and will requiréufe interdisciplinary collaboration.
It will be interesting to compare the effectivene$segional versus these localized

temperature-gradient and wind-driven mechanismded@rmining larval recruitment.
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